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Abstract

Kaolinitic clay is the most sought-after natural source of aluminosilicate for
the production of geopolymers, but it is found in large quantities in the Ivory
Coast, but remains little exploited. Thus, this study was carried out to use these
clays to produce geopolymer mortars as a substitute for Portland sand-ce-
ment. Its objective is to find the binder/sand ratio for the use of these materials
in construction. It is in this context that local clay and sand were characterized
by granulometric analysis, X-ray fluorescence and DRX (X-ray Diffraction).
This clay, calcined at 750°C, then mixed with an alkaline solution, gives a ge-
opolymer binder. For this geopolymer binder, sand was incorporated accord-
ing to binder/sand ratios of 0.4 to 1, and mortars were produced. After mold-
ing, heat treatment at 80°C and curing at room temperature for 28 days, these
mortars, which have become blocks, are mechanically tested. Their accessible
porosity to water and their apparent density were also determined. The results
indicate that the clay is made up of 80% kaolinite, to which muscovite and
quartz are added. The compressive strength of the mortars increases from
19.11 to 27.09 MPa for ratios increasing from 0.4 to 0.7 and then decreases to
23.55 MPa, while the flexural strength values vary from 4.35 to 5.86 MPa. The
measured accessible porosity to water is between 16.18% and 21.14% and the
density is between 1.81 and 1.91 g/cm’. Mortars based on geopolymer binder
and sand with a B/S ratio of 0.7 have the highest mechanical strength values.
They can therefore be used in construction in the same way as sand-cement
concrete blocks. This will reduce cement consumption. This B/S ratio of 0.7
will therefore be retained for the rest of the work.

Keywords
Geopolymer, Kaolinite, Sand, Mortar, Portland Cement, Mechanical
Resistance
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1. Introduction

Geopolymers are materials made from aluminosilicate sources, cold-activated by
a strong alkaline solution. Aluminosilicate sources are generally provided by kao-
linite clay. Kaolinite clay is the most commonly used natural raw material for pro-
ducing geopolymer materials. Authors have shown that kaolinite clay sites exist
in Cote d’Ivoire [1] [2], but remain little exploited. These kaolinitic clays could
therefore be used through geopolymers.

These materials are of growing interest because their manufacturing process
consumes less energy and produces less CO; than that of Portland cement [3]. In
addition, these materials have good mechanical resistance, which justifies their
potential use in the construction sector. The gradual replacement of Portland ce-
ment by geopolymers would therefore be an ecological solution to the pollution
problem linked to the massive use of hydraulic cement. Furthermore, the use of
geopolymers in the construction sector involves the production of mortars, as is
the case with Portland cement.

A mortar is a paste obtained by mixing a binder and sand in varying propor-
tions. Some authors have been interested in composite geopolymers containing
sand. Nana studied the synthesis, impact on microstructure and durability of ge-
opolymer mortars based on metakaolin reinforced with quartz sand [4]. His re-
sults suggest that the incorporation of more than 50% by weight of fine quartz
sand (especially 60%) brings an improvement in porosity and mechanical re-
sistance, mainly. He explains these observations by the interactions between the
geopolymer matrix and the sand grains. According to Burciaga-Diaz, who studied
geopolymers containing a single rate of 30% quartz [5], He notes that large quartz
particles observed have fulfilled their function as fillers in the material and may
have trapped metakaolin, thus preventing its reaction. On the other hand, Furkan,
who has also studied the properties of several composite geopolymers, states that
in the case of using silica sand, the SiO, content increases and contributes to geo-
polymerization [6]. This justifies the mechanical properties of geopolymer mortars.
Only the amount of sand added was 2.25 times higher than that of metakaolinite.

Thus, although the addition of quartz sand brings a great improvement in the
mechanical and physical properties of geopolymer mortars, there seems to be a
lack of studies on the optimal value of the Binder/Sand (B/S) ratio to develop ge-
opolymer mortars with greater mechanical resistance.

