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Abstract

The reduction of carbon emissions from traditional cement materials, partic-
ularly Ordinary Portland Cement (OPC), remains a critical environmental
challenge. This study explores the potential of locally sourced clays and later-
ites from Burkina Faso in the development of geopolymers as sustainable al-
ternatives to conventional binders. The objective is to create geopolymers har-
denable at room temperature using metakaolin derived from clay and laterite,
while evaluating the influence of incorporating Ground Granulated Blast Fur-
nace Slag (GGBFS) at varying levels. Different geopolymers formulations were
investigated: binders based solely on clay and laterite, and two enhanced with
5% and 10% GGBEFS, respectively. Microstructural analyses, including X-ray
diffraction (XRD), mercury intrusion porosimetry, and Fourier transform in-
frared spectroscopy (IRFT), were conducted to assess the stability and perfor-
mance of the formulations. The results reveal the formation of amorphous
mineral phases, as well as a significant improvement in mechanical strength
reaching 300% and 160% respectively for clay and laterite-based formulations,
following the incorporation of 10% GGBFS, compared to formulations with-
out GGBFS. In addition, a reduction in porosity of the order of 28% for clay
formulations and 45% for hybrid clay/laterite formulations was observed with
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the addition of 10% GGBFS compared to formulations without this addition.
Geopolymers based on Burkina Faso’s clay and laterite, with or without
GGBFS, demonstrate strong potential as low-carbon alternatives to OPC.

Keywords

Clay, Laterite, Ground Granulated Blast Furnace Slag (GGBES), Geopolymer
Paste, Low-Carbon Binders

1. Introduction

The construction industry is a major contributor to global pollution, particularly
through CO, emissions. Concrete, largely dependent on Ordinary Portland Ce-
ment (OPC), is at the heart of this issue [1]. OPC production not only releases
vast amounts of greenhouse gases but also consumes millions of tons of natural
resources annually, driving deforestation, ecosystem degradation, and industrial
waste accumulation [2]. Addressing these challenges is crucial to shaping the fu-
ture of sustainable construction [3].

Geopolymers have emerged as a viable, eco-friendly substitute for OPC [4]-[6].
Unlike OPC, geopolymers rely on industrial by-products such as Ground Granu-
lated Blast Furnace Slag (GGBEFS) and fly ash, significantly reducing waste and
resource extraction [7]-[9]. Their polymeric structure, formed through the alka-
line activation of aluminosilicate minerals, imparts superior mechanical proper-
ties, durability, and resistance to harsh environments all while minimizing their
carbon footprint [10] [11]. A variety of raw materials, including kaolin clay and
laterite, have been explored for geopolymer synthesis due to their abundance and
aluminosilicate content [12]-[14]. Studies reveal that thermally activated clays,
particularly metakaolin, enhance the reactivity and performance of geopolymers
[15] [16]. Similarly, calcined laterite, rich in iron oxides and alumina, has demon-
strated promising mechanical properties, making it suitable for low-cost, sustain-
able construction, especially in regions with limited access to traditional building
materials [17] [18]. Burkina Faso, endowed with abundant clay and laterite de-
posits, offers a unique opportunity to develop geopolymers tailored to local con-
ditions. Traditionally used in construction [19], these materials can be trans-
formed into high-performance binders. Metakaolin derived from clay provides a
rich source of aluminosilicates, while laterite enhances mechanical strength due
to its high iron oxide and alumina content [20] [21]. Incorporating GGBEFS further
strengthens these binders and enhances their chemical stability, providing a prac-
tical and sustainable alternative to Portland cement [22] [23].

This study investigates the formulation and characterization of geopolymer
binders using clay, laterite, and blast furnace slag. It explores the effects of partially
substituting clay with laterite on the physico-chemical and mechanical properties
of geopolymers, with the aim of developing high-performance, eco-friendly bind-

ers at moderate temperatures. By leveraging local materials and industrial waste,

DOI: 10.4236/msa.2025.164012

209 Materials Sciences and Applications


https://doi.org/10.4236/msa.2025.164012

A. R. Lankoandé et al.

this research addresses the dual challenge of reducing construction’s carbon foot-
print and managing resources responsibly. The results could pave the way for a
new generation of sustainable building materials, aligning performance with en-
vironmental stewardship. This work highlights the potential of geopolymers to
transform the construction sector in Burkina Faso and beyond, promoting envi-

ronmentally friendly infrastructure development.

