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Abstract: In the framework of lateritic material valorization, we demonstrated how the geological
environment determines the mineralogical characterizations of two laterite samples, KN and LA. KN
and LA originate from the Birimian and Precambrian environments, respectively. We showed that
the geological criterion alone does not determine the applicability of these laterites as potential
adsorbents but must be associated with their physicochemical properties. The characterizations were
carried out using Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Thermal
analysis, and Atomic Emission Spectrometry Coupled with an Inductive Plasma Source. ICP analyses
indicated that the chemical composition of the laterite samples comprised major oxides (SiOz, Al20s,
and Fe20s) as well as minor oxides (Na20, K20 TiO2) in KN and LA samples. The major mineral
phases obtained by X-ray diffraction analysis coupled with infrared analysis showed that KN and LA
laterite samples were composed of hematite (13.36% to 11.43%), goethite (7.44% to 6.31%), kaolinite
(35.64% to 17.05%) and quartz (33.58% to 45.77%). The anionic exchange capacity of the KN and LA
laterites ranged from 86.50 + 3.40 to 73.91 + 9.94 cmol(-).kg" and 73.59 + 3.02 to 64.56 + 4.08 cmol(-).kg"
1, respectively. The specific surface values determined by the BET method were 58.65 m?/g and 41.15
m?/g for KN and LA samples, respectively. Based on their physicochemical and mineralogical
characteristics, KN and LA laterite samples were shown to possess a high potential as adsorbent
material candidates for removing heavy metals and/or anionic species from groundwater.

Keywords: natural laterites; sorption properties; mineralogy; anionic exchange capacity

1. Introduction

Laterites constitute a large family of soils typical of humid tropical regions. They originate from
the alteration process of a bedrock, which is depleted in silica and enriched in iron oxide and alumina.
They are products of intense meteoric weathering and consist of a mineral assemblage of goethite,
hematite, aluminum hydroxide, kaolinite, and quartz [1-3]. Chemically, the structure of lateritic
materials contains a high percentage of iron oxide (Fe20s), alumina (Al20s), and silica (5iO2) mineral
phases, which are present as a combination consisting of Fe203 — A12Os — 502 — H20 matrices [3]. The
5i02/(AL20s + Fe20s) ratio compared to that of the parent rock must be in such a way that the laterite
formation does not contain more silica than the one which is retained in the remaining quartz and
which is only necessary for the formation of kaolinite [4]. Moreover, laterites occur in nature with
various yellow, brown, and red residual solids of nodular gravels and fine-grained and/or cemented
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solids. Laterites can vary from loose red sand to massive hard rock; sometimes, both forms coexist.
The characteristic red color appears due to the presence of iron compounds in laterite. The
composition of laterite varies significantly depending on the extent of laterization, the source rock,
and the geographic location [5,6].

Laterites have been the subject of diverse applications reported in the literature [7-12]. They
have been widely used in road construction in tropical and equatorial African countries, as well as in
South America, whether they are lateritic gravels, lateritic clays, lateritic shells, or crusts [1,13,14].
They were also shown to be efficient adsorbents in treating water contaminated by inorganic
pollutants. In several countries such as India, Vietnam, and Bangladesh, they have been used with
great satisfaction in the adsorption of arsenic [8,9,15-17]. We recently reported their application for
arsenic removal in Burkina Faso [2]. According to the literature, the efficiency of these materials as
best adsorbent candidates for the removal of inorganic and organic pollutants is only highlighted by
their physicochemical and structural characteristics: the specific surface area, the anion exchange
capacity, the cation exchange capacity, and the composition, which is made up mostly of iron and
aluminum oxides. These characteristics appeared to be the most critical and were highlighted in
several studies on clay and/or lateritic minerals used to remove inorganic or organic pollutants
[11,12,18-20]. Using laterites and/or clays as adsorbents has several advantages over many other
adsorbents available in nature in terms of low-cost process, abundant availability, high specific
surface area, excellent adsorption properties, non-toxic nature, and great ion exchange potential.
Their applications depend closely on their structure, composition, and physicochemical
characteristics. Being aware of these characteristics is decisive for better exploitation and probably
opens up new application areas [21].

In the literature, various techniques, such as X-ray powder diffraction (XRPD), Fourier transform
infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), chemical analysis, cation
exchange capacity (CEC), and specific surface area (BET) have been carried out to investigate the
laterite characterization processes because of the removal of inorganic pollutants [7,9-11,22-24].
Although numerous studies have been conducted on the characterization of natural laterites for the
sorption of heavy metals and/or metalloids [8,9,24-26], few of them have explored the relationship
between their physicochemical and mineralogical properties and their adsorptive properties.
Therefore, in-depth studies are required in terms of characterization techniques such as anion
exchange capacity (AEC), cation exchange capacity (CEC), X-ray powder diffraction (XRPD), Fourier
transform infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM) to analyze the
parameters, which are responsible for the sorption of inorganic pollutants. It should be emphasized
that XRPD analysis, infrared spectroscopy (IR), SEM analysis, CEC, and AEC are among the most
informative techniques to characterize laterites and to collect information on their potential usage as
adsorbents for the removal of inorganic pollutants from aqueous matrices.