This study, therefore, aims to determine the ideal B/S ratio for the production
of geopolymer mortars intended for the construction sector and then to under-
stand its effects on the microstructure of these materials. The first part of this work
presents the materials and experimental methods. Then, in the second part, the

results are presented and discussed.

2. Materials and Methods
2.1. Raw Materials

The raw materials used in this work are composed of clay, alluvial sand and acti-
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vator solution.

The clay used was collected from Krindjabo, a locality located in the south-east-
ern region of Ivory Coast. The white rock collected was diluted in a large quantity
of water, then passed through a 125 pm sieve to reduce the sandy fraction. After a
week of decantation, the supernatant water is removed, and the remaining paste
is dried in an oven for 24 hours at a temperature of 105°C to obtain the dry matter.
This dry matter then undergoes a heat treatment at 750°C for 5 hours to transform
it into metakaolin. This increases its reactivity towards the alkaline solution [7].

The alkaline activator solution was prepared from sodium hydroxide (NaOH)
pellets, anhydrous sodium silicate (SiO3;Na,) granules and demineralized water.
To obtain the 12M activator solution [8], 30.65% sodium hydroxide and 6.13%
sodium silicate (mass composition) were dissolved in 63.21% distilled water, and
then the mixture was homogenized. The resulting solution was stored for at least
24 hours before use.

Alluvial sand is of granular class 0/2. This sand is commonly used in Ivory Coast
for building construction. It is commercially available and commonly used to
make cement mortars. This sand was oven-dried for 24 hours at a temperature of
105°C before use.

2.2. Development Method

The mortars were produced in several stages, which are summarized in Figure 1.
First, the binder consisting of the alkaline activator solution and metakaolin is
obtained by mixing them in an electric mixer of the COPLAIN BT 05 CS type, for
15 minutes, in a mass ratio of 1:1. Then, the quantity of sand corresponding to
each formulation is added to the binder and the whole is mixed for about fifteen
minutes. The mixture obtained is shaped into prismatic molds of dimensions 4 x
4 x 16 cm?’, as is the pasty binder obtained previously. Finally, in order to allow
better setting of the test pieces, the prismatic molds containing the different mix-
tures are stored in a room at an average temperature of 27°C and a relative hu-
midity of 40% for 24 hours [9]. Subsequently, for the thermal activation of the
geopolymerization reaction, the molds are placed in an oven controlled by a dig-
ital thermostat STC-1000 at a temperature of 80°C [10] for 5 hours, as opposed to
the 3 hours indicated by Liew in his review [11]. At the end of the 5 hours of
thermal activation, the specimens are left to mature for 27 days under laboratory
conditions (T = 27°C; RH = 40%). After maturation (Ze., at 28 days of age), the
hardened specimens are subjected to characterization tests. Table 1 gives the dif-
ferent formulations produced as well as the indices used to identify the different

specimens.

Table 1. Table of indices and formulations.

Hint B/S ratio Metakaolinite/alkaline solution ratio
GB - 1:1
GMO0.4 0.4 1:1
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Continued
GMO.5 0.5 1:1
GMO0.6 0.6 1:1
GMO0.7 0.7 1:1
GMO0.8 0.8 1:1
GMO0.9 0.9 1:1
GMl1 1 1:1

* Alluvial sand*

Activating
solution

i

S (s)2mm

MOLDING + CURE

v

Calcined clay Geopolymer Geopolymer Test tubes
(Metakaolin) binder (B) mortar B/S 4x4x16

Figure 1. Schematic diagram of the synthesis of geopolymer mortars.

2.3. Characterization Techniques

2.3.1. Tests on the Raw Material

Raw clay and calcined clay from Krindjabo were subjected to chemical, miner-
alogical and microstructural characterization tests to determine their suitability
for the development of geopolymers.

The chemical composition of the clay was obtained using an OXFORD X-Su-
preme 8000 X-ray fluorescence spectrometer according to the method of ASTM
E1621-13 standard [12]. The results are presented in a table as a percentage by
mass of oxide.