2. Materials and Methods
2.1. Raw Materials

The materials used in this study included crushed Ground Granulated Blast Fur-
nace Slag (GGBEFS), calcined clay (MKC: Calcined Clay Material), calcined laterite
(MKL: Calcined Lateritic Material) and an Alkaline silicate (ALK) brand Geosil.
Alkaline silicate, manufactured by Woellner, is a potassium-based geopolymer re-
agent, essential for alkaline activation. The GGBEFS, a by-product of steel opera-
tions, were supplied by the Ecocem plant in Dunkerque, France, in a process of
recovering industrial waste. The clay and laterite used to produce MKC and MKL
were extracted respectively from the Burkinabe careers of Sitiéna (10°36'15"N,
4°48'18"W) and Dayoubsi (12°14'35"N, 1°37'09"W), areas where these materials
are abundant and traditionally used for local construction. These local resources
were chosen for their relevance in the context of sustainable construction in West
Africa, helping to reduce the carbon footprint associated with the import of ma-
terials. The clay and laterite materials were thermally activated at 650°C for 2
hours and 30 minutes in a Nabertherm LH 30/14 furnace, following a preliminary
grinding using a Retsch SR 300 impact crusher to enhance their reactivity. This
grinding process resulted in a maximum particle size of 250 pm, thereby ensuring

their suitability for the geopolymerization process (Figure 1).

Micronization at : \ Calcination at 650°C
Dmax = 250um = for 2h30

Micronized

Clay

Micronization at Calcination at 650°C
Dmax = 250um for 2h30

Micronized

Laterite

Figure 1. Diagram illustrating the sequential stages involved in the preparation of clays and laterites for their subsequent utilization.

The formulations developed in this study are divided into three groups, differ-
entiated by the composition of the geopolymer binders. The first group of formu-

lations is based on clay (MKC), with the addition of different percentages of
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GGBFS (0%, 5% and 10%), corresponding respectively to the references MKCO,
MKC5 and MKC10. For example, in MKCO, the number “0” indicates that no
GGBFS have been added. The second group concerns laterite-based formulations
(MKL), following the same percentages of GGBFS and designated by MKL0, MKL5
and MKL10. The latter group combines the two sources of aluminosilicates, clay
(MKC) and laterite (MKL), with the same adjustments in GGBFS. The associated
references are MKLC0O, MKLC5 and MKLCI10. For example, MKLC5 contains
47.5% MKL, 47.5% MKC, and 5% GGBES. In total, nine distinct formulations were
developed, with a constant alkaline/binder ratio (ALK/B) of 0.5 and a water/binder

ratio (W/B) of 0.06. These formulations are summarized in Table 1.

Table 1. Mixing proportions for geopolymer pastes.

ALK/B MKC (%)  MKL (%)  GGBES (%) W/B

MKCO 0.5 100 00 00 0.06

MKC5 0.5 95 00 05 0.06

MKC10 0.5 90 00 10 0.06
MKLO 0.5 100 00 00 0.06

MKL5 0.5 95 00 05 0.06

MKL10 0.5 90 00 10 0.06
MKLCO 0.5 50 50 00 0.06
MKLC5 0.5 47.5 47.5 05 0.06
MKL10 0.5 45 45 10 0.06

2.2. Experimental Methods

The pastes were prepared by mixing the aforementioned materials in different
proportions, following a specific mixing protocol that corresponds to the promis-
ing results obtained in previous studies by Alloul et al [24] [25]. This protocol
included a meticulous procedure designed to achieve optimal mixing. The paste
preparation process was rigorously structured as follows: first, the materials were
accurately weighed, followed by the start-up of the mixer. Next, the less reactive
aluminosilicates (MK) were added progressively to ensure uniform distribution,
with a mixing time of 5 minutes for formulations incorporating both clay MK
(MKC) and laterite (MKL). The liquid solution was then poured slowly for 5
minutes. Finally, the most reactive binder, GGBFS, was incorporated and mixed
for 3 minutes to initiate the critical geopolymerization processes. The paste mix-
ture was then poured into molds and placed on a vibrating table to ensure com-
paction and eliminate air bubbles. Sealing the molds for the first 24 hours is crucial
to initiating the curing process, allowing the pastes to mature and gain strength at
room temperature. These steps, carried out systematically, are intended to ensure
a careful preparation of the paste, taking into account key factors such as mixing

time, compaction and hardening. These elements are essential for the proper eval-
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uation of the properties and performance of geopolymer materials.

The prepared paste was subjected to a full series of tests to evaluate their intrin-
sic properties. The compressive strength tests were carried out on 35 x 40 mm
cylindrical test pieces, using an INSTRON 5500 R universal test machine, which
complies with the NF EN 196-1 standard [25]. These tests were carried out at a
loading speed of 0.5 mm/min, according to the specifications of the standard to
ensure reproducible results.

