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ARTICLE INFO ABSTRACT
Keywords: The objective of this study was to investigate the impact of the geographic and climatic conditions
Laterite on laterites properties and on geopolymerization based-laterite. Four different laterite deposits in

Climate-conditions

Supplementary cementitious materials
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Reactivity

the four geographical zones of Cameroon were studied. This included the center, north, south and
west corners of Cameroon, having chemical composition of SiO2 + AlyO3 + Fe,O3 = 88.94, 87.6,
89.13 and 78.97%, respectively. The center and south laterites from the black forest, with high
pluviometry and relative humidity, show significant amounts of Fe;O3. While the west laterite
from grass field - mountainous areas and the north-laterite from plain arid and semi-arid climate
still show lower iron concentrations. The IR absorption bands of the different laterites appear
between 1007 and 1047 cm’l; characteristic bands of aluminosilicate. The BET (Brunauer-
Emmett-Teller) Specific surface area values are comprised in the range of [21.9, 24.1 mz/g] for
non-calcined laterite and between [45.6 and 123.5 mz/g] for laterites calcined at 550 °C and
575 °C. The main particle size values are 5.71, 6.37, 7.43 and 8.45 pm for center-laterite, west-
laterite, north laterite and south-laterite, respectively. Although, they differ in the degree of
laterization, all the laterites present almost total conversion to geopolymers, due to the presence
of amorphous kaolinite and reactive goethite. However, the iron content has significant impact on
the globular microstructure. The particle size of laterites, their high values of BET surface area
and their significant reactivity make them promising substitutes to metakaolin and other sup-
plementary cementitious materials.
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1. Introduction

In the tropics, iron-rich aluminosilicates, generally called laterites [1] are abundantly available. Many researches have been carried
out on their use as aluminosilicate solid precursor [2]. Laterite belongs to the class of clayey materials with kaolinite as principal
mineral. Found in tropical and subtropical areas, laterites are formed during the alteration of kaolinitic rocks [3,4]. The process of
transformation of kaolinite has been described to take place naturally through corrosion of aluminum minerals, giving birth to iron
bearing minerals associated with kaolinite (goethite and hematite) [3]. The particularity of this iron-rich aluminosilicate is its
amorphous or poorly crystallized structure. In fact, the kaolinite has some series of octahedral AI** and Si** replaced by Fe** and/or
Fe?". The consequences of these natural chemical inclusions are reduction in crystallinity and increase in specific surface area, with the
ability of the particles to flocculate in aqueous solution; indicates that, the reactivity of laterite is achieved between 250 and 800 °C of
calcination [5,6] (temperature interval at which the specific surface area increases up to around 120 m?/g). Another research shows
that, lateritic bauxites is formed in —situ by the intensive leaching and alteration of the basaltic parent rock, and the process of
bauxitization followed the path of deferruginization and destruction of kaolinite [7].
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Fig. 1. Distribution of latéritic soils in Cameroon.



J.N. Nouping Fekoua et al. Heliyon 9 (2023) e17750

The parent materials of tropical soils are weathered under climatic conditions that are favorable for the development of lateritic
soils. According to French pedological classification [8], three units of red tropical soils, i.e., ferruginous soils, ferrallitic soils and
ferrisols are defined. The results of the analysis of these soils show similarities, as well as differences. Amongst the various soil
classifications, ferruginous soils occur in more arid zones with pronounced dry seasons. Ferralsols, and ferrallitic soils occur in more
humid areas with dense vegetation. Since each group of soils occurs in regions having different climatic conditions, it is likely that
climate plays a major role in development of laterite. [9], in describing the factors that influence soil weathering in tropical regions,
placed considerable emphasis on the part played by rainfall distribution, profile drainage, and age or exposure duration to soil forming
processes. The following Fig. 1 shows the distribution of lateritic soils in cameroon. Generally, Cameroon is located in the Central
African forest zone between longitude 12.354722 (12°00'E) and latitude 7. 369722 (6°00'N), but the areas of interest for this work are
central-Yaounde region (Latitude = 03°53'5"N & Longitude = 11°53'0"E), Noth-Ngaoundere region (Latitude = 07°19'0"N & Longitude
= 13°34'60"E), South-Ebolowa region (Latitude = 02°54'00'N &

Longitude = 11°09'00"E) and Ouest-Dschang region (Latitude = 5°30'37"N & Longitude = 10°3'12"E). Which Codes are LC25,
LN25, LS25 and LW25 respectively.