The mineralogical analysis was carried out using a BRUKER-AXS (SIEMENS)
D5005 X-ray diffractometer using Cu Karadiation (AKa = 1.54056 A, 40 kV/35mA).
It allowed obtaining a spectrum from which the main peaks on the diffractogram
of the different mineralogical phases were indexed using the mineralogical analy-
sis software “MATCH!” and “PROFEX” by comparison with the JCPDS (Joint
Committee on Powder Diffraction Standards) files of the ICDD (International
Centre for Diffraction Data). Then the respective proportions (the mineralogical
composition) of these different phases are calculated as a percentage according to
the NF EN 13925-1 method [13]. The microstructural characterization of the clay
was carried out with a scanning electron microscope type HIROX SM-4000 M at
15 kV.

The granulometry of the alluvial sand used during this study was determined
by sieving using a RETSCH AS 200 laboratory sieve. The sample was prepared
according to the requirements of the French standard NF EN 933-1 [14]. The test

lasts 3 minutes.

2.3.2. Test on Geopolymer Mortars
The open porosity accessible to water and the absolute density of the produced
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materials were determined by the hydrostatic weighing method on geopolymer
mortar specimens according to the French standard NF P18-459 [15]. The masses
in water (Myaer), Wet mass in air (M) and the dry mass at 105°C (Mary) of the
specimen were measured. The apparent density (d) and the open porosity to water
(&) were calculated respectively from the following formulas:

M

g Mo |
Mair - Mwater ( )
and
M. -M
(%) =—""—"_x100% )
Mair — Wwater

The MATEST E181N compression and bending machine (300/15 kN), con-
trolled by a CYBER-PLUS PROGRESS control unit, was used to carry out bending
and compression tests on specimens in accordance with the French standard NF
EN 196-1 [16]. The values of flexural strength (R and compressive strength (R.)
for the different specimens were calculated using the formulas from the measured
values of the breaking loads (F):

3F -1
R, =—— 3
" 2b-h? @)
and
F
R =7 @
with:

F: the breaking load in bending or compression of the specimen (N);

[ the distance between the supports (mm);

band /: the width and height of the test piece (mm).

Fourier transform infrared spectroscopy made it possible to identify the char-
acteristic bonds in the geopolymer mortar and to assess the different chemical
transformations of the clay. A spectrum is plotted from the measurements made
with a Jasco FTIR 4600 TYPE A spectrometer in transmission mode [17].

3. Results

3.1. Characteristics of Raw Materials

3.1.1. Characteristics of Sand

The sand granulometric analysis curve is shown in Figure 2. This allowed us to
determine the granulometric parameters of the sand studied in accordance with
the French standard NF EN 933-1. This sand is composed of 36% fine sand (80
pm - 300 pm), and 56% medium sand (300 pm - 1.2 mm). Its fine particle content
(<0.08 mm) is 2% while that of coarse sand is 6% (>1.25 mm). Its granular class is
therefore 0/2, ie., the grains have a size between 2 um and 2 mm. The median
diameter of the sand (D50 value) is equal to 0.40 mm. The uniformity coefficient
(Cu) being equal to 3.2, the granulometry of the sand is therefore spread. This

means that this sand is composed of a wide variety of particle sizes. The value of
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the curvature coefficient is equal to 0.86; this sand is therefore poorly graded, be-
cause the Cc is less than 1, which is confirmed by its predominance of fine and

medium sand.

10
20
30
40
50

Fines
60 sand
2% 6%
70

CUMULATIVE REFUSALS (%)

80
90

100 @
0.01

| |
| |
| |
| |
| |
| |
Fine I Medium | Coarse

| |
| |
| |
| |
| |

|

10
MESH OPENING (MM)

Figure 2. Granulometric curve of alluvial sand.