XRPD analysis has been used to determine the presence of mineral phases such as goethite,
hematite, and kaolinite in laterites used in the adsorption of inorganic pollutants [9-11,16].
Nayanthika et al. reported that iron and aluminum oxide-rich laterites are effective in aqueous
solution [27]. Other authors have made similar observations using laterites for adsorption of
inorganic pollutants [7,9,10,16].

FT-IR spectroscopy was used to prove the presence of specific functional groups on the surface
of laterites used in the adsorption of inorganic pollutants [28-30]. It was reported that the FT-IR peaks
of laterites, which are related to the characteristic vibrations of the goethite and hematite bonds,
appeared around 798 cm, 1004 cm, 681 cm? and 460 cm, 535 cm, 472 cm? for goethite and
hematite, respectively [6,9,28,30,31].

SEM analysis was used to observe the morphology of natural laterites that remove inorganic
pollutants. Ghani et al. showed the presence of pores and cavities on the surface of adsorbents
through SEM images of laterites, which are key factors for removing inorganic pollutants from water
by adsorption [23]. Nguyen et al. and Thanakunpaisit et al. confirmed the presence of mineral phases
present in laterites detected by XRPD, such as goethite, hematite, and kaolinite in laterites [8,9,16].
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Differential scanning calorimetry (DSC) is a complementary technique to observe thermal
phenomena. These phenomena are characteristic of a mineral phase, corresponding to a
transformation of goethite into hematite. Several authors have observed these phenomena in clay
materials [13,32]. However, few studies combine the DSC characterizations of laterites with their
physicochemical and structural characteristics.

The cation exchange capacity (CEC) is one of the fundamental properties of clay minerals. This
parameter is important in several studies of clay minerals that remove cationic pollutants [18-20,33]
and can be determined routinely. Laterites or clays, having a high cation exchange capacity, can
effectively retain unwanted ions and thus prevent them from contaminating the environment or
drinking water sources. Many mechanisms have been postulated for metal ion adsorption onto clay
minerals. Among them, it is generally admitted that the adsorption of metal ions appeared to involve
an ion exchange reaction at permanent charge sites due to the high value of cation exchange capacity
[18]. However, CEC values for natural laterites have not been primarily reported in the literature.

The anionic exchange capacity (AEC) is generally omitted in most studies reporting the use of
natural laterites for pollutant removal. Several researchers have reported the physicochemical and
mineralogical properties of natural materials (laterites) in removing inorganic pollutants without
paying close attention to their anion exchange capacity [6,8,12,15,34—41]. It is known that the AEC is
an important property that could explain the adsorption of anionic pollutants. Lawrinenko et al.
determined the anion exchange capacity of biochars produced from three raw materials at 500 and
700 °C at pH values of 4, 6, and 8 [42]. The measured AEC values ranged from 0.60 to 27.8 cmol kg.
The study carried out by Schell and Jordan on kaolinite, pyrophyllite, halloysite, and bentonite
showed that there are close relationships between the anion exchange capacity of these materials and
their physicochemical properties [43]. The results showed that materials rich in iron oxide, aluminum,
and amorphous silicates exhibited a high anion exchange capacity. Although several investigations
have reported the efficiency of laterites as adsorbent materials for the removal of inorganic pollutants,
we do not know much about the relationship between the AEC of natural laterites and their efficiency
for the removal of anionic pollutants.

Therefore, there is clear evidence that XRPD, FT-IR, SEM, CEC, and AEC analyzes are valuable
techniques for evaluating the capabilities of laterites in the adsorption of inorganic and organic
pollutants. XRPD analysis studies the determination of mineral phases. FT-IR studies highlight the
different vibration bands of mineral phases in the laterites. SEM images evaluate the morphology of
the mineral phases. However, very few studies combine these techniques to provide in-depth insights
into the potential ability of laterites to adsorb inorganic pollutants from aqueous solution.

This study aims to determine: (i) the physicochemical and structural characteristics of two
natural laterites, named KN and LA, by using various techniques, such as XRPD, FTIR, SEM+EDX,
DSC, CEC, and AEC; (ii) the correlation between those physicochemical and structural characteristics
and the potential usage of the natural laterites as adsorbent materials. This work makes it possible to
determine how the physicochemical properties of these natural laterites predispose them to be
potential adsorbent materials.

2. Materials and Methods
2.1. Origin of Samples

We collected laterite samples from two distinct sites in Burkina Faso (Figure 1). The first one was
collected in the Northern part of Kaya, and the second one was collected in Laye. To facilitate the
laterite samples designation in the text (Table 1), we referenced KN and LA for Kaya North and Laye,
respectively. The laterite from KN is light red, and the one from LA is red-brown.