The use of laterite has been, and is still very common in World [10]. Civil engineering studies of these materials are now in progress,
with focus on their use in road and earth dam construction. The main uses of laterites in construction are the production of Compressed
Earth Blocks (CEB) [11] and geopolymer [12]. However, they have received very few attentions as supplementary cementitious
materials.

Cement is the most important constituent of mortar development. It is well known that the problem of CO, emissions into the
atmosphere causes a negative effect on the environment and human health. Different human activities including fossil fuel burning,
cement production, and deforestation are the main sources of COz-emission [13]. That is why many researchers are working on how to
substitute the cement content in mortar, without reducing the properties of the final product. On the other hand, aluminosilicate
precorsors have been identified as corrective additives to mitigate and prevent deteriorative alkali aggregate reactives (AAR) in
Portland cement concretes. AAR is a major durability issue of concretes, often referred to as “Concrete cancer”. Thus, Metakaolin (MK)
and fly ash have been used in many cases as supplementary cementitious materials [14,15]. It has been shown that the substitution of
cement by MK in the range of 5-20% can ameliorate concrete properties, including its durability. MK is extensively described in the
literature as a solid precursor for the production of geopolymer [16]. As the amorphous Al,O3 and SiOy contents grow higher than
70%, the capacity to fix chemical ions like Ca?", Nat, K™, etc, and their high effectiveness in enhancing concrete properties have
captured the attention of researchers. Their potential in producing more cohesive and dense concrete also allow their use as sup-
plementary cementitious materials (SCMs) [14,15]. In the case of fly ash (FA), its utilization in mortar/concrete as partial replacement
of cement is commonly around 30 wt% and globally, most of the FA is disposed of in landfills which possess environmental problem
[17]. For A ground blast-furnace granulated slag their use in the production of construction materials is also to substitute cement in
mortar formulation, due to its pozzolanic property. It interacts with calcium hydroxide to form an additional amount of a low-basic
hydrated calcium silicate in a hardened cement paste structure [18]. The strength of the blended cement with increasing dosages
of slag varies in different ways. Small amounts of slag in cement increase slightly the compressive and flexural strengths in comparison
with the blended cement without an additional CEM L. Furthermore, many tests, including thermogravimetric, X-ray fluorescence and
X-ray diffractometric analyses have be done on other aluminosilicates (slag, fly ash and pozzolan) and the results show that they can be
used for SCMs to reduce CO; emissions and mitigate AAR in concrete structures [13,19].

As cementitious materials are the most essential ingredients for concrete, the objective of this study is to investigate the properties
of this abundantly available raw material formed in tropical zone (laterite) and exhibit its applicability as industrial supplementary
cementitious material. This investigation will stem from the role of climate on the laterization process to the characteristics of the
different lateritic materials as SCMs compared to other SCMs.

2. Experimention and characterization methods
2.1. Raw materials and preparation of alkaline activated laterite

The lateritic soils used in this work were collected in four regions of Cameroon. The first one was collected from Awae - center
region of Cameroon (LC25), the second was collected from Ngoundere, in the northern part of Cameroon (LN25), the third one was
collected from Ebolowa — South of Cameroon (LS25) and the fourth was collected from Dschang — West of Cameroon (LW25). After the
collection, all the samples were dried in an oven at 105 °C for 24 h, in order to remove residual water and facilitate the grinding
process. In fact, according to previous work, the TGA of laterites show that Physisorbed water is generally evaporated between 45 and
100 °C [20] Then, they were ground up separately to total particles passing through a 75 pm sieve. After which they were calcined at
three temperatures (550, 575 and 600 °C) for 4 h at a heating rate of 5 °C/min in a programmable electric furnace. Variation in
temperature was done to best activation temperature for each of the soils. The four groups of laterites: non-calcined (LC25, LN25, LS25
and LW25); 550°C-calcined (LC550, LN550, LS550 and LW550); 575°C-calcined (LC575, LN575, LS575 and LW575) and
600°C-calcined (LC600, LN600, LS600 and LW600) were submitted to different analysis. First, to evaluate the effect of the calcination
temperature on laterites properties. Secondly, the properties of these calcined laterites were compared to those of MK, FA, pozzolan
and slag, with the aim to justify the use of laterites as supplementary cementitious material. Then, 8 M NaOH solution add to each of
the non-calcined laterites to study the effect of NaOH attack on the dissolution and reactivity of these raw laterites. Finaly, the ability of
the raw laterite to develop geopolymerization was evaluated by adding a quantity of rice husk ash (RHA) to different laterites. RHA is a
potential source of amorphous silica. The alkaline activated laterite samples were formulated by mixing separately, the non-calcined
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laterites with 20 wt% RHA and the 8 M NaOH solution at a constant liquid/solid ratio of 0.6 [21] The different viscous pastes obtained
were poured into cylindrical molds with dimensions 20 (diameter) x 40 (height) cm and sealed in plastic bags in order to prevent water
evaporation during the setting and hardening, then, stored at room temperature (25 + 3 °C) for 24 h before demolding. The cylindrical
specimens were labeled GC, GN, GS and GW from the laterites LC25, LN25, LS25 and LW25 respectively, were used to evaluate
structural and microstructural properties after 28 days.