3.1.2. Characteristics of Clay

Chemical analysis made it possible to identify and quantify the major oxides of
Krindjabo clay (Table 2). Silica (SiO,) and alumina (Al,O;) are the major oxides
with a mass proportion of 55.95% and 38.47% respectively. Its SiO,/ALO; ratio is
equal to 1.45 while in the case of pure kaolinite, this ratio is 1.17 [18]. This clay
therefore contains free silica in the form of quartz grains. Potassium oxide (K,0),
titanium oxide (TiO,), calcium oxide (CaQ), and sodium oxide (Na,O) have con-
tents of less than 1%. The other unidentified oxides have a total content of 3.1%.
For comparison, only the Anguédédou clay has a SiO,/ALOs ratio of less than 1.45
(Table 3). It therefore contains less free silica than the Krindjabo clay. The content
of coloring oxides (Fe;Os and TiO,) is relatively low (<2%), which explains the
very white color of the clay. Meanwhile, clays collected from other sites in Cote
d’Ivoire have iron oxide levels between 2.90% and 6.72% (Table 3).

Table 2. Mass composition of major oxides in Krindjabo clay.

Oxides SiO, Al,Os  FeOs KO TiO: CaO NaO Others
Mass content % 55.91  38.47 0.91 0.89 0.57 0.05 0.1 3.1

Table 3. Mass composition of major oxides in some clays from Ivory Coast.

Oxides SiO:  ALOs Fe:0; TiO: Na, O KO CaO MgO P05 MnO SO; ZrO: Cr:0s SrO
Bingerville 54.70 36.80 5.32 1.18 0.29 126 0.02 026 0.10 0.05 0.17  0.96 0.06 -
Anyama 59.85 27.15 6.72 0.03 1.25 341 0.03 0.29 0.12  0.03 0.28  0.03 0.67 -
Dabou 56.20 27.75 6.60 1.19 0.64 1.79 1.14  0.73 0.10  0.07 1.19  0.86 0.06 -

Anguédédou 53.90 39.80 2.90 2.87 <0.01 044 0.04 <0.19 <0.37 - <0.20 0.10 0.74  0.02

Aleppo 60.60 32,50 347 0.78 <0.01 351 <0.12 085 <0.01 - <0.14 0.03 0.67 <0.01
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The main peaks at angles 12.23°, 20.31° and 24.78° on the diffractogram (Fig-
ure 3) are attributed to kaolinite. The peaks at angles 8.80°, 17.68" and 19.87" are
related to muscovite. Quartz is identified by the peaks at 20.80°, 26.56°, and 36.48°.
The peaks at 24.26°, 33.30° and 35.81° indicate the presence of hematite. In addi-
tion, Table 4 gives the approximate mass proportions of these different minerals
identified using the “MATCH!” and “PROFEX” software. The main mineral in
this clay is kaolinite with a mass content of 88.29%, muscovite is also present with
10.58%, quartz (free silica) has a content of 1.01% and the hematite rate is 0.1%.
These proportions can also be calculated from the results of chemical analysis us-
ing the method proposed by Bich [19]. The results given by the Bich method are
slightly different from those of the method used here, because it relies on a virtual

chemical composition of the minerals.

950 1 K
900 1
850 1
300 1
750 1
700 1
650 1
6001
550 1
500
450
4001
350 1
300
250
2001
1504 \M
1001

50

K: Kaolinite
M: Muscovite
Q: Quartz

H: Hématite

10.00

Cu-Kal (1.540598A)

20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00

2theta

Figure 3. Diffractogram of raw clay.

Table 4. Mineralogical composition of raw clay.

Mineral Kaolinite Muscovite Quartz Hematite

Mass content % 88.29 10.58 1.01 0.1

Scanning electron microscopy of this clay (Figure 4(a)) shows irregularly shaped
sheet-like clay particles scattered among silica grains of a few microns in size. This
suggests that the kaolinite in this clay is poorly crystallized. Figure 4(b) shows
that the calcined clay has virtually no sheet-like particles, confirming its transfor-

mation into metakaolin.
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(b)
Figure 4. (a) SEM image of natural clay; (b) SEM image of calcined clay.

