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Abstract

Laterite soil is widely found in various tropical and subtropical regions. This study focuses
on the physical and chemical properties of laterite soil as a precursor for geopolymer
synthesis. The characteristics of the soil were determined through experimental analyses,
including XRF, XRD, SEM, EDS, FTIR, TGA /DTA, and pH measurements. XRF analysis
revealed that the primary chemical oxides are silica, alumina, and iron oxide, which are
very essential for geopolymer production. Both XRD and FTIR assessments revealed that
the calcination process applied to laterite diminishes its crystallinity while enhancing
its amorphous nature, thereby improving its reactivity. TGA and DTA results confirmed
significant weight loss and dihydroxylation between 400 °C and 700 °C, while temperatures
above 700 °C showed minimal weight loss and no further dihydroxylation. The pH of the
tested laterite soil was measured at 5.35, indicating strong acidic behaviour. Based on these
combined chemical and physical analyses, this study concludes that laterite soil is a viable
precursor material for geopolymer synthesis.

Keywords: laterization; laterite soil; chemical properties; microstructural properties;
mineralogical analysis; geopolymer precursor

1. Introduction

The term lateritic was first employed by Francis Buchanan Hamilton in 1807 to de-
scribe the nature of the soil available in the mountain region of Malabar, India. Laterite
was easily utilized as construction material in the form of blocks [1]. The word “laterite” is
derived from the Latin word “later”, meaning brick [2]. Laterite soils are widely available
throughout the world, particularly in Africa, India, and Australia [3]. They are predomi-
nantly found in environments that have undergone leaching and oxidation, resulting in a
distinct reddish or yellowish colour. These soils are underlain by cemented gravels, which
consist of goethite, hematite, quartz, and kaolinite [4]. In general, it is formed where the
parent rock is rich in silica, alumina, and iron [5].

Laterites and lateritic terms are often used interchangeably to name soils that are
found in the tropical and subtropical climatic regions, and which are produced through an
intensive weathering process called laterization. The degree of laterization varies according
to the weather conditions, such as rainfall and temperature. The classification of laterite
soil by Martin, 1927 [6], was based on physical properties. It was further suggested that if
the ratio of silica to alumina in the clay is between 2.0 and 1.33, the soil should be described
as “lateritic”, and where this ratio falls below 1.33, the soil should be described as laterite.
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However, this classification was criticized by Pendelton and Sharasuvana [7], indicating
that both criteria are not enough for classification, and they further suggested considering
the morphological characteristics of the laterite profile. In the study by Lyle & John [5],
it was found that the chemical composition of laterite has no constant demarcation; it
varies based on the parent rock formation. According to the study on Australian laterite by
Mahalinga-Iyer and Williams [8], soil with a ratio of silica-to-sesquioxide equal to 2.5 can
be classified as laterite, due to the presence of more quartz gravel; hence, it has a relatively
high silica content.

The physicochemical behaviour of laterites is influenced by climatic-vegetational
zones, parent rocks, genetic soil, the degree of leaching and laterization, and clay content [9].
Therefore, according to the study by Lyle & John [5], the morphological, chemical, and
mineralogical characteristics of laterite soils in the African continent have wide ranges. This
was confirmed by Mahalinga-lyer and Williams [10], indicating that the mineralogy and
microstructure of lateritic soil differ significantly from one geographical location to another.

Recent studies show that laterite soils are one of few promising precursor materials
in synthesizing geopolymers [11-13]. Alkali solutions were used to dissolve the chemical
composition of the precursor and produced relatively strong geopolymer matrices [14].
Calcination is an essential technique that is used to increase the reactivity of laterite soil
in the geopolymer cement manufacturing process. According to the investigations on
laterite precursor soils by Poudeu et al. [15] and Metekong et al. [16], the polycondensation
of laterite-based geopolymer increases at calcination temperatures between 550 °C and
750 °C. Furthermore, Kakali et al. [17] found that the calcination of kaolinite material
results in disruption to its structure, decreasing crystallinity, resulting in an amorphous
phase, and ultimately causing increased reactivity. Similarly, Davidovits [18] explained
how heating laterite soils can convert clay minerals, especially kaolinite, into metakaolinite.
This transformation allows chemical compounds to dissolve more effectively when mixed
with an alkaline activating agent. The resulting geopolymer cement demonstrates excellent
mechanical and physical properties [14]. In addition, the recent study by Nuru et al. [19]
reported that laterite soil calcined at 700 °C for 4 h achieved a 28-day compressive strength
of 51 MPa.