Table 1. Sampling sites and geographical coordinates.

Geographical coordinates
North Latitude =~ West Longitude

References = Sampling sites Observation
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Figure 1. Location of collected laterite samples.

2.2. Specific Geological Contexts of the Sites

The territory of Burkina Faso is divided into square degrees, and each site belongs to a square
degree. The geological details of these square degrees are shown on the various positioning maps
produced for the different sites.

2.2.1. Geological Context of the Northern Kaya Site

This site belongs to the Kaya square degree, located between latitudes 13° and 14° North and
longitudes 1° and 2° West. The geological formations are primarily composed of volcanic and
volcano-sedimentary rocks (Figure 2). These rocks form relief areas, while the flat vast regions, at
altitudes ranging from 300 to 350 meters, comprises granitic materials such as protoliths. From a
geological point of view, the KN samples originate from the environment of Birimian rocks,
stemming from andesine (with a calcic-alkaline affinity), basalt, and dacit alteration.
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Figure 2. Geological map of the northern Kaya laterite site.

2.2.2. Geological Context of the Laye Site

The Laye (LA) site belongs to the square degree of Ouagadougou and is located at 35 km from
Ouagadougou. The square degree of Ouagadougou is located between parallels 12 and 13° North
latitude and meridians 1 and 2° West longitude. Unlike Kaya, this square degree is mainly composed
of granite formations, corroborating its generally flat relief. The Laye site is located on highly
indurated lateritic formations derived from a granitic protolith (alkaline granite). From a geological
point of view, this area is located in an environment of Precambrian rocks (Figure 3).
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Figure 3. Geological map of the Laye laterite site.
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2.3. Raw Materials Characterization
2.3.1. Chemical Composition

Elementary chemical analysis was performed by ICP (ICP- AES-IRIS Intrepid II XSP model). 0.25
g of laterite samples were digested in a microwave oven in 4 mL of HF (30 % w/w), 3 mL of H250x
(96 % w/w), and 3 mL of HNOs (65 % w/w) [44].

2.3.2. Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed using a Shimadzu FTIR-8400S
spectrometer to identify functional groups on the laterite samples. The spectra were acquired by
accumulating 20 scans with a resolution of 4 cm™ over a wavelength range of 400 to 4000 cm-.
Infrared analysis of the laterite samples was performed using the potassium bromide pelletizing
technique. The pellets were made by mixing 5 mg of each sample with 500 mg of potassium bromide
(KBr, Merck, Darmstadt (Germany)). The mixture was finely ground and subjected to a pressure of
ten (10) tons. The pellet thus formed was analyzed with a spectrophotometer.

2.3.3. X-ray Powder Diffraction (XRD)

The structure, characteristics, and phase composition of the laterite samples were analyzed by
X-ray diffraction analysis (XRD) on a SIEMENS D5000 equipment running with the DIFFRAC AT
software version 2.0 (Co-Ka radiation; graphic monochromator; measurement in the 20 to 80 0 game;
40 kV voltage and 30 mA current).

2.3.4. Semi-quantification

The semi-quantitative analysis of the different mineral phases was carried out by coupling the
X-ray diffraction results with those of chemical analysis. This coupling allowed for the evaluation of
the relative quantities of the minerals contained in the laterites using Equation 1 [2,45].

T(a) = X M@ x B(a) )

T (a): content of the oxide “a” in the sample, Mi: content (%) of mineral “i” in the sample, Pi (a):

“u_ 1

proportion of oxide “a” in mineral

iy
1

(this proportion is deduced from the ideal formula assigned to

i
1

mineral “i”). The quantitative approach has been performed on the following basis:
=  Alumina is distributed in kaolinite,

=  Iron oxide is distributed between Goethite and Hematite,

=  Silicon oxide is distributed between Quartz and Kaolinite.

The mass percentages of mineral elements were obtained from Equations 2a-d

%Kaolinite = %Al,0, x “Kaolinite (2a)
MA1203
%Quartz = (%SiOz — %Kaolinite x —3i02>7 )x MMQ“’"“Z (2b)
Kaolinite Si0y
M(Goethite+Hematite) — %0Fe;03 20)
Mgoethite — %Goethite
%Hematie = (%Al,0; — %Goethite) (2d)

2.3.5. Scanning Electron Microscopy (SEM)

SEM was used to analyze the surface properties and morphology of the raw laterites. Samples
were loaded onto a double-sided carbon tape attached to SEM tubs and then coated with gold using
a sputter coater to avoid charging effects. SEM images were acquired using a Scanning Electron
Microscope (Microspec-WDX 600/OXFORD). The accelerating voltage was 20 kV, which allowed a
magnification of up to 30,000X.

2.3.6. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
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Thermogravimetric and differential scanning calorimetry analysis was carried out on a
TGA/DSC thermal analyzer (TGA/DSC1-STARe METTLER TOLEDO System) under a nitrogen
atmosphere at a heating rate of 10 °C/min. A mass of 5 g of raw laterite powder with a particle size
of 106 um was heated from 25°C to 1500°C. The TGA/DSC data were analyzed using the METTLER
TOLEDO STARe software.