3.2. Properties of Geopolymer Materials

3.2.1. Apparent Density

Figure 5 shows the evolution of the density of mortars according to the values of
the B/S ratio after 28 days of conservation. The densities decrease linearly between
1.91 and 1.81 when the B/S ratio increases from 0.4 to 1 (the sand content then
decreases from 71.43% to 50%). Overall, the density values obtained in this study
are close to those of the mortars studied by some authors, which are between 1.9
and 2.2 [4] [20].

2.500

R?=0.8522

2.000

apparent density %

o o o= =
o w o N [0
o o O o
S S S S

1

1

1

0.4 0.5 0.6 0.7 0.8 0.9 1
B/S ratio

Figure 5. Apparent density of specimens as a function of the B/S ratio.

For the geopolymer binder (GB), the density is 1.21. On the other hand, geo-
polymer binders containing sand have higher densities, and the apparent density

of sand is between 1.87 and 1.89. This increase in the density of the geopolymer
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material is therefore due to the higher apparent density of the sand, between 1.5
and 1.8 [21]. The density of geopolymer mortar evolves in the same direction as
the sand content. The more sand there is in the mortar (lower B/S ratio), the
denser the mortar. The density of geopolymer mortar could therefore be pre-
sented as a function of the proportion of sand and that of metakaolin [22]. This
decrease in density with the B/S ratio could be linked to the presence of pores in

the geopolymer matrix.

3.2.2. Porosity Accessible to Water

The results of the water accessible porosity are shown in the graph in Figure 6.
The graph shows the evolution of the porosity of geopolymer mortars as a func-
tion of the B/S ratio. Without sand, the geopolymer binder (GB) has a water ac-
cessible porosity of 43.18%, a value greater than 20%; the geopolymer binder is
therefore a porous material [23]. The porosity of geopolymer mortars varies be-
tween 20.14% and 16.17%, which is lower than that of the geopolymer binder. The

presence of sand in the mortars leads to a reduction in their porosity.

43.18—
40.00
35.00
30.00 R?=0.6971
R 2500 16.43
Z 20.27 21.14 20.14
29000 000 mmme 01825 o EE ..ot
8 20.00 1825\ L ..
5 1618 T
Q | agagagesesertttt
15.00
10.00
5.00
0.00
04 05 0.6 07 058 0.9 1

B/S ratio

Figure 6. Water-accessible porosity of geopolymer mortar specimens according to B/S ra-
tios.

Generally, when the B/S ratio increases, ie., the amount of sand decreases, the
porosity accessible to water is high. On the other hand, when this B/S ratio de-
creases, the amount of sand increases, and the porosity decreases. Thus, for B/S
ratios ranging from 1 to 0.4, the porosity decreases from 20.14% to 16.17%. These
results are similar to those obtained by Nana et al (Table 5).

Table 5. Comparison of the results of this study and those of Nana et a/.

B/S ratio Sand content Apparent porosity
(%) (%)
: 50 20.13
Result of this study
0.6 62.5 18.25
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Continued

50 20.75
0.66 60 18.32

Nana et al. (2020)

These water-accessible porosity values have an impact on the mechanical prop-
erties of geopolymer mortars.

3.2.3. Mechanical Resistances

The results of mechanical tests (flexural strength and compressive strength) car-
ried out on geopolymer mortar specimens of different B/S ratios are given in Fig-
ure 7. The geopolymer binder has a compressive strength of 19.08 MPa and a
flexural strength of 3.89 MPa.

30

"R. ®"R:GB 2667  27.09 27.71
*Rf =*RfGB

25 23.56 — 23.55

Resistance (MPa)

0.4 0.5 0.6 0.7 0.8 0.9 1
B/S ratio (%)

Figure 7. Mechanical resistance of geopolymer mortars: Rc (compressive strength), Re (flex-
ural strength), Rc and Rr of geopolymer binder (GB).