The analysis technics included several physical and chemical methods to char-
acterize the materials. The density of the materials was measured using a Mi-
cromeritics AccuPyc 1330 device, using the gas displacement method (He) at a
pressure of 1 bar and a temperature of 25°C. The BET area was determined from
the nitrogen adsorption/desorption analysis, performed with a Micromeritics 3
Flex analyzer, using a pressure range of 0.05 to 0.1 p/p° to obtain accurate meas-
urements. The porosity accessible to mercury was measured with the AutoPore
V-905 device, applying a pressure ranging from 0.003 to 205 MPa, thus allowing
a detailed analysis of the distribution of pore sizes.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
were carried out using a NETZSCH STA 449 F3 Jupiter instrument coupled to the
QMS 403 Aéolos Quadro mass spectrometer. The protocol included heating at
2°C /min from 40°C to 105°C, followed by ramping at 3°C/min from 105°C to
1000°C, providing in-depth analysis of thermal reactions and mass losses.

X-ray diffraction (XRD) was carried out using a Bruker D2 diffractometer
equipped with a Cu Ka tube, with a resolution of 0.02° and a range of diffraction
angles (20) ranging from 5° to 80°, to determine the crystalline structure of the
materials. X-ray fluorescence (FX) was carried out with a Bruker S2 RANGER
device, using an X-ray beam with an energy of 50 kV and an intensity of 30 mA,
allowing the qualitative and quantitative analysis of the elements present. Finally,
Fourier transform infrared spectroscopy (IRFT) was performed with a Thermo
Scientific Nicolet iS20, with 32 scans and a resolution of 4 cm™, to study the mo-
lecular vibrations of the functional groups present.

The reactivity of the materials and the heat release were evaluated by calorime-
try with isothermal heat flux at 20°C, using a custom calorimeter equipped with
flow meters for rapid balancing of the samples (in 5 minutes). This measurement
made it possible to track heat variations during the early stages of geopolymeriza-
tion, which is crucial for understanding reaction kinetics.

These analytical techniques, with their detailed application conditions, have
collectively made it possible to better understand geopolymerization reactions,

hydration products and interfacial bonding in paste structures.

3. Results and Discussion

3.1. Raw Materials Characterization

Physical characterization of the materials used revealed a minimum density of
2.71 g/cm’® for GGBEFS, and BET area of 36.74 m*/g for MKL. Table 2 shows the
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FX analysis of the materials, indicating the mass percentages of SiO, and ALO:;:
68.62% for MKC, 50.25% for MKL, and 44.71% for GGBFS.

Table 2. Physical and chemical composition of the materials used.

Chemical composition (%) GGBFS MKC MKL
SiO2 31.87 50.64 29.77
ALO:; 12.84 17.98 20.48
Fe.Os 0.43 13.47 46.64
CaO 39.73 3.07 0.20

MgO 10.00 4.00 -
K0 - - 0.50

Na,O - 5.30 -

Physical characteristics

Density (g/cm?) 2.71 2.84 3.12
Specific BET area (m?/g) 33.01 16.62 36.74

The X-ray diffraction analysis (Figure 2) made it possible to identify the min-
eral phases present in the raw materials and after calcination. The raw lateritic
material is mainly composed of kaolinite, nacrite, goethite, hematite and quartz,
which is typical of laterites rich in iron and alumina. After calcination, MKL (cal-
cined laterite) mainly has hematite, nacrite and quartz. The persistence of hema-
tite indicates the thermal stability of iron oxides, according to Cornell & Schwert-

mann studies reported by Bowles [26] on iron oxides.

S— (e)
Q
Qe K+N . T aq Q Q
s K KK S J\J\GL Q.. Q u A_.._I—,L In Q (d)
M
T
5 15 25 35 45 55 65 75

Diffraction Angle [20]

Figure 2. XRD spectra of raw clay (a), MKC (b), raw laterite (c), MKL (d) and GGBFS (e):
M = Montmorillonite; I = Illite; K = Kaolinite; A = Albite; N = Nacrite; Q = Quartz; G =
Goethite and H = Hematite.
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Similarly, the raw clay material consists of kaolinite, albite, illite, montmorillo-
nite and quartz. Calcination eliminates the hydroxylated phases (kaolinite and
montmorillonite), leaving a material mainly composed of albite, illite and quartz.
The disappearance of the hydroxylated phases is due to thermal dehydroxylation,
a phenomenon consistent with the work of Soré et al [20] on the transformation
of clay minerals.

As for the GGBEFS, it is distinguished by an amorphous structure characterized
by a halo between 25° and 35° 20. This amorphous structure is characteristic of
blast furnace lats, as described by Alloul et al [24] in their work geopolymer ma-
terials.