Although some researchers have examined certain characteristics of laterite soil, its
chemical behaviour varies depending on the source of the soil, e.g., the geographical
location. Furthermore, there is limited research on its potential as a geopolymer precursor.
The aim of this paper is to investigate the potential of laterite as a geopolymer precursor by
determining the characteristics of both raw and calcined laterite found in Johannesburg,
South Africa, including their physical and chemical properties.

2. Materials and Analytical Techniques

This study investigates the physical and chemical properties of laterite soil in both its
raw and calcined forms, with a particle size below 150 um. To achieve this, six characteriza-
tion techniques were employed. The collected soil was first oven-dried at 105 °C for 24 h to
remove moisture, then pulverized and sieved to obtain a uniform particle size of 150 pm.
Calcination was performed in a muffle furnace under ambient air conditions. Based on
previous experimental findings [11], the soil was calcined at 700 °C for 4 h to activate its
reactive phases.

2.1. X-Ray Fluorescence (XRF)

The chemical composition of raw laterite powder was determined using an ARL
Perform’X Sequential XRF Spectrometer, with Uniquant software employed for analysis.
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The software analyzes all elements in the periodic table from sodium (Na) to uranium (U),
but only reports on elements that are present at significant levels.

2.2. X-Ray Diffraction (XRD)

The mineralogical analysis of the laterite sample was performed by preparing it for
X-ray diffraction (XRD) analysis through the backloading method. Diffractograms were
obtained with a Malvern Panalytical Aeris diffractometer, which features a PIXcel detector
and fixed slits, utilizing Fe-filtered Co-K« radiation. The scanning was performed at a
speed of 8 min per degree 20. Phase identification was conducted using X'Pert High
Score Plus software in conjunction with the PAN-ICSD database. Relative phase quantities
(weight%) were estimated through the Rietveld Refinement method, allowing for both
qualitative and quantitative analysis.

2.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDS)

The laterite soil powder, both raw and calcined, was used for microstructural obser-
vations with a 6010 PLUS/LA-JEOL Scanning Electron Microscope (SEM) equipped with
an Oxford Energy Dispersive X-Ray Spectroscopy (EDS) system manufactured by Rikagu,
Tokyo, Japan. The samples were initially mounted in epoxy moulds, polished, and then
carbon-coated prior to the SEM and EDS analysis. The examination was conducted using a
backscatter electron detector at an acceleration voltage of 15 kV and a working distance of
approximately 8 mm.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
technique was employed to identify the main chemical groups present in both raw and
calcined laterite soil. The study utilized a Vertex 70v FT-IR Spectrometer from Bruker
Optics, Billerica, MA, USA. The sample was placed in the apparatus for characterization,
and acquisitions were recorded between 400 cm ! and 4000 cm~!. The resulting data were
processed using Origin Pro 8.1 software.

2.5. Thermogravimetric (TGA) and Differential Thermal (DTA) Analyses

TGA and DTA measurements were performed simultaneously using the TGA /DSC
SDT Q600 Thermogravimetric Analyzer with TA software, also known as TA Instruments,
manufactured in New Castle, DE, USA. The raw laterite and calcined samples were run
in a random order and analyzed in a platinum crucible. The experiments were conducted
between 30 °C and 1200 °C at a rate of 20 °C/min with a nitrogen purge.

2.6. pH Test

Determining the pH of the laterite precursor is crucial for understanding its reactiv-
ity. This eventually helps to adjust the amount of activator needed in the production of
geopolymer products. The raw and calcined laterite samples were dispersed in deionized
water (i.e., solvent) at a solid-to-solvent ratio of 1:5 [20]. The pH device was calibrated with
buffer solutions of pH 4 and pH 7 prior to testing. To protect any interaction between the
specimen solution and the surrounding environment, pH measurements were performed
within one hour of sample preparation. The pH was measured using a benchtop pH meter
equipped with a combination glass electrode containing an Ag/AgCl reference and a 3.0 M
KCl internal solution under ambient temperature conditions with automatic temperature
compensation.
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3. Results and Discussion
3.1. XRF