The flexural and compressive strengths of geopolymer mortars, for B/S ratios
between 0.4 and 0.7, vary from 4.54 to 5.86 MPa and from 19.11 MPa to 27.09
MPa respectively. While for B/S ratios between 0.7 and 0.9, the flexural and com-
pressive strengths of geopolymer mortars vary from 5.86 MPa to 4.35 MPa and
from 27.09 MPa to 23.55 MPa respectively, to undergo a slight increase when B/S
is equal to 1. However, the increase in the strength values, for B/S ratios ranging
from 0.4 to 0.7, seems to be accompanied by a decrease in density and an increase
in porosity. Whereas beyond the B/S ratio equal to 0.7, the variation in resistance
appears to be caused by the decrease in density and the increase in porosity of the
specimens.

Variations in strength with density and porosity are induced by the reduction
in the amount of sand in mortars and the structuring of the different mixtures.
Indeed, with the reduction in the amount of sand, the compactness decreases
due to the greater proportion of geopolymer binder. This promotes the coating
of the sand grains by the geopolymer binder but leads to a decrease in mechanical
strength.
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Furthermore, the B/S ratio equal to 0.7 therefore appears to be the optimal ratio
for obtaining geopolymer mortars with greater mechanical resistance. However,
the compressive strength values (27.09 MPa) are relatively lower than those of
Portland cement mortars (32.5 MPa). The value of 32.5 MPa is used to character-
ize Portland cement. Regarding concrete blocks made from sand-cement mortar
used in masonry, the NF EN 771-3/CN standard [24] recommends a compressive
strength of 4 MPa for the assembly of partitions and 8 MPa for load-bearing walls.
The GMO.7 geopolymer mortar, which has a mechanical resistance higher than
that of raw earth bricks and fired bricks, can therefore be used for the production
of concrete blocks for load-bearing or non-load-bearing walls. Indeed, according
to the XP P 13-901 standard, the raw earth bricks (compressed) used in construc-
tion vary from 2 to 6 MPa [25], while the Eurocode 6 NF EN 1996 standard rec-
ommends resistance values between 2.8 and 11 MPa for fired bricks [26].

Furthermore, the B/S ratio equal to 0.7 corresponds to a percentage of sand in
the geopolymer mortar equal to 58.82%. This percentage is close to that obtained
by Nana ef al, who concluded at the end of their study that the addition of 60%
quartz sand allows for the best mechanical resistance. Similarly, Kuenzel et al ob-
tained the best mechanical resistance for mortars prepared with 60% sand.

These mechanical properties could be related to the microstructure and chem-

ical structure of geopolymer mortars.

3.3. Effects of the Binder/Sand (B/S) Ratio

3.3.1. Microstructure

In Figures 8(a)-(c), the SEM photographs show the changes undergone by the
raw materials. These changes are perceptible at the microscopic scale in the geo-
polymer matrix and on the sand grains. Figure 8(a) shows that the geopolymer
binder (GB) (corresponding to a sample containing no sand) does not appear as
a gel, as is the case for geopolymers based on blast furnace slag, but appears to be
an agglomeration of clay particles [27]. The dissolution of metakaolin, therefore,
does not appear to be complete, as shown by the work of certain authors, including
Jaya [28]. The black dots visible on the surface indicate the presence of macropores
(>50 nm) in the geopolymer binder, which allows a qualitative assessment of its
porosity accessible to water [29].

In Figure 8(b), the geopolymer mortar shows sand grains disseminated and em-
bedded in the geopolymer matrix. However, discontinuities are visible at the sand
grain-geopolymer matrix interface as shown by the enlargement of the sand-geo-
polymer binder interface in Figure 8(c). This seems to justify the relatively low
compressive strength values compared to those obtained by other authors, such
as Wan et al. and Nana ef al. Indeed, they obtained compressive strengths greater
than 50 MPa, and the microstructure shows a good bond between sand grains and
the geopolymer matrix. To confirm the transformation of the clay under the ac-
tion of the alkaline solution, the mineralogical composition of the geopolymer

binder and that of a geopolymer mortar were analyzed.
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Figure 8. (a) Geopolymer binder; (b) geopolymer mortar; (c) zoom of the sand-geopolymer
binder interface.
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3.3.2. Mineralogical Composition