2.1.1. Characterization methods

The chemical composition of the lateritic soil samples was determined by X-ray fluorescence (XRF). For this purpose, a good
preparation of the material was done. This included the preparation of the pellets by vitrification and the calculation of the loss on
ignition. The pellets were made in a furnace at 1600 °C and then X-rayed in the PANATICAL Zetium apparatus at a power of 1 KW.

The particle size distribution was evaluated with HORIBA LA-950 laser granulometer apparatus. The suspension made with water
was introduced in the system using Fraunhofer theory. The Sggr values were obtained with a Micrometric Tristar II 3020 instrument.
The sample was first degassed for 4 h at 110 °C.

To determine the specific surface area, the solids were cooled under vacuum to cryogenic temperature (using liquid nitrogen).
Nitrogen gas was dosed to the solid in controlled increments. After each dosage of adsorbent gas, the pressure was allowed to
equilibrate and the amount of adsorbed gas was determined. The surface area was then calculated from the amount of gas required to
form a monolayer, using the Brunauer Emmett and Teller (BET) equation.

Thermal behaviour was measured using the “SDT Q600 from TA instruments”. The analysis of the materials was carried out under
the following conditions: from 30 to 900 °C at a rate of 5 °C/min for 15min. A quantity of approximately 30 mg was introduced into a
platinum crucible under a sweep of air. The sample and reference were placed in two identical platinum crucibles.

The chemical bond structures were monitored using Fourier transform infrared spectroscopic measurements, carried out in
transmittance mode before being processed in absorbance mode by a “Thermo Ficher Scientific Nicolet 380" spectrometer two
operating modes are possible on the instrument: ATR (Attenuated Total Reflection) mode and pellet mode. In the case of ATR, the
mixture in the form of liquid to be studied is deposited directly on the diamond and the apparatus is switched on to obtain the ac-
quisitions. The acquisitions are obtained between 500 cm ! and 4000 cm ™. The number of scans is 64 and the resolution is 4 cm™!. In
the case of pellets, which have been used in this work, a well ground mixture containing 0.1 g of Kbr and a fine quantity of material to
be analysed was introduced into a cell and pressed to 10 tons. The resulting pellet was placed in the instrument for characterisation.
The OMNIC software was then used for data acquisition and processing in both cases. In order to eliminate the CO5 contributions from
the air present in each spectrum, a straight line between 2400 and 2800 cm ™!

The different diffractograms of the powders were obtained on a D8 DAVINCI apparatus using Cuka radiation such that AKa =
1.54186 A° and a graphite back monochromator. The range of analysis is in the angular range from 5° to 70° with a step size of 0.02
and an acquisition time of 2s. The crystalline phases present in the material were identified using the EVA software.

The microstructure was uncovered with the aid of using a JEOL JSM-6500 F Scanning Electron Microscope (SEM) with an ac-
celeration voltage 0of10.0 kV. It is a technical method for surface analysis that permits observations up to nanometric scale. Before been
observed, a thin layer of palladium (Au/Pd) was deposited on samples. This metallization avoids the accumulation of charges on the
sample surface and reduces the penetration depth of the beam, thus improving the SEM image quality.