The primary oxides of laterite soil are presented in Table 1. The oxides in notable
percentages are silicon dioxide (S5iO,), aluminum oxide (Al;O3), and iron oxide (Fe;O3),
which together account for approximately 87.7% of the soil’s composition, which qualifies
the laterites as class (F) pozzolan, according to criteria presented in ASTM C-618-1 [21]. The
ratio of silica to alumina in the tested laterite is 3.05. This relatively high ratio attributes to
the presence of high amount of quartz particles in the laterite. Furthermore, the ratio of 3.05
can be linked to acidic conditions that may prevail within the soil source area. This leads to
the leaching out of alumina while silica remains. According to Townsend [22], when the
ratio of SiO; to Al,O3 increases, the chemical reactivity, in terms of the geopolymerization,
also increases, especially in the presence of amorphous materials. This enhancement in
reactivity makes it promising for use in geopolymer synthesis. The chemical composition
of the laterite soil is consistent with the findings of Abomo et al. [23], who identified it as
a suitable precursor for geopolymer production. The loss of ignition (8.54%) is relatively
high and is indicative of the presence of organic materials. It is worth pointing out that
the presence of organic materials may impact adversely on the geopolymeriztion reaction;
hence, calcination is necessary.

Table 1. Oxide composition of raw laterite soil.

Oxide Mass (%) Oxide Mass (%)
SiO; 61.09 MnO 0.04

Al,O3 20.04 P,Os 0.04

F€203 6.64 Nb205 0.03
Kzo 1.92 CI‘203 0.02
MgO 0.67 V5,05 0.01
TiO, 0.57 Na,O <0.01
ZrO; 0.18 LOI 8.54
CaO 0.09

3.2. XRD Analysis

Figure 1 presents the XRD patterns of the raw and calcined laterite soil sample, while
Table 2 shows the percentage of minerals in the laterite soil. The XRD data regarding
the constituent minerals was derived according to the PAN-ICSD database. The main
constituent minerals of raw laterite are quartz (O,5i;), albite (Aly 02Cag02Nag 9gOgSiz.93),
kaolinite (H4Al,OgSiy), and muscovite (H, Al3K;01,Si3). In addition, the tested laterite
contains a detectable amount of microcline (Al;K;OgSi3). After the soil is subjected to calci-
nation, the mineralogical composition changes in both presence and amount. The amount of
quartz (O;5i;) is slightly reduced, while the amounts of microcline (K; Al;SizOg) and mus-
covite (Hy gog Al 470Fg 172Feg 315K1011.828513 2g) increase. New minerals, such as hematite
(Fe203) and biotite (Ha 548 Al 432Fe2.427K1.891Mg3.00Mno 035Na0,0620245i5 568 Tip.448), are also
observed. Kaolinite is no longer present in the soil, which can be attributed to its transfor-
mation into metakaolin [24]. According to Carvalheiras et al. [25], the amorphous hump
between 15° and 35° 20 is indicative of meta-kaolinite presence; however, it is not distinctly
visible. This may be due to the dominant presence of crystalline phases such as quartz. The
appearance of biotite is linked to the transformation of magnesium and potassium oxides,
although these are present in trace amounts in the soil. The emergence of hematite seems
to result from the transformation of goethite during the heating process [15]. Furthermore,
the XRD patterns shown in Figure 1 indicate the existence of quartz and muscovite after
and before calcination, meaning that their presence had not changed due to the thermal
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treatment. However, all the mineral peaks were reduced, suggesting a crystallinity reduc-
tion, as is also evident in the FTIR analysis presented in a later section of this paper. The
absence of kaolinite peaks and reduction in the peak intensity support the formation of an
amorphous, reactive aluminosilicate phase. The experimental results confirm that thermal
treatment leads to significant structural transformations, making the material suitable for
geopolymer production.

200 1: Quartz
1.3 2: Albite

3: Muscovite

4: Kaolinite
5: Biotite

6: Hematite
7: Microcline

Raw Laterite

100 -

Intensity

Calcined Laterite

0 10 20 30 40 50 60 70 &0 90
2 Theta

Figure 1. XRD Analysis of raw and calcined laterite.

Table 2. Mineralogical composition of raw laterite (LN) and calcined laterite (LC) (weight percent,
w/w).