The superposition of the diffractograms of the raw clay, the geopolymer binder
and a geopolymer mortar in Figure 9 shows that the peaks characterize the pres-
ence of kaolinite, quartz and muscovite. Comparison of these peaks on these dif-
ferent spectra shows that the peaks of kaolinite disappear on those of the geopol-
ymer binder and the geopolymer mortar. This absence of peaks specific to kaolin-
ite follows its transformation into metakaolin during the calcination of the clay at
750°C. On the other hand, the only mineral phase that remains present on the spec-
tra of the geopolymers (binder and mortar) is quartz, the main constituent of sand.
Therefore, no new mineral phases appear after the action of the alkaline solution
on the calcined clay. Thanks to the amorphous nature of metakaolin, the alkaline
solution was able to act on the chemical structure of this precursor. To understand
the transformations of the chemical structure of clay and sand minerals in the
presence of soda and sodium silicate, the specimens of binder and geopolymer

mortar were analyzed by infrared spectrometry (FTIR).

Q K: Kaolinite

Q: Quartz
M: Muscovite

(b)

(a)

10.00 20.00
Cu-Kal (1.540598A)

30.00 40.00 50.00 60.00 70.00 80.00 90.00
2theta

Figure 9. Diffractogram of: (a) raw clay; (b) geopolymer binder; (c) geopolymer mortar.

3.3.3. Chemical Structure
The infrared spectra of geopolymer binder (GB) and geopolymer mortars (GM)
(Figure 10) show the evolution of the characteristic bonds of geopolymer binder

and geopolymer mortars. The peaks in the band around 970.1 cm™ attributed to
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Si-O-Al and Si-O-Si bonds [30] [31], characteristics of geopolymer materials
(poly(sialate-siloxo)) based on metakaolin, increase in intensity according to the
binder/sand ratios. Indeed, for the geopolymer binder GB, this band has the low-
est intensity, probably because of the low contribution of the Si-O-Al and Si-O-Si
bonds present in the kaolinite of the clay. The geopolymer mortars GM1-GMO0.9-
GMO0.7 and GMO0.4 present more intense peaks in the 970.1 cm™ band, certainly
due to the presence of sand added to the geopolymer binder (GB). These observa-
tions could be explained by the conclusions of the study of some authors, in par-
ticular Lucas et al. Indeed, according to the results of his work, the sand undergoes
a dissolution-reprecipitation before consolidating under the action of the alkaline
solution prepared from soda and sodium silicate [32]. The possibility of dissolu-
tion of quartz sand is also mentioned in the study of Niibori, who used a concen-
trated NaOH solution to determine the dissolution rate of silica [33]. This there-

fore assumes a greater production of Si-O-Si type bonds in the chemical structure

of mortars.
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Figure 10. Infrared spectrum of geopolymer binder and geopolymer mortars.

Furthermore, in the 970.1 cm™ band, the geopolymer mortar GMO0.7 in partic-
ular shows the highest intensity. This finding can be explained by the fact that
both quartz sand and metakaolin participate in the geopolymerization reaction,
which promotes high polycondensation and consequently a strengthening of the
cohesion of the geopolymer matrix.

Analysis of the microstructure of the geopolymer binder and mortar by EDS

could confirm this reasoning.

3.3.4. Mapping of Chemical Elements

Figure 11 and Figure 12 present the microstructure of the geopolymer binder and
a geopolymer mortar respectively, as well as the distribution of oxygen, silicon
and aluminum on the surface of these materials. Although the protocol to rigor-
ously study the dissolution of quartz in the geopolymer mortar was not applied,
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the following conclusions can be drawn. Figures 11(b)-(d) show a homogeneous
distribution of oxygen, silicon and aluminum in the geopolymer binder. This re-
flects the good dissolution of the calcined clay, which served as a source of alumi-
nosilicates by the alkaline solution. These different chemical elements are the con-
stituents of the geopolymer network, whose monomer is Si-O-Al On the other
hand, the comparison of Figures 12(b)-(d) reveals a higher concentration of sili-
con compared to that of aluminum within the geopolymer mortar. This seems to
indicate the partial dissolution at the surface of the quartz grains, which leads to
the increase of siliceous species in the geopolymer matrix mentioned previously

in the case of geopolymer mortars.