The infrared spectra (Figure 3) corroborates the observations of the XRD anal-
ysis, providing additional information on the mineralogical composition of the
materials. The characteristic bands of the mineral phases, such as the AI-OH bond
of clays (between 3600 and 3700 cm™ for kaolinite, illite and montmorillonite),
are observed, which is consistent with the studies of Dah-Traoré et al [27] on the
IR spectra of clay minerals. The band around 913 cm™ is typical of the Al-O bonds
of kaolinite, as shown by the work of Sanou et al [28] and Ramadji et al [29]. The
797 - 778 cm™ double band confirms the presence of quartz while the 762 cm™
band is associated with albite, which is consistent with McKeown [30] spectral
data on the IR spectrums of albits.

The transformation of kaolinite into metakaolinite is evidenced in the infrared
spectra of MKC and MKL. This transition is confirmed by the disappearance of
the characteristic bands of kaolinite in the range of 3620 - 3700 cm™, as well as by
the absence of the typical doublet of kaolinite at 913 cm™, which is consistent with
the observations of Soré et al [20] and Seynou et al [31] on the dehydroxylation

of kaolinite.

Al-OH o)

v— &
Al-OH > o a)
42~,0 %‘b
»
3600 3100 2600 2100 1600 1100 600

Wave number (cm™)

Figure 3. IRFT spectra of raw clay (a), MKC (b), raw laterite (c), MKL (d) and GGBES (e).
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The band at 1632 cm™ results from the H-O-H flexion vibrations of the ab-
sorbed water molecules, a phenomenon studied by Elimbi et al [32] and
Tchakoute et al [33] on the IR spectra of metakaolins. Finally, a carbonate signa-
ture at 1480 cm ™ is observed for the GGBEFS, which is expected given the presence
of carbonates in the blast furnace milkman, as discussed by Finnocchiaro et al
(34].

The thermal analysis (Figure 4) was carried out to identify the specific trans-
formations of the raw materials, focusing on their relevance for geopolymeriza-
tion. Our results reveal for raw clay a double endothermic peak between 140°C
and 310°C, a peak corresponding to the dehydroxylation of montmorillonite. This
double peak, compared to Emmerich’s [35] studies that deal with dehydroxyla-
tion, suggests a possible complex structure of montmorillonite in our clay.

This double peak is followed by a major peak between 380°C and 700°C, at-
tributable to kaolinite. The position and intensity of this peak are consistent with
studies by Elimbi ez a/ [32] and Castelein et al [36] who studied the dehydroxyla-
tion of kaolinite in similar materials. For raw laterite, a minor peak between 240°C
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Figure 4. TGA/DTA analysis of raw clay (a) and raw laterite (b).
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and 325°C indicates the transformation of goethite into hematite, a transfor-
mation often observed in iron-rich laterites, as discussed by Wolska and Schew-
ertmann [37]. This minor peak, compared to these studies that deal with the de-
hydration of goethite, suggests a possible low proportion of goethite in our later-
ite. This minor peak is followed by a major peak between 380°C and 700°C, re-
flecting the dehydroxylation of the kaolinitic phases. The similarity of this peak
with that observed for raw clay indicates a significant presence of kaolinite in lat-
erite.

These results highlight the potential of MKC and MKL materials as sources of
aluminosilicates, essential for geopolymerization, a process discussed by Davidov-
its [38] in his fundamental work. The presence of ferric oxides, especially in MKL,
could also help improve the mechanical properties of formulated geopolymers.
However, a more in-depth analysis of the kinetics of these transformations, using
techniques such as differential scanning calorimetry (DSC) at variable heating

speeds, could provide additional information on the reactivity of raw materials.

3.2. Mass Loss after Curing

The mass losses of the different formulations were evaluated in this study. Figure
5 illustrates these mass losses as a function of the partial substitution of metakaolin
(MK) by granulated blast furnace milk (GGBFS). A decrease in mass losses was
observed with the increase in the substitution rate, which can be attributed to two
main antagonistic phenomena.

The first phenomenon is the modification of the granular skeleton of solid par-
ticles (MKC, MKL and GGBEFS). GGBFS leads to the formation of a denser and
less porous structure during its polymerization. A mass substitution of the MK by
the GGBES leads to an increase in the number of particles in the same volume.
This leads to a less porous granular mixture, capable of absorbing a smaller
amount of water during the preparation of the paste [38]. This reduction in initial
porosity can limit the amount of water available for subsequent evaporation, thus
contributing to the reduction of mass losses.