2.3.7. Zeta Potential Measurements

Zeta potential measurements were performed to determine the electrostatic magnitude between
particles of laterite samples. Zeta meter equipment (Zetasizer nano ZS Malvern) was used to measure
the isoelectric point (IP) of the natural laterite samples. The pH solution was adjusted with 0.025
mol.L' HCl and 0.025 mol.L-1 NaOH solutions. Data was calculated using the software ZS (Malvern
Panalytical).

2.3.8. Specific Surface Area and Porosity by Nitrogen Sorption Analysis

Nitrogen (N2) sorption isotherms at 77 K were measured using the BelSorp-max instrument
running with the Bel Japan Inc Surface Area and Porosity Analyzer. Before N: sorption
measurements, samples were vacuum-dried at room temperature for at least 24 hours, followed by
degassing under heating and vacuum, using a Sample Degas System. The value of each material’s
specific surface was determined with a device from Bel Sorp-max / Bel Japan.Inc brand controlled by
Bel Japan software. Inc.

2.4. Cation Exchange Capacity (CEC)

The cation exchange capacity was determined by shaking 0.5 g of laterite sample with 30 mL of
0.05 mol/L hexaamminecobalt (III) chloride ([Co(NHs)e]?*, 3CI) solution for 2 hours. The supernatant
was collected and analyzed by SHIMADZU UV-visible spectrometry at 475 nm. The cation exchange
capacity was calculated according to Equation 3.

CEC = G0 x 3)

Ci and Ct are the initial and equilibrium concentrations of the hexaamminecobalt (III) chloride
solution (mol/L), respectively; m is the mass of the laterite sample, and V is the volume of the solution.

2.5. Anionic Exchange Capacity (AEC)

The anion exchange capacity (AEC) was determined by adapting the method proposed by
Zelazny et al. to our study context [46]. It was determined at different pH values (pH framing the
isoelectric point of the material) using chloride ions as an anionic index. The AEC measurement
methods are based on the same principle as the Cation Exchange Capacity (CEC) and are subject to
the same constraints.

Thus, 2 g of laterite was placed in a series of centrifugation tubes with a capacity of 50 mL. Then,
20 mL of CaClz (0.1 mol/L) were added and left under gentle stirring for 1 hour to saturate the laterite
with chloride. After 1 hour of stirring, the mixtures were centrifuged at 3000 rpm for 5 minutes, and
the residues were recovered. The residues were rewashed five times with 20 mL of CaClz (0.002
mol/L), left in contact for 1 hour, and centrifuged for 5 minutes at 3000 rpm. Then, 5 mL of CaCl2
(0.002 mol/L), 1.5 mL of HCI (0.1 mol/L), and 3.5 to 5 ml of milli-Q water, respectively, were added
so that the total volume was equal to 10 mL.

The suspensions were placed in a bath at 25° C for six days, shaking them manually, thrice daily.
On the seventh day, the pH of each suspension was measured, and the mixture was centrifuged at
3000 rpm for 10 minutes. The chloride ions (C;) were then evaluated. The mass of the residues and of
the tube was weighed and recorded in order to determine the volume (V) of the solution that
remained trapped.

The residues were resuspended in 30 mL of an ammonium nitrate solution (1 mol.L?), left in
contact for 1 hour, and then centrifuged at 3000 rpm for 10 minutes. The clear solution was recovered
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in a 100 mL volumetric flask (V). This operation was repeated twice, and the flask’s contents were
adjusted with an ammonium nitrate solution (1 mol.L"). The chloride ions (C;) were assayed in this
final solution, and the Anion exchange capacity was determined by Equation 4:

AEC (cmol.kg™!) = (C,V, — C,V;) X ;’41W @)

Where:

Cy: concentration (mg.L™") of Cl- in final washing solution of 0.1 M CaCl;

C,: concentration (mg.L™*) of Cl- in the displacing solution of 1 M NH4NOs;

Vy: volume (mL) of the solution contained in laterites after the final washing of 0.1 M CaCly;
V,: total volume (mL) of the displacing solution 1 M NH4;NOs;

M and z: are atomic weight and charge of CI respectively;

W: laterite sample weight (g).

3. Results and Discussion

3.1. Chemical Composition

The chemical composition in Table 2 indicates the major oxides (5iOz, Al20s, and Fe20s3) and the
minor oxides (Na20, K20, and TiOz) in KN and LA samples. Other properties, such as apparent
density, total organic carbon (TOC), and organic matter (OM), are also shown in Table 2.

Table 2. Physico-characterization and chemical analyzes of KN and LA laterite samples.