Quartz Albite Microcline  Muscovite Kaolinite Biotite Hematite
LN 52.1 4 0.7 14.6 28.6 - -
LC 499 0.0 9 24.9 - 5.5 10.7

3.3. SEM and EDS Analysis

Figure 2a,c display micrographs of raw and calcined laterite soils. It was observed
that the calcined laterite exhibits a clearer image of particle size and shape compared to
the raw sample. The image in Figure 2a,c shows the shapes of the laterite soil before and
after calcination, respectively. The calcined laterite appears to be angular in shape, while
raw laterite exhibits flaky and elongated shapes. This means that calcined laterite will pack
more closely, leaving less voids as compared to raw laterite. It should bear in mind that
the packing density will influence the final geopolymer product. Additionally, the calcined
sample micrograph reveals a reduction in particle size, which may be attributed to the
transformation from being crystalline to the amorphous phase, and the removal of organic
particles. The finer fraction of laterite exhibits greater reactivity due to the presence of amor-
phous materials [26]. This result is consistent with the study by Metekong et al. [16], which
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showed that the application of heat to the laterite resulted in the formation of finer parti-
cles and the creation of an amorphous phase due to the physicochemical transformations
occurring during the calcination process.

B Map Sum Spectrum
Wt% o
5.

3.5

)

(b)

B Map Sum Spectrum
W% o

(d)
Figure 2. SEM and EDS analysis of raw and calcined laterite. (a) SEM image—raw laterite. (b) EDS

Spectra—raw laterite. (c) SEM image—calcined laterite. (d) EDS spectra—calcined laterite.

Refer to the results of EDS analysis presented in Figure 2b,d; carbon was detected in
the raw laterite, which relates well to the LOS results presented in Table 1. However, in
the calcined laterite, carbon was not detected. This could possibly be a result of organic
material decomposition due to thermal treatment. Furthermore, the number of other
elements present in the laterite showed slight change. The silica, alumina, and iron content
were increased after the calcination, while oxygen was reduced, and potassium remained
unchanged. In general, temperature had an influence on the physicochemical properties of
laterite soil.

3.4. FTIR Analysis

In the FTIR analysis shown in Figure 3, distinctive features of raw laterite can be
observed. According to the studies by Poudeu et al. [15] and Tantono et al. [14], the peaks
in the band between 3705 and 3627 cm~! indicate the presence of a OH group of Si, Al,
and Fe which is assigned to the stretching bond and an axial symmetric mode of kaolinite:
goethite. The study by Ghani et al. [27], explained that the band at 910 cm ! relates to OH
bending vibration in the presence of kaolinite. Poudeu et al. [15] and Mimboe et al. [28]
confirmed that the band at 1007 cm ! is assigned to the symmetrical stretching vibration
of Si-O-(Al, Si, Fe). Other bands, such as the Fe-OH bending vibration bands observed
at 684 cm ™!, confirm the presence of goethite, according to Mimboe et al. [28], while the
peaks at 533 cm ! and 437 cm ™! are assigned to bending vibrating bonds of Al-O-Si and
Fe-O-5i bonds by [29].
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Figure 3. FTIR analysis of raw and calcinated laterite.

After the laterite was calcined at 700 °C for 4 h, changes in the spectrum were observed.
The bands at 3705 and 3627 cm ™! disappear, indicating the complete dehydroxylation of the
OH chemical group into the calcined laterite. The disappearance of the peak at 910 cm ™!
confirms the removal of the OH bending vibration of Kaolin. The disappearance of the
band at 684 cm~! was also observed. According to Bewa et al. [30] and Tantono et al. [14],
the disappearance of the band is due to the dihydroxylation of goethite (Fe-OH). In the
study by Tantono et al. [14], the band at 777 cm~! was attributed to the deformed vibration
of the Si-O bond, indicating the presence of amorphous silica. Additionally, there was
a decrease in the intensity of the absorption bands at 537 cm ™! and 433 cm !, and the
appearance of new broad bands at 1029 cm~!. According to the authors Mimboe et al. [28],
Kakali et al. [17], and Barbosa et al. [31], this band corresponded to the Si-O stretch vibra-
tion bond that transitioned from crystallinity to an amorphous phase.