(d)

Figure 11. (a) SEM image of the geopolymer binder; (b) EDS of oxygen; (c) EDS of silicon;
(d) EDS of aluminum.

(d)
Figure 12. (a) SEM image of geopolymer mortar; (b) EDS of oxygen; (c) EDS of silicon; (d)

EDS of aluminum.
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Wan et al. confirm this reasoning in their study on the reinforcement of me-
takaolin-based geopolymers with quartz sand. Indeed, it shows from EDS map-
ping around quartz particles that the Si/Al ratios decrease progressively from the
center of the sand grain towards the geopolymer matrix with a certain equality on
both sides of the sand grain-geopolymer matrix interface. He therefore concludes
that this result indicates the formation of a transitional combination of a few mi-
crometers that transforms the quartz particles into geopolymer gel. This combi-
nation therefore seems to be one of the reasons for the increase in the mechanical

strength of geopolymer mortars.

4. Conclusions

The study carried out on the influence of sand in the formulation of geopolymer
mortars based on metakaolinite has highlighted the important role played by the
binder/sand ratio (B/S) on the properties of the geomaterials obtained.

According to the analysis of physical properties, the introduction of sand into
the geopolymer binder significantly modified the physical properties of the mor-
tars. These effects were particularly marked for low binder/sand ratios. Indeed,
the apparent density increased with the sand content, due to the higher density of
sand compared to the pure binder. At the same time, a decrease in the porosity
accessible to water was observed with the increase in the amount of sand, thus
giving better compactness to the material. The pure binder has a high porosity of
43.18%, while the mortars show reduced values between 16% and 20%, which sug-
gests good durability against environmental aggressions.

Regarding mechanical properties, the results reveal a significant improvement
in compressive and flexural strengths following the addition of sand to the geo-
polymer binder. In particular, for the B/S ratio equal to 0.7 (ie, 58.8% sand),
which appears optimal, the compressive strength reaches 27.09 MPa, which makes
it possible to consider structural applications, particularly in the manufacture of
blocks for load-bearing and non-load-bearing walls in compliance with NF EN
771-3/CN and Eurocode 6 standards. These mechanical performances, although
lower than those of class 32.5 Portland cement mortars, far surpass those of tradi-
tional materials such as raw earth bricks or fired bricks.

Microstructure observations (SEM) revealed a geopolymer matrix in which the
sand grains are well coated, although discontinuities at the sand-matrix interface
exist. This partly explains the relatively low strength values obtained in this study.
Mineralogical analysis (XRD) shows that the only mineral phase present in the
mortar is quartz due to the addition of sand. This indicates that there is no ap-
pearance of new phases, confirming that the microstructure of the mortars con-
sists of an amorphous geopolymer matrix and sand grains. Infrared spectroscopy
analysis (FTIR) showed an intensification of the characteristic bands of the Si-O-
Si and Si-O-Al bonds, reflecting a more advanced polycondensation in the mor-
tars, particularly for GMO0.7. In addition, EDS mapping confirms a good distribu-

tion of elements specific to the geopolymeric network (Si, Al, O), with an over-
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concentration of silicon reflecting a possible dissolution of the sand. The last two
observations would be related to the increase in mechanical resistance up to a cer-
tain threshold.

In summary, this study shows that the role of sand is not limited to a simple
filler in the geopolymer, but it acts as an active element that participates in the
chemical structuring of mortars. The B/S ratio ultimately appears to be the opti-
mal compromise between compactness, chemical reactivity and mechanical per-
formance. The rational use of local sand would make it possible to realize the ap-
plication of geopolymers in the field of sustainable and ecological construction in

tropical areas, particularly in the Ivory Coast.
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