3. Results and discussion
3.1. Chemical composition, mineralogy, thermal behavior, particles size distribution and specific surface area of raw laterites

Table 1 highlights the chemical compositions of the four raw laterite samples used in this work. The most dominant oxide in the
dark forest laterite of the Centre Region of Cameroon (LC25) is Fex03 (53%). Even though, SiO2 (42% and 34%) is most significant in
the laterites of the south (LS25) and the west (LW25) zones, Fe2Os is closely followed with 32% and 30%, respectively. The high iron
content of the lateritic soils of these zones can be justified by their proximity to the Mbalam and the Nkout iron ore deposits in the
South Region of Cameroon. This is equally associated to the high precipitations in these zones, enabling the transportation of leached
iron minerals. The hot humid climate could also be a contributing factor, by accelerating the laterization processes. The laterites of the
semi-arid zone of the north is significantly dominated by Al,03, due to the proximity of the three bauxite deposits (Mini-Martap,
Ngaoundal and Makan) in the Adamawa Region of Cameroon [22]. The Si/Al molar ratios of 1.1, 0.72, 2.8 and 1.9 for LC25, LN25,
LS25 and LW25, respectively, are comparable to good aluminosilicate precursors like MK, fly ash and granulated blast furnace slack,
suitable for geopolymerization and SCMs [23,24]. Also, despite the differences in the Si/Al and Si/Fe molar ratios of laterites of the
four zones, their %SiO3 + %Al,03 + %Fez03 > 90. This is close with that of highly reactive aluminosilicates like metakaolin and fly

Table 1

Chemical compositions of the raw laterites from XRF.
Samples Si,0 (%) Al,03 (%) Fe,03 (%) TiO2 (%) K20 (%) LIO Si/Al Si/Fe
LC25 21 16 53 1 1 8 1.1 0.53
LN25 29 34 24 1 - 12 0.72 1.6
LS25 42 16 32 1 1 8 2.8 1.75
LW25 34 15 30 1 - 20 1.9 1.5
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ash.

Fig. 2A presents the X-ray diffractograms of LC25, LN25, LS25 and LW25. All the samples have, in varying amounts, the following
mineralogical phases: kaolinite, hematite, goethite, quartz and gibbsite. Except for LC25, anatase is equally contained in all the lat-
erites. As shown by the chemical composition (Table 1), the lower of quartz and kaolinite peaks associated with LC25 and LW25 tie
with the low SiO, content. However, quartz peaks visualized as sand grains are more intense on LW25, which translate that the SiO,
here is mostly present. In LW25, all the mineral phases are present, suggesting an intermediate stage of laterization. Contrarily, LC25 of
the forest zone is composed mostly of goethite and hematite, suggesting an advance stage of corrosion (laterization). The extensive
degree of laterization is probably aided by the warm moist environment of the tropical rainforest. Kaolinite peaks are more intense on
LN25 and LS25, indicating a more semicristallized kaolinite phase, different to the quasi amorphous kaolinite phase in LC25 and LW25.
The higher levels of kaolinite and gibbsite in LN25 and LS25 are associated to their AlO3 compositions (Table 1). Based on the
conspicuous nature of mineral phases in the south forest zone and semiarid northern zone, it is probable that the soils are highly
laterized. The advanced corrosive nature of the soils can be associated to the heavy precipitations accompanied by intense sunshine
(see Fig. 2).

Fig. 2B evidences the FTIR spectra of different laterites under study. The bands at 3696 cm ™' and 3625 cm ™! are characteristic of
the hydroxyl group (OH) of kaolinite goethite and gibbsite [21,25]; confirming their presence in all the four samples. The absorption
bands at 3319, 3433, and 3363 cm_l, typical to (d) LW25 correspond to OH stretching of water molecules and organic matter content.
This stalemates with the high loss on ignition recorded by LW25 (Table 1). The absorption band at 1027 cm™! is characteristic of Si-O
bonds of crystalized quartz. The absorption band at 1007 cm ™ is the principal band that demonstrates the aluminosilicate: Si-O-M (M
= Si, Fe and Al) [26], typical of the laterites under study. The absorption band at 905 cm ™! is linked to Si-O of stretched kaolinite. This
band is less intense in LW25, elucidating quite low content of semi-amorphous kaolinite. The bands at 785 and 744 cm ™! are linked to
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Fig. 2. (A)XRD patterns and (B) FTIR spectra of (a) LC25, (b) LN25, (c) LS25 and (d) LW25 samples. PDF Files: kaolinite (K: 00-005-0143), quartz
(Q: 04-006-1757), hematite (H: 04-015-9569), goethite (G: 04-015-8212), anathase (A: 04-014-0490), gypsite (Gi: 00-33-0018).
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the AI-OH of gibbsite. The absorption band at 674 cm™! is responsible for Fe~OH bond of goethite. The last band at 532 cm™! is
characteristic of Fe-O of hematite.