The second phenomenon concerns the decrease in the level of ferric oxide in
the geopolymeric matrix with the addition of GGBFS (0.43% iron oxide in GGBFS
compared to 13.47% for MKC and 46.64% for MKL). Sore ef al [20] and Ishikawa
et al. [39] have shown that increased iron oxide content improves shrinkage re-
sistance, thus limiting weight loss. Although the variation in iron oxide content is
relatively small in this study, it could nevertheless explain some of the differences
observed in mass losses. For example, the MKLO sample, which contains 46.64%
iron oxide, lost only 1.5% of its mass, while the MKLCO sample, with only 30.05%
iron oxide, lost 1.7%. This observation suggests that the iron oxide content, alt-
hough modest, plays a role in the dimensional stability of geopolymers.

The formulations composed only of MKC and GGBFS have the maximum mass
loss, followed by those containing MKLC and GGBFS. The substitution of 10%
MK by GGBFS results in a minimum mass loss, regardless of the type of geopoly-
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mer. This trend indicates that the addition of GGBFS leads to a more stable mi-
crostructure and less prone to water loss.

Weight loss can mainly be explained by the evaporation of the water contained
in the alkaline solution, initially absorbed by the raw materials [20]. This signifi-
cant evaporation could lead to shrinkage and cracking of the samples, thus affect-
ing their structural integrity. The reduction of mass losses with the addition of
GGBFES therefore suggests better water retention and a more shrinkage-resistant

microstructure.

25

Mass loss (%)
th
-
(o]

0.5

MKCO MKC5 MKC10 MKLO MKL5S MKL10 MKLCO MKLCS MKLC10

Figure 5. Mass loss % for geopolymer binders after 7-day curing time.

3.3. Compressive Strength Test

Figure 6 illustrates the variation in the compressive strength of geopolymers ac-
cording to their different compositions. A significant increase in compressive
strength is observed when 10% of MKC or MKL is replaced by GGBFS. This trend
is verified for the three types of formulations tested: clay-based formulations, lat-
erite-based formulations and mixed formulations. The GGBEFS acts as an acceler-
ator of the geopolymerization reaction, strongly influencing the mechanical prop-
erties [40].

The improvement in compressive strength with the increase in GGBEFS can be
attributed to the rapid uptake and hardening of reactive aluminosilicate species
and their polycondensation, which strengthens the geopolymeric gel matrix. This
densification of the microstructure, induced by the GGBFS, reduces porosity and
increases cohesion, which results in increased resistance, a phenomenon also ob-
served by Bernal et al [41] in their studies on dairy-based geopolymers.

MK geopolymers have seen their mechanical strength triple with the incorpo-
ration of GGBEFS (from 3.08 MPa to 9.62 MPa), although this resistance remains
low compared to that of MKL and MKLC geopolymers, whose compressive
strengths have increased with the GGBEFS content. These results corroborate the
studies of Kaze et al [42], who studied the performance of iron-rich calcined lat-

erite for the formulation of geopolymers, obtaining a good compressive strength
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for samples dried at 20°C.

In addition, Steveson et al [43] showed that the ideal molar ratio of SiO,/AL, O3
to optimize compressive strength is between 3.5 and 3.8. However, our results, as
highlighted in Figure 6 and Table 3, show a slight deviation from those of this
study. The MKC and GGBFS geopolymers, characterized by a molar ratio of
SiO,/AL,O; ranging from 2.78 to 2.82, have lower compressive strengths compared
to the MKL and GGBEFS geopolymers as well as the MKLC and GGBES geopoly-
mers. Indeed, these latter geopolymers have SiO,/Al,O5; molar ratios ranging from
1.45 to 1.55 for MKL and GGBFS, and from 2.13 to 2.17 for MKLC and GGBES.

This deviation could be attributed to the highly crystalline nature of MKC- and
GGBFS-based geopolymers, which contain a significant proportion of unreacted
albite (NaAlSi;Os) despite heat treatment. This residual crystallinity limits the for-
mation of amorphous geopolymeric gel, which is responsible for mechanical re-
sistance. On the other hand, the MKL and GGBFS geopolymers and MKLC and
GGBFS demonstrate improved reactivity and structural development [44].

The best molar ratio for improved compressive strength in our case is 2.17, cor-
responding to the MKLC10 formulation (addition of 10% GGBES). Previous re-
search has shown that an increase in SiO, content can significantly reduce the
long-range structural order, promoting the formation of disordered geopolymeric
structures and improving compressive strength [44]. This is consistent with the
more amorphous nature of the MKLC samples observed in their XRD diagrams
(presence of halo peaks) and the fact that these samples have the best compressive
strengths. This correlation between amorphization and mechanical resistance has

been widely documented in the literature, in particular by Palomo et al [45].