Properties KN LA
Total organic carbon (TOC) (%) 0.16 0.09
Organic matter (OM) (%) 0.73 1.32
Inorganic composition (wt.%)
Fe20s 20.8 17.65
ALO:s 14.09 6.74
5i0:2 50.16 53.70
K0 1.70 1.82
Na20 1.43 1.40
TiO2 2.10 2.10
MgO; MnOz; BaO; CaO; Cr203; B20s; Ga20s traces traces
L.O.I 11.5 10.4

L.O.I: loss on ignition.

According to the literature [13,32], iron is found as oxyhydroxides. Oxides of potassium, sodium,
and titanium are in small amounts in all two samples. These results suggest that quartz,
aluminosilicates, and iron minerals are predominant in the samples studied. The low levels of
potassium, sodium, and titanium oxides indicate that compounds containing titanium, potassium,
and sodium are non-existent or present in tiny proportions. The elements in KN and LA are grouped
according to their family in Table 3.

Table 3. Chemical composition of the samples by type of elements in % by weight.

Family Alkalis Alkaline-earth Metals Silica
KN 3.1 0.1 37.3 50.2
LA 3.2 0.2 26.6 53.7

This study is the first to carry out this classification by type of elements, providing useful criteria
of the elements present in lateritic materials that can influence the adsorption of inorganic pollutants
in solution.

3.2. Specific Surface Area and Porosity using Nitrogen Sorption Analysis
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Figure 4 shows the N2 adsorption—desorption isotherms of the raw laterite samples. The initial
part of the isotherms for all laterites of a type I shape (IUPAC classification) indicates the presence of
micro pores [47]. As determined by the B.E.T method from Figure 2, the specific surface values are
58.65 m?/g and 41.15 m?/g for KN and LA samples, respectively. These specific surface area values
are significantly high when compared to values reported in the literature for natural laterites in the
range of 16 — 32 m?/g [15,17,22,35,37,38].

Table 4 shows the specific surface area values by B.E.T and the pores volume of the two samples,
as well as the literature-reported values of specific areas of other laterites.

Table 4. Comparison of the B.E.T specific surface area and pore volume values of the two laterites with other

laterites in the literature.

Specific surface area Pore volume

Laterites by B.ET (m?/g) (cm/g) References
Laterite raw (India) 15.3 0.013 [15]
Red soil 16.1 - [48]
Laterite raw (India) 17.5-18.5 0.011 [35]
Modified laterite 178-184 0.22 [35]
Laterite raw (Vietnam) 10.9 0.01 [49]
Laterite raw 24.7 0.08 [37]
Iron rich laterite 32 - [38]
Calcined laterite 187.5 0.04 [50]
Laterite soil (DA) 35.08 0.10 [51]
Laterite soil (KN) 58.6 0.14 .
Laterite soil (LA) 411 0.10 This study
150 1
150 (b): LA
(a): KN
120
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> 90 A
T 920 .
::gb o E 60 |
= T
» > 30
0 T T T T J
0 0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1 plp,
Plpo

(a) (b)

Figure 4. N2 adsorption/desorption isotherms of (a) KN and (b) LA.

We noted that our investigated lateritic materials showed high specific surface area values
compared with most natural materials reported in the literature used to remove inorganic pollutants.
These particular surface areas suggest that the natural materials we investigated are potential
candidates for the adsorption of inorganic pollutants in solution. Several authors have highlighted
the importance of having high specific surface area values in their studies using clay and/or lateritic
materials to remove inorganic pollutants [50-53].

3.3. Determination of the Anionic Exchange Capacity (AEC)

The anionic exchange capacity values (Table 5) of the measured laterites ranged from 86.50 +
3.40 to 73.91 = 9.94 cmol(-).kg* and 73.59 + 3.02 to 64.56 + 4.08 cmol(-).kg?, respectively. The anionic
exchange capacity of laterites increased with the decreasing pH of the solution. This significant
increase in AEC with decreasing pH is due to positive charges that are located on iron hydroxides
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associated with aluminum. The high values of the anion exchange capacities of the investigated
laterites would be an asset for using them as adsorbents to remove anionic pollutants.

The results obtained are similar to other materials studied in the literature. Cheng et al.
determined the anion exchange capacity of black carbon at pH 7.1 and 3.4 and obtained values of 84
and 18 cmol.kg-1, respectively [54]. Lawrinenko et al. also determined the anion exchange capacity
of biochar produced from three raw materials at 500 and 700° C at pH 4, 6, 8 [42]. The measured AEC
values ranged from 0.60 to 27.8 cmol (-). kgl. Moreover, the study by Schell and Jordan [43] on
kaolinite, pyrophyllite, halloysite, and bentonite materials showed that there are close relationships
between the anion exchange capacity of these materials and their physicochemical properties. Indeed,
materials rich in iron oxide, aluminum oxide, and amorphous silicates showed a high anion exchange
capacity. Consequently, the investigated natural laterites containing important amounts of iron oxide
and alumina are likely to exhibit high anion exchange capacity values, which gives them interesting
adsorbent properties.

Table 5. Anionic exchange capacity of laterites.