Fig. 3 highlights the thermal behavior (mass loss and heat flow curves) of the four raw laterites. According to Fig. 3A, each curve
presents three thermal phenomena corresponding to the mass loss when phsico-chemical reactions happen as laterite are placed in
temperature. The mass loss that occurs below 200 °C is due to the loss of physically adsorbed water. This is represented on the heat flow
curves (Fig. 3B) of LS25 and LW25 by an endothermic peak. The presence of exothermic peaks on LC25 and LN25 curves can be due to
the background during manipulation. Between 250 °C and 350 °C, the significant water loss from both samples LN25 and LW25 are 5%
and 20%, respectively. The samples LC25 and LS25 seem to have most of their ions in the form of oxides and less hydrated. At around
500 °C, the endothermic peaks in Fig. 3B correspond to the decomposition of the mineral kaolinite [27,28]. This decomposition usually
takes place at around 575 °C [29]. The relatively low temperature of the decomposition of kaolinite in the laterite is linked to the
intensive octahedral substitution of A1>* /by Fe>*/Fe?", a substitution that significantly reduces the crystallinity of kaolinite and by the
way, their anticipates their decomposition. After 500 °C no further mass loss is observed. It can be said that the only difference between
these curves and those of kaolin is the mass loss due to goethite decomposition, between 250 and 350 °C. Comparing the TGA profile of
the four laterite samples, they all have three mass losses. The first corresponds to physisorbed water, the second and the third are
associated to OH hydroxyl which is due to the removal of the octahedral Al or Fe ions alongside the concurrent removal of structural
hydroxyl groups. This behavior is closely related to those of other aluminosilicates [30]. In fact, according to literature [30], TGA of
kaolin shows a weight loss below 200 °C and another one above 450 °C, which are represented by two endothermic pics on the
corresponding heat flow curves [31]. Concerning Fly Ash (FA), the TGA curve shows three mass loss regions, corresponding respec-
tively to loss of humidity (below 100 °C), dehydration (100-340 °C) and the decomposition of CaCO3 [32]. According to Ref. [33], slag
TGA presents also three mass losses; the one below 200 °C is related to the removal of moisture. To conclude, the thermal behavior of
laterite is closely related to that of MK, FA and slag, as the conventional supplementary cementous material. The main deviations is
pointed to the replacement of AlI>" with Fe3* and Fe?" ions through the laterization process.

Fig. 4 provides the physical aspects of laterites before and after calcination. Laterites have generally red color due to the high
quantities of iron oxide compared to kaolin. The results evidence that when laterites are calcined, the color becomes darker; in
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Fig. 3. (A) Thermal behavior and (B) Heat flow of ( ) LC25, () LN25, () LS25 and ( ) LW25 samples.
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consequence of the transformation of goethite into hematite, as it has been seen in TGA and DTA curves (Fig. 3A and B). The different
colors observed from one sample to another before calcination is due to the quantity of hematite in each sample, based on climatic
conditions.

Fig. 5 (5A, 5B and 5C) presents the particle size of laterites samples under this study. From the results, the phenomenon of
laterization involves particles coarsening resulting from the iron inclusion and substitution in the kaolinitic framework. The coarse
particles of LW25 is obviously affected by the amount of silica with significant fractures. By the way, the volume of fine particles (D)
are around 5.7, 6.4, 7.4 and 8.5 pm for LC25, LW25, LN25 and LS25, respectively. When laterites are calcined at 550 °C, the values are
1.4, 1.6, 2.5 and 1.7 pm, respectively. The result shows that the calcination reduces the finess of powder. When considering Dso; MK
and laterite have almost similar particles sizes. The laterite from the Northern zone, with high content of alumina (gibbsite) is a little
beat coarse. Surely, due to the coarsening of the alumina and silica (quartz). Further sintering seems to impact the coarsening of the
alumina particles. Similar observation is made at 575 °C.