3.5. TGA and DTA Analysis

Figure 4 presents the TGA and DTA curves of raw laterite. The DTA thermogram
exhibits three endothermal the peaks, which are located at 30-110 °C, 240-340 °C, and
400-700 °C. The first interval, the spanning peak, observed between 30 and 110 °C, is
attributed to the loss of free water or the removal of water from the material’s cavities.
This water loss explains the corresponding 0.9% mass loss observed in the TGA curve.
The second peak, occurring between 240 and 340 °C, corresponds to the process of dihy-
droxylation and the conversion of goethite into hematite [32,33], resulting in a recorded
mass loss of 0.85%. The final interval of the third peak falls within the range of 400-700 °C
and involves the dihydroxylation of kaolinite to form reactive metakaolinite [23,34]. This
suggests that the thermal treatment of laterite soil at 700 °C has a positive impact in relation
to the potential for geopolymer synthesis. This process is accompanied by a recorded
weight loss of 7.7% in the TGA curve.
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Figure 4. TGA and DTA curves of raw laterite.

3.6. pH of Laterite Soil

The hydrogen potential (pH) value of the raw laterite is recorded at 5.35, categorized
under a strong acidic condition [35], which may be attributed to its low content of calcium
oxide (0.09%), sodium oxide (<0.01), and potassium oxide (1.92%); refer to Table 1. There-
fore, the results suggest that a strong alkali activator is needed to assist in the decomposition
of the aluminosilicate composition and to enhance reactivity in producing a geopolymer
gel, leading to high strength.

The findings correlate well with the findings of other studies on the pH requirements
for the geopolymerization process to happen. The study by Anburuvel [36] found that the
recommended pH values for geopolymerization range between 10 and 13, as this facilitates
the dissolution of silica and alumina in the precursor materials, allowing them to react
and form a geopolymer matrix. Khale and Chaudhary [37] also confirmed that higher pH
values, from 13 to 14, exhibit greater compressive strength in geopolymer concrete. For
fly ash as a precursor material, pH values from 8 to 11 were attributed to the high content
of calcium oxide [38]. In their investigation, pH increased to 13 when the alkali solution
(NaOH) concentration was increased from 0.5 to 6 M. In another study on fly ash, Saride
and Jallu [39] found that a pH of 12 can be obtained by a smaller increase in the NaOH
concentration from 0.5 to 3 M. The reason for this could be the difference in the composition
of the fly ash used.

4. Conclusions

Based on the experimental study of the chemical and microstructural characterization
of laterite soil, it can be concluded that laterite soil serves as a promising, efficient precursor
material for geopolymer synthesis.

The XRF results indicate that the main chemical oxides present in the laterite soil are
silica, aluminum oxide, and iron oxide, alongside a high silica-to-alumina ratio. The EDS
analysis confirms that the presence of organic matter necessitates the calcination of the soil
before it can be used as a precursor to reduce unreactive minerals during mixing.
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References

The SEM image reveals that after calcination, the laterite particles become more
angular in shape, and the reduction in particle size indicates a higher packing density and
increased reactivity when incorporated into geopolymer synthesis.

XRD analysis reveals the mineralogical composition of laterite in its raw and calcined
state. The amount of quartz decreases, kaolinite completely disappears, and new minerals
appear, indicating a phase change. The FTIR analysis further confirms that the chemical
composition changes with temperature, resulting in complete dihydroxylation. This finding
supports that laterite soil, after heat treatment, decreases crystallinity and increases the
reactivity of the aluminosilicate material.

TGA and DTA curve results show a major weight loss recorded at temperatures
ranging from 400 to 700 °C due to the dihydroxylation process. It is concluded that
chemical compound decomposition occurs at 700 °C, and hence this is used as the
calcination temperature.

The pH value of the precursor material seems to influence the result of geopolymer
synthesis. This suggests that a strong alkaline activator is required to boost the pH to allow
for the silica and alumina to dissolve, hence producing a strong geopolymer matrix.

It is worth noting that the chemical composition of laterite soils can vary significantly
depending on factors such as the parent rock, climate, degree of weather, and regional
geology. However, most laterite soils, regardless of origin, share common characteristics:
high Fe,O3, Al;O3, and SiO; contents, and low CaO and MgO. In this study, the laterite used
was characterized thoroughly, and its chemical profile aligns with the general properties
reported in the literature from other tropical and subtropical regions. Nevertheless, the
results from this study may not be directly transferable to all laterite sources without further
local characterization.
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