Laterite KN Laterite LA
pH AEC (cmol(-).Kg?) pH AEC (cmol(-).Kg?)
3.47 £ 0.02 86.50 £ 3.40 3.67 £ 0.04 73.59 + 3.02
3.67 £ 0.01 86.02 £8.29 3.84 + 0.04 73.33 £ 3.03
5.51 4 0.05 73.91+£9.94 5.22 4 0.04 64.56 + 4.08

3.4. Determination of the Cation Exchange Capacity (CEC)

The CEC value, determined using the hexaamminecobalt (III) chloride method, is an important
parameter in assessing the adsorption capacity of adsorbent materials for cations removal [18]. We
found high CEC values in the order of 52.3 + 2.3 and 58.7 + 3.4 cmol(+)/Kg (dried matter) for KN
and LA samples, respectively. We cannot compare these results with previous literature data because
we did not find extensive documentation of this parameter for natural laterites that remove inorganic
pollutants from solution. To our knowledge, our study appears to be the first to provide scientific
documentation of this parameter for laterites used in the field of adsorption of inorganic pollutants.
However, we compare the CEC values obtained in this study with other adsorbents in Table 6 below.
These specific surface area values are significantly high when compared to values reported in the
literature for other natural laterites. We noted that the CEC values of the KN and LA laterites samples
are comparable with those reported for other natural adsorbents. Considering the CEC and the
specific surface area values, compared with literature values on natural adsorbents, these materials
could be considered potential candidates for heavy metal cation removals through adsorption
processes [55,56].

The laterites of Burkina are rich in iron oxide and alumina, like the laterites of other countries
used to eliminate heavy metals and/or metalloids in ground waters [35-37]. Considering all of these
physical and chemical characteristics, we can conclude that the natural laterites of Burkina Faso prove
to be potential candidates for the adsorption of heavy metals and/or metalloids in groundwater.

Table 6. Comparison of CEC values for KN and LA laterites with others adsorbents.

Adsorbents C.E.C (cmol(+)/kg) References
Clay mineral 42.38 [33]
Peat soil 33-48 [57]
Bauxite 24-33 [57]
Iron concretion 59-65 [57]
Natural clay 18.66 [58]
Kaolinite 13.00 [59]
Bentonitic clay 67.00 [60]
Ivory Coast clay 35.47 [61]
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Laterite soil (KN) 52.33

. . This study
Laterite soil (LA) 58.70

3.5. Isoelectric Point (IP) of Laterite Samples

Figure 5 shows variations of zeta potential versus pH of laterite sample solutions. These
variations allowed the determination of isoelectric points (IP). For zeta potentials whose values equal
zero, IP values are 3.82 and 3.78 for KN and LA samples, respectively. According to the literature
[62], the theoretical value of IP, calculated based on the silica and alumina percentage, is
approximatively 4.6. The experimental values of IP are not far from the theoretical value. The
observed deviations are the result of the iron percentage higher than the one of alumina and also by
the presence of other oxides in the samples.

The values of the isoelectric point (IP) of laterites, KN (3.82) and LA (3.78), mean that the surfaces
of these laterites are positively charged at pH levels below these values, which favors the adsorption
of anionic pollutants. The increase in adsorption below IP is due to electrostatic attraction between
the positive surface and the negative charge of the anions. Similarly, the decrease in adsorption with
increasing pH is due to electrostatic repulsion between the opposing surface and the negative charge
of anions. The electric surface charge plays an important role in the adsorption of inorganic pollutants
on laterites.

45 -

KN

30 -
LA

15
P1=3.78

Zeta potential (mV)

30 1

45 -

60

0 2 4 6 8 pH 10 12

Figure 5. Isoelectric point of laterite soils determined from variations of zeta potential versus pH.

3.6. Mineralogical Characterization
3.6.1. X-Ray Diffraction (XRD)

Figure 6 shows the XRD pattern. The major mineral phases of the two laterite samples KN and
LA include quartz (S5iO2), kaolinite (Al2Si2Os(OH)4), hematite (Fe20s), and goethite (FeO(OH)). These
mineral phases are those commonly found in laterites [13,63]. The minerals present in KN and LA
laterites were compared with other laterites presented in the literature and used for the adsorption
of heavy metals and/or metalloids (Table 7).

Several authors [8,24-26] who have used laterites to adsorb inorganic pollutants suggested that
these laterites should be rich mainly in hematite, goethite, or aluminum oxides.

Table 7. Comparison of the main minerals present in KN and LA laterites with other natural laterites reported

in the literature.
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Samples Main minerals References
red soil quartz, hematite, goethite, aluminum oxides [48]
uartz, hematite, goethite, aluminum oxides, iron
raw laterite q > BOCHIITE . [22,35,37]
oxides, titanium oxides
iron-rich laterite quartz, hematite, goethite, aluminum oxides [38]
laterite (Australia) quartz, hematite, goethite, aluminum oxides [64]
DA quartz, hematite, goethite, aluminum oxides [2]
laterite KN quartz, hematite, goethite, aluminum oxides )
. . . . . This study
laterite LA quartz, hematite, goethite, aluminum oxides
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Figure 6. X-Ray diffraction pattern of laterite samples: (a) KN sample; (b): LA sample. K = kaolinite, Q = quartz,

He = hematite et G = goethite.