However, the cumulative curve of the four laterites is not far from that of metakaolin; (supplementary file). Instead, MK presents
more coarse particles (>50 pm), compared to laterite. The coarser particles in MK can be associated to the agglomeration of alumina
around silica (quartz) grains. This phenomenon is parallel confirmed by comparing the particle sizes of laterites rich in alumina with
those pores in alumina. In addition, this phenomenon justifies the absence of particles of more than 364 pm in laterite, compared to MK
with particles of more than 470 pm.The calcination of laterites significantly reduces the gap of particles size between MK and laterites.

Table 2 presents the surface area of laterites under study at three different temperatures. At ambient temperature (25 °C), the
laterites have SBET values from 20 pm to 25 mz/g. This is in agreement with those of standard Kaolin (11-25 mz/g) [34].. When
calcined at 550 °C, the values are 46, 29, 34 and 123 mz/g for LC25, LN25, L.S25 and LW25, respectively. The values are 49, 32, 34 and
123 m?/g at 575 °C. This elucidates that the calcination increase of SBET. Amongst the four laterites, LW presents 123 m?/g at 550 °C
and 575 °C, predicting the presence of the most disordered (amorphous) species in the said sample. It is also the sample with the
maximum mass loss after calcination. Fig. 6 evidences the comparative values of chemical composition, PSD and BET of different
laterites under study with metakaolin, fly ash, Slag and pozzolan. The values show some similarities and differences, as discussed
above, per parameter.

3.1.1. Calcined laterite

The decomposition of the kaolinite mineral and the dihydroxylation of laterite as described by XRD, DTA/TG and SBET (Figs. 2, 3
and 6, respectively) of the raw laterites agree with the evolution of the FTIR spectra of calcined laterites in Fig. 7. In fact, looking at
Fig. 7A, B and 7C, when the laterites (LC25, LN25, LS25 and LW25) are calcined at 550, 575 and 600 °C, the absorption bands
responsible for O-H water (3519, 3433 and 3363 cm™!) completely disappeared. On the other hand, the absorption bands situated
between 905 and 1118 cm ™}, corresponding to the Si-O-Si bond are refined to a single and broader band, appearing at 1047 cm ™.
This is justified by the increase in the amorphous aluminosilicate content, particularly in silica (Q2 and Q3). Those at 674 and 785
cm™! characteristics of Si—-O-Al are distinguished into a unique band at 785 cm ™. Evidence of transformation of crystalline allumi-
nosilicate phases into amorphous alluminosilicate, required for the three dimensional polysialate.

The evidence of the metastability of laterite under study is shown in Fig. 8. Here, all the four laterite samples exhibit significant
drops in the intensities of hydroxyl groups (Fig. 8A). This is in accord with the disapearence of kaolinite and goethite peaks on XRD
diffragtograms in consequence of calcination (Fig. 8B). The absence of Fe-OH, initially present in all the raw materials, at 650 cm ™!
confirms the transformation of goethite after calcination as, evidenced in Fig. 8A. The shift of the principal aluminosilicate bands to
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Fig. 4. Physical aspect of four laterite before and after calcination.
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Table 2
Specific surface area values of samples before and after calcination.
Materials Spet (m?2/g)
T=25°C T =550 °C 575°C
LC25 25 46 49
LN25 23 29 32
LS25 27 34 34
LW25 20 123 123
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Fig. 6. (w) SBET and (e) D5 of LC575, LN575, LS575, LW575, some metakolin, pozzolan, fly ash and slag collected in literature.
lower wave number (1000 cm™!) also backs the formation of amorphous phase, upon calcination.

3.1.2. Alkaline activated laterites

Fig. 9 presents the FTIR spectra of the raw laterites after attack with sodium hydroxide solution. The bands at 3696, 3319, 3433,
and 3363 cm ™}, initially observed on the raw laterites’ spectra are present on those of the calcined laterites,but, withreduced in-
tensities. The new bands at 1395 and 1468 cm ™! are respectively attributed to water and carbonates (C-O) from Na™ ion (of alkaline
solution) interaction with the atmospheric CO,. These bands are more represented in samples synthetized with LC25, LS25 and LW25.
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Fig. 7. FTIR spectra (A) 550, (B) 575 and (C) 600 °C of (a) LC, (b) LN, (c) LS and (d) LW samples.