Table 3. Molar ratio SiO2/AlLOs of different formulations.

Formulations MKCO0 MKC5 MKC10 MKLO MKL5 MKL10 MKLCO MKLC5 MKLCI10
Molar ratio SiO»/ALOs 2.82 2.80 2.78 1.45 1.50 1.55 2.13 2.15 2.17
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We can deduce that the addition of a small proportion of GGBFS (about 5 to
10%) to the MK provides an additional amount of amorphous silica, promoting
the production of a significant amount of geopolymeric gel. This addition im-
proves the mechanical properties of geopolymeric binders [24]. This increase in
amorphous silica, in addition to the densification due to C-A-S-H, contributes to

the compact and resistant microstructure.

3.4. Mercury Porosity

The mercury porosity analysis was carried out using our different formulations to
characterize their porous structure. Only geopolymers with the best properties
(compressive strength and mass loss) were selected for these tests. The results re-
veal significant differences in the distribution of porosities, making it possible to
evaluate the impact of the addition of granulated blast furnace milk (GGBFS) on
the properties of geopolymer binders.

Measurements indicate high porosity levels, ranging from 15.43% for MKLC10
to 23.69% for MKLO. These variations in porosity directly reflect the modification
of the microstructure of the geopolymer as a function of the addition of GGBFS.
Higher porosity, as observed for MKLO, suggests a less dense and potentially more
permeable structure, which can negatively affect the durability of the material by
facilitating the penetration of aggressive agents, a phenomenon also observed by
Collins and Sanjayan [46] in their studies on geopolymer durability.

The total pore surfaces of the different geopolymers reveal that MKLO, MKL5,
MKL10, MKLCO0, MKLC5 and MKLC10 have respectively total pore surfaces of
38.45 m*/g, 32.18 m?*/g, 27.40 m?*/g, 43.39 m?/g, 31.49 m?/g and 23.90 m?/g. The
decrease in the total area of the pores with the increase in the percentage of GGBFS
indicates a densification of the microstructure, potentially due to the formation of
additional phases or the filling of existing voids.

These results, in conjunction with those of mechanical characterization, reveal
a significant correlation between the volume of pores accessible to mercury and
the compressive strength. A notable observation has been made: as the percentage
of GGBFS increases from 0% to 5%, then to 10% in the formulations studied
(MKLO0, MKL5, MKL10, MKC0, MKC5, MKC10, MKLCO0, MKLC5 and MKLC10),
the compressive strength increases while the porosity is accessible to mercury de-
creases. For example, MKLC10 had a significantly higher compressive strength
and a significantly lower mercury-accessible porosity compared to MKLCO and
MKLC5, with increases of 63% and 4% in compressive strength, respectively, and
decreases of 8% and 4% in mercury-accessible porosity.

Thus, it is clearly established that the increase in the percentage of GGBES in
the geopolymer formulations leads to a reduction in porosity and a concomitant
improvement in compressive strength. This inverse relationship between porosity
and mechanical strength suggests that GGBFS contributes to the formation of a
more compact and homogeneous microstructure, a phenomenon widely docu-

mented in the literature on geopolymers [47].
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Previous studies have also indicated that the addition of GGBES can reduce po-
rosity and improve the microstructure of geopolymers by forming a C-A-S-H gel
that fills voids and improves the compressive strength of mortars [24] [48]. This
C-A-S-H gel, in addition to the aluminosilicate gels formed during geopolymeri-
zation, contributes to the densification of the matrix and the reduction of porosity.
Figure 7 illustrates the impact of the incorporation of GGBFS on the porosity of
different geopolymers.
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Figure 7. Impact of the addition of GGBFS on porosity.

3.5.IRFT

Fourier transform infrared spectroscopy (IRTF) of geopolymers generates spec-
tral bands resulting from the interaction between the material and infrared radia-
tion [49]. These bands correspond to specific bonds and atomic groups present in
the material, thus making it possible to decipher its molecular composition. This
technique provides an overview of the three-dimensional structural network of
the material, highlighting the strong atomic bonds involving mainly aluminum
(Al), silicon (Si) and oxygen (O).