3.6.2. Infrared Spectrometry (IR)
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Figure 7 shows the FT-IR spectra of laterite samples. The FT-IR spectrum could distinguish three
spectral domains: 3700 - 3400 cm-1, 1650 - 900 cm-1, and 800 - 400 cm-1, respectively. Table 8 gives
the different attributions of the observed bands.

Table 8. Assignments of FT-IR bands of KN and LA laterite samples.

v elr)l om Probable bands assignments References
3695 Vibration bands linked to ex'te'rnal hydroxyls (Al-OH) in [65]
kaolinite
Vibration bands related to internal hydroxyls (Al-OH) in
3618 kaolinite, located between a tetrahedron sheet and an [65]
octahedron Al2(OH)s
3170 Band related to -OH bound vibrations in goethite [31]
3430 Band related to water contained in the intersheet [65]
1638 Band related to hygroscopic water [65,66]

1112 Vibration band corresponding to Si-O bound of kaolinite [28,29,65]
Vibrations bands corresponding to Si-O bound of kaolinite

1034 2
03 and Fe-OH bound of goethite [29,:30,65]
1004 Vibrations bands related to OH bound§ of kaolinite and Fe- [29,30]
OH bound of goethite
Band related to distortion vibrations of A1-OH bound of
14 2
? kaolinite and Fe-OH bound of goethite [29,:30,65]
791 Band corresponding to bending vib%’a"cion of 5i-O and Fe-OH [28,31]
bounds of kaolinite
750 Vibrations bands related to OH bound§ of kaolinite and Fe- [30,65]
OH bound of goethite
Vibrations bands related to OH bound of kaolinite and Si-O
694 [31]
bounds of quartz
Bands corresponding to distortions vibrations of Si-O-Al
539 bound of kaolinite and Fe-O bound of hematite [29,31,6]
470 Vibrations bands related to ﬂexion' of Si-O-Si and Fe-O [28,31]
bounds of hematite
421 Vibrations bands of Si-O-Si bounds of kaolinite [29]

The results of the infrared spectrum analysis confirm the presence of mineral phases, such as

goethite, hematite, quartz, and kaolinite, which we had already identified during the previous X-ray
diffractogram analysis.
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Figure 7. FT-IR spectrum of natural laterites: (a). KN sample; (b). LA sample.

3.6.3. Semi-Quantification

Table 9 shows the results of the semi-quantitative analysis of the different mineral phases
present in the KN and LA laterites. These results show that the laterites are composed of hematite
(13.36% to 11.43%), goethite (7.44% to 6.31%), kaolinite (35.64% to 17.05%), and quartz (33.58% to
45.77%).

Table 9. Mineralogical composition of laterites in % by mass.

Mineral phases Hematite Goethite Kaolinite Quartz
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KN 13.36 7.44 35.64 33.58
wt (%) LA 11.43 6.31 17.05 45.77
DA* 13.11 7.29 48.32 22.53

*DA: our previous work on a natural laterite (See Reference [2]).

The results from the chemical, mineralogical, cation exchange capacity, and anion exchange
capacity analyzes lead to the conclusion that the natural laterites investigated possess good adsorbent
characteristics for removing inorganic and organic pollutants from aqueous matrices.

3.7. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA /DSC)

DSC/TGA techniques provide information on the thermal stability and phase transformations
of lateritic materials. Figure 8 shows experimental TGA/DSC curves of KN and LA samples. Several
thermal processes are observed. The endothermic peak located between 94°C to 110°C in the DSC
curves is related to hygroscopic water loss or hydration in the samples. This incident is associated
with 1% and 1.5% weight loss in the TGA curves for KN and LA samples, respectively. Endothermic
peaks between 296 °C and 356 °C, followed by 4.1 % and 1.3% weight losses for KN and LA,
respectively, are due to goethite transformation in hematite (Equation 5).

2a — FeOOH — a — Fe,0; + H,0 (5)

Endothermic peaks between 500 °C and 600 °C in the DSC curves are assigned to kaolinite
deshydroxylation (Equation 6), indicating 7.3 % and 8.7% weight losses in the TGA curves for KN
and LA, respectively. It is suggested that structural hydroxyls are removed during the chemical
reaction, leading to the destruction of the mineral crystalline network. As for kaolinite,
deshydroxylation forms an amorphous phase which is named metakaolinite [67,68].

Si,05Al,(OH), — 2Si0, — Al,0; + 2H,0 (6)

The only exothermal peaks observed in the DSC curves are located between 950°C and 1000°C.
These peaks may be attributed to the structural reorganization of metakaolinite in spinel phase and
amorphous silica (Equation 7) [65,67].