The shift of Si-O-Si band from 1027 to 950 cm ™! can be justified by the formation of three dimensional polysialate network by the
polycondensation of the free alluminosilicate units in the alkaline medium [35]. Therefore, in a strong alkaline medium, raw laterites
of the four studied zones pollycondence to form a three dimensional network consolidate.

Fig. 10 presents the XRD patent of the study laterites after alkaline activation of raw laterite. The result shows that the raw laterites
contain quasi amorphous (stretched) phases with loose bonds that can easily be dissociated in an alkaline solution to form allumi-
nosilicate/ferrosilicate gels. The strong alkaline medium facilitates the dissociation of hydroxyl group linksto the most corroded
minerals (kaolinite, goethite and other iron-bearng hydroxides and oxyhydroxides). The most important peaks present on the alkaline
activated laterite diffractograms are those of quartz, inherited from the raw laterite. The quartz peak at 26 = 20° on the northern zone
laterite (LN25) diffractogram disappears after alkaline activation (GN), while that of in the west Cameroon (LW25) decreased in in-
tensity. On GS and GN diffractograms, the residual intensities of kaolinite are observed. Reduced hematite intensity is also observed, as
a result of the partial dissociation of goethite. Goethite can be dissolved completely in high alkaline solution. In the presence of free
silica or aluminosilica, in such alkaline medium, there is formation of ferrosialate, ferrosilicate and/or ferrisilicate, by association with
the released iron. The kaolinite present in the laterites has high degree of substitution [36] and insertion of Fe?t/Fe®*, resulting in a
meta stable to amorphous structure, prompt to easily dissociate in strong alkaline solution. The products of the dissolution will pol-
ycondense/polymerize to polysialate (-Al-O-Si-O-Al-O) and polyferrosialate (-Fe-O-Si-O-Al-O-).
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Fig. 9. FTIR spectra (a) LC25, (b) LN25 and (c) LS25 and (d) LW25 after alkaline attack in 8 M sodium hydroxide solution.
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Fig. 10. XRD patterns of (a) GC, (b) GN, (c) GS and (d) GW geopolymer based non-calcined laterites samples. PDF Filesf: kaolinite (K: 00-005-0143),
quartz (Q: 04-006-1757), hematite (H: 04-015-9569), goethite (G: 04-015-8212), anatase (A: 04-014-0490), gibbsite (Gi: 00-33-0018).

The complete transformation of kaolinite minerals in the case of LC25 and LW25 is justified by the climatic conditions (humidity
and temperature) that favor the process of laterization in contrast to LS25 that has the required humidity, but not temperature and
LN25 that has the required temperature but not humidity.

Fig. 11 presents the micrographs of the different laterites after alkaline stabilization. The micrographs display continuous compact
mass; with no visible porosity. GN, GS and GW show the most densified matrices with finer particles, compared to GC that shows some
microcracks (Fig. 11A). In fact LC25 presents the lowest silica content (20.51w %) and the highest concentration of iron (52.2%) as it
has been seen previously. These effectively modify the Si/Al and Si/Fe ratios with consequence modification of the final volume of gel
forming. While all the matrixes still present good densification and compactness, there appear a slight difference on the globular
character of the r gels formed. In fact, the SiO2/Al503 is = 1 for LC25 and LN25, and~ 2 for LS25 and LW25. This difference explains
why the macrostructure of gel of GS and GW are very closed to that of metakaolin-based geopolymer. In GC and GN more ferrosialate is
formed, explaining the slight difference between the matrixes. The reactive silica from the corroded phases provides sufficient colloids
to the cement matrix and avoids porosity. This is evidenced in Fig. 11B. While the major part of the reactive silica present in GN, GS and
GW seems to be orientated to the formation of N-A-S-H and N-Fe-A-S-H, more colloidal silica is observed in the GC micrograph. It can
be noted that, the additional reactive silica conducts mostly to the formation of ferrisilicate. Otherwise, a careful mix design is needed
including reactive silica addition. Although there is a difference in the laterization observed, all the laterites present almost total
conversion to cementitious polymer phases, due to the presence of amorphous kaolinite and reactive goethite and the globular types of
gels are similar to that of MK-based alkaline activated matrixes. The gel formed is likely to be a mixture of N-A-S-H and N-Fe-A-S-H
(GN, GS and GW). In addition, the content of iron has significant impact on the globular microstructure.