The results are presented in Figure 8, illustrating the spectral bands identified
during these tests. The IRTF analysis of our different geopolymer formulations
(MKC, MKL and MKLC) reveals similar peaks in all families, which is consistent
with the observations of Kaze et al [42] on similar geopolymers. However, slight
variations in intensity and width are observed, some peaks being more pro-
nounced than others, suggesting differences in the microstructure and composi-
tion of the formulations. The vibrations of the bound water molecules were rec-
orded at 1632 cm™ and between 3100 - 3690 cm™, attributed respectively to de-
formation (H-O-H) and elongation (-OH) [33] [50] [51]. These peaks indicate the
presence of residual water in the structure, which can influence the porosity and
therefore the mechanical resistance of the geopolymer. The silicate structure is
characterized by the main peak located at 1000 cm™, linked to the vibration of the
Si-O/AI-O bond of the aluminosilicate structure, reflecting the formation of the
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amorphous aluminosilicate gel [52] [53]. The intensity and width of this peak can
be correlated with the degree of polymerization and the formation of the geopol-
ymeric phase, directly impacting the compactness and durability of the material.

It is interesting to note the presence of intensity due to the influence of car-
bonates, located at 1380 cm™, in particular for the formulations incorporating
granulated blast furnace milk (GGBFS) (MKL5, MKL10, MKC5, MKC10, MKLC5
and MKLC10), corresponding to the elongation vibrations of the O-C-O bonds in
the carbonate group due to the carbonation reaction [24] [33] [54]. The presence
of carbonates can modify the microstructure, potentially by increasing the density
and reducing the porosity, which can positively influence the compressive
strength. However, excessive carbonation can also lead to long-term embrittle-
ment of the material.

These distinct characteristics collectively demonstrate the precise formation of
a geopolymer structure, reaffirming the integrity and complexity of the material’s
atomic bonds. By correlating variations in peak intensity and width with macro-
scopic properties, such as compressive strength and porosity, we can better un-

derstand how the microstructure affects the performance of the geopolymer.
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Figure 8. IRFT spectra of MKCO (a), MKCS5 (b), MKC10 (c), MKLO (d), MKLS5 (e), MKL10 (f), MKLCO (g), MKLC5 (h) and MKLC10
(i) after 7 days curing.
3.6. XRD

Figure 9 shows the X-ray diffraction (XRD) analysis of the different formulations

of geopolymer linders after 7 days of cure. The results reveal that the samples of
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each family (MKC, MKL and MKLC) have similar mineralogical compositions,
mainly identifying phases of quartz, albite, illite, nacrite and hematite. The pres-
ence of these residual crystalline phases indicates that the geopolymerization re-
action has not completely dissolved the original minerals, which is common in
metakaolin-based geopolymers.

It is particularly interesting to note that some formulations, in particular
MKLC5 and MKLC10, display lower intensities for albite and hematite peaks. This
decrease in intensities can be interpreted as a sign of significant rearrangements
of the mineral structures of the constituent materials (MKC, MKL and GGBES)
during the geopolymerization reaction. The formation of new less orderly net-
works, typical of amorphous geopolymeric gels, would explain the reduction in
the intensity of these crystalline peaks.

This microstructural transformation could potentially influence the mechanical
properties and durability of the geopolymer, since a decrease in crystallinity can
often be associated with an increase in porosity and a change in compressive
strength, as shown by studies by Duxson et al. [47] on structure-property relation-
ships in geopolymers.

In addition, the continuous presence of quartz, although less reactive, can act
as a reinforcement phase in the geopolymeric matrix. The distribution and shape
of quartz crystallites could thus affect the abrasion resistance and hardness of the
material. Illite and nacrite, as clay minerals, contribute to the cohesion and plas-
ticity of the initial mixture, but their transformation into amorphous geopoly-
meric phases is crucial for the development of binding properties.

The results of this study are consistent with the conclusions of previous studies
on the complete non-alteration of the crystalline phases present in raw materials
during the development of metakaolin-based geopolymers (MK) [6] [24] [55].
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Figure 9. XRD of MKCO0 (a), MKC5 (b), MKC10 (c), MKLO (d), MKL5 (e), MKL10 (f),
MKLCO (g), MKLC5 (h) and MKLC10 (i) after 7 days curing.
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However, the analysis of peak intensity variations, as observed for MKLC5 and
MKLC10, makes it possible to qualify this statement and highlight significant mi-
crostructural rearrangements. A more in-depth analysis of peak widths, and the
study of changes in the shape of peaks, could make it possible to better quantify
phase changes and correlate these changes with the macroscopic performance of
geopolymers, as suggested by the work of Provis and van Deventer [56] on the

quantitative analysis of phases in geopolymers.

3.7. Calorimetry

The geopolymer groups with the best compressive strength and minimum mass
loss were selected for the heat flow tests. Figure 10 illustrates the evolution of this
flow in metakaolin-based geopolymer pastes (MK) with variable percentages of
incorporation of granulated blast furnace milk (GGBES).