4. General discussion

In the northern temperate zones of Cameroon, the most used binder and cementitious materials are metakaolin and clinker, which
are raw materials that are widely available in this area. In the tropical zone where most countries are in the process of developing
research and do not have enough of these materials, researchers are obliged to look at the available resources to develop substitutes to
conventional materials. Thus, laterite, a very abundant raw material, available in the tropical zone, has been explored for many years.
It should also be noted that in construction, mortar is generally made from cement, which constitutes the main cementitious
component. However, cement poses two fundamental problems for the tropical zone: the unavailability of clinker, which implies a
high-cost price of the final material and the pollution of the environment by the release of a large quantity of CO; into the atmosphere
during clinkerization. Faced with these problems, this work aimed to characterize the laterites from different regions of Cameroun, to
compare their properties with those of metakaolin, fly ash, slag and pozzolan, which are generally used as supplementary cementitious
materials. The results obtained according to chemical composition and FTIR show that the four laterites have oxides SiOy+ Al;03+
FesO3 > 70% and absorption bands between 1007 and 1027 cm™ . This is in accord with ASTM standard (C618, C125, C989 and
C1240), which indicates that a supplementary cementitious material is defined as an inorganic material that contributes to the
properties of the cementitious mixture with true hydraulic or/and pozzolanic activities. These properties generally come from.

(i) Chemical composition: SiOy + AlyO3 +Fez03 > 70%);

(i) The disorder structure (XRD semi crystalline or quasi amorphous phases);
(iii) The particles size distribution (PSD); high content of particles below 10 pm;
(iv) High BET values of specific surface area.
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Fig. 11. Microstructure of (A) GC, (B) GN, (C) GS and (D) GW geopolymer based non-calcined laterites samples at differents magnifications.

However, the climate plays an important role in the formation of disordered phases, through the laterization process. In rainy areas,
the leaching is accentuated and this has an impact on the silica content, which decreases, thus requiring an external contribution of
amorphous silica to further activate the laterite. This is the case of LC and LS. In addition, when considering LC and LS from the rain
forest, having high pluviometry and relative humidity, they show significant amount of Fe;O3. While LW from mountainous area and
LN from the plateau with semi-arid climate show lower iron concentrations. Concerning the mineralogical analysis, the results
revealed the presence of pseudo amorphous phases in all the raw laterites (kaolinite, goethite), which play an important role in the
reactivity of laterites and justifies the fact that they can play the same role as MK. By agreeing on the BET values, the specific surface
values of non-calcined laterites are close to those of metakaolin (Close to 25 mz/g) so in terms of reactivity, raw laterites are similar to
those of some metakaolin; when laterites are calcined the specific surface area increases, which further improves the properties. In
conclusion, it appears from these observations that laterites have properties close to those of metakaolin, and could therefore be used
for cement substitution, as supplementary cementitious material.

5. Conclusion

At the end of this work, of which the aim was to evaluate the properties of laterites, to see if they can be used as supplementary
cementitious materials, four laterites’ types were studied: LC25, LN25, LS25 and LW25. LC25 and LS25 from the tropical rain forest;
LN25 from semi-arid plateau and LW25 from mountainous region. Chemical composition, mineralogy, particles size and BET were
investigated. The alkaline activation of the raw laterite was also investigated. From the results, the following conclusions can be done.

1) Study laterite, are essentially composed of pseudo amorphous kaolinite and goethite, with some of SiOy + Al,O3 + FeoO3 >70%, as
in agreement with ASTM standard CM618-19.

2) In the natural form, laterites are aggregations of particles that can flocculate at room temperature, justifying the 39.5, 35, 34.5 and
39.4% of passing and 77.85, 57.75, 79.74 and 69.52% for raw and 550 °C calcinated, respectively. Laterite fulfills the requirements
of the ASTM C618-19 for cementitious materials.

3) The BET values of the different laterites are between 21.9- and 24.1 mz/g] and 45 and 123.5 mz/g] when calcined, showing that the
calcination increases the reactivity.

4) The mineralogy of LC, LN, LS and LW shows the presence of quasi-amorphous kaolinite and reactive goethite, which are responsible
for the transformation of laterite to cementitious polymer structure, when attack with alkaline solution.

The particles size, the BET surface area and their significant reactivity make them promising candidates for the replacement of MK
and other supplementary cementitious materials.
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