A significant exothermic peak is observed immediately after the material is
mixed with the activator. This heat release is associated with the wetting and dis-
solution of the aluminosilicate precursor [57]. This initial step is crucial for the
release of the reactive species that will form the geopolymeric gel. At this point,
the MKLC10 and MKL10 samples have a higher heat rate among all pastes, which
suggests that a high rate of MK substitution by GGBES accelerates the dissolution
behavior of metakaolin [58] [59]. This rapid dissolution indicates greater availa-
bility of reactive species, which can potentially lead to faster and denser frost for-
mation.

The appearance of a second weak exothermic peak in MKLC5, MKL5, MKLC10
and MKLI10 pastes, as indicated, highlights the formation and polymerization of
gels [60] [61]. This second peak represents the geopolymerization reaction itself,
where the dissolved species condense to form the three-dimensional gel network,
a mechanism detailed by Davidovits [62] in his fundamental work on geopoly-
mers. This two-step heat-release behavior was also observed in sodium silicate-
activated metakaolin geopolymer pastes, as reported by other studies [63]-[65].
The presence of this second peak confirms the formation of the geopolymeric
phase and can be correlated with the final mechanical strength of the material, as
demonstrated by the studies of Palomo et al. [45] on the kinetic-property relation-
ships in geopolymers.

Unlike MKLC5, MKL5, MKLC10 and MKL10 pastes, MKLC0 and MKLO sam-
ples have a lower heat content and no noticeable thermal characteristics. Even
with a prolonged reaction time, no other thermal characteristics can be detected
in these two samples. The low exothermic characteristics of MKLC0 and MKLO
pastes demonstrate their low degree of reaction and the slightest formation of gel.
This suggests that without the addition of GGBFS, the geopolymerization reaction
is significantly slowed or limited.

These heat release results indicate that the polymerization process is more in-
fluenced by the incorporation of GGBEFS as a substitute for MKs in the formula-

tions than by the reaction time. GGBFS appears to play a crucial role in accelerat-
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ing dissolution and polymerization, leading to faster and more complete gel for-
mation. This acceleration of the reaction may explain the improvements observed

in the mechanical properties of geopolymers containing GGBES.
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Figure 10. Heat release results of MKLO (a), MKL5 (b), MKL10 (c), MKLCO (d), MKLC5
(e) and MKLC10 (f).

4. Conclusions

This study focused on the valorization of clays and laterites of Burkina Faso in the
formulation of geopolymers, with the main objective of evaluating the impact of
the incorporation of granulated blast furnace dairy (GGBES) on the geopolymer-
ization of clay and laterite metakaolins. Several formulations have been developed
and divided into three categories according to their composition: 100% MK with-
out GGBFS, 95% MK and 5% GGBFS, and 90% MK and 10% GGBFS. The al-

kali/binder ratio was kept constant, and all formulations were hardened under the
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same conditions. Compressive strength, mercury porosimetry and calorimetry

tests were carried out, leading to the following results:

* Clay metakaolin-based geopolymers (MKCO0), with a high theoretical molar
ratio of Si0,/Al,O; of 2.83, had the lowest mechanical resistances (3 MPa) due
to their highly crystalline nature. On the other hand, geopolymers based on
laterite metakaolin (MKLO), with a theoretical molar ratio of 1.43, showed
amorphous characteristics and mechanical resistances of up to 15 MPa, sug-
gesting that the amorphous nature favors resistance.

* Theincrease in the amount of GGBFS resulted in a significant increase in com-
pressive strength and a reduction in porosity. This suggests that GGBFS con-
tributes to the formation of a denser and more compact microstructure, by
forming C-A-S-H gel and filling gaps.

* The study of mercury porosimetry revealed that the increase in the level of
GGBEFS in the formulations improved porosity and mechanical strength. This
indicates that the GGBEFS acts as a densification agent, reducing porosity and
strengthening the geopolymeric matrix.

* Calorimetry tests have highlighted the exothermic character of geopolymeriza-
tion, demonstrating a strong correlation between heat release and compressive
strength. The initial heat release, linked to the dissolution of the precursors, and
the second peak, linked to polymerization, indicate a reaction kinetics acceler-
ated by the addition of GGBFS, which results in better mechanical strength.

The results of this study demonstrate that clay and laterite-based geopolymer
formulations have considerable mechanical potential, offering a credible alterna-
tive to ordinary Portland cement (OPC). Their adoption could play a key role in
reducing the ecological footprint by limiting CO, emissions generated by the con-
struction sector, while promoting the use of more sustainable and environmen-
tally friendly materials. However, additional studies are needed to evaluate the
long-term durability of these geopolymers under varying environmental condi-

tions, as well as their shrinkage behavior and other mechanical constraints.
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