2[25102 _A1203] d Si3Al4012 + SIOZ (7)

0.3 101
= 0.1 %
(=]
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Figure 8. TGA/DSC curves of the lateritic samples: (a). KN sample; (b). LA sample.

DSC/TGA results can indicate changes in the pore structure, influencing the available adsorption
sites. DSC analyses reveal the stability of the mineral phases present in laterites. A stable phase is
generally more effective at adsorbing anionic and/or cationic pollutants. Temperature variations can
affect interactions between laterites and adsorbed molecules. DSC and TGA are essential for
understanding the physical and chemical properties of materials, which may include their ability to
adsorb contaminants such as heavy metals.

3.8. Microstructural Characterization

Figure 9 shows the scanning electron microscopic images of KN and LA samples at a scale
ranging from 1 to 5 um. The samples exhibit agglomerated particles whose size reaches several
hundred nanometers. Moreover, some plates with irregular sizes could be seen in the samples. Such
results are characteristic of kaolinite mineral phases as previously described in the literature [33].

The complex porous structures of laterites, especially mesopores, play a crucial role in the
adsorption of inorganic pollutants, facilitating physical and chemical interactions with dissolved
species [53]. The distribution of the different types of pores (Mesopores and/or Micropores) in the
laterite determines its adsorption capacity and affinity for different types of inorganic pollutants.
Laterite with a wide range of pore sizes will generally be more effective for adsorbing various
pollutants of various sizes.
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(b)

Figure 9. Scanning electron microscopic images of: (a). KN sample; (b). LA sample.

3.9. Comparison of the Main Physicochemical Properties Related to the Adsorption of Laterites from Burkina
Faso with Those Reported in the Literature

This study investigated the main physicochemical properties of two laterites (LA and KN) from
Burkina Faso, showing how to link these properties to an adsorption process. The results showed
that these laterites possess interesting properties, allowing their use to treat water contaminated by
anionic and/or cationic pollutants. We compared the physicochemical properties of the two laterites
with regard to their adsorption properties with other reported literature results regarding laterites
used for the adsorption of anionic and/or cationic pollutants. Table 10 gives the main observations
of this comparison. From the results of Table 10, we noted that the CEC and AEC determinations are
omitted in most studies dealing with the removal of cationic and/or anionic pollutants from aqueous
solutions. However, these parameters are crucial to elucidate the adsorption mechanisms, in terms,
for example, of surface complexation (inner-sphere and outer sphere surface complexation). Whereas
CEC value is an important parameter to determine the adsorption of heavy metal cations, AEC values
are more indicated for adsorbents like As(Ill) and As(V), which appear in solution as neutral or
anionic charged species.
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Table 10 shows that our study is the first to provide a complete description of laterite properties,
in terms of specific surface area, pore volume, DSC/TGA, PZC, chemical composition*, mineralogical
characterization®, cation exchange capacity (CEC), and anion exchange capacity (AEC), in relation to
the adsorption ability of the material. Indeed, these properties are helpful criteria that provide strong
evidence of the adsorption capacity of the laterites regarding the removal of cationic and/or anionic
pollutants from aqueous solutions [18-20,43].

Table 10. Comparison of the physicochemical properties of several laterites in relation to pollutant adsorption.

Specific
Adsorbat AEC CE.C  surface  Pore DSC IEP or Referenc
Adsorbent cmol (- cmol(+)/k area  volume TGA PZC es
)/Kg) 8) (B.E.T) (cm?3/g)
(m?g)
Laterite soil C1OM¢ ; - 66.97 - - 66  [69]
dye
arsenic

Raw laterite  and - - 31.6037 0.0097 - - [70]

fluoride

Raw laterite Phosephat - - 2954 00676 - - 7]
Laterite Arsenic - - 155 0.5489 - 7.1 [8]

Ni(IT)
Laterite clay  and - - 17.441 0.005 - - [23]
Co(II)

Laterite soil Arsenic - - 15.365  0.013 - 6.96 [15]
Natural - enic - - 18.05 - - 749 [16]
laterite
Treated 1y 4 - - 755 002 - 60  [71]
laterite

P
Plateau HZ' ii’
laterlt? Cu and - - 26.73 0.15 - - [72]
ceramic
Cr
.. Pb(I)

LEZSEC and - ; 6273 062 - - [24]

cd()

Lateritic
nickel Pb(II) - - 68.39 - - 6.70 [26]

Pb(II)
Laterite soil ~ and - - 23.015  0.011 - - [25]
Cr(VI)
Laterite DA™ As(IIL, V) 40.61- - 35.08 0.10 - 4.75 [2,51]
! 230.80 ’

Laterite LA As(IILV) 64.56-73.59 58.7+3.4 58.80 0.14 Det** 3.78 This
Laterite KN As(IIL,V) 73.90-86.50 52.3+2.3 41.10 0.10 Det™* 3.82 study

*Chemical composition and mineralogical characterization of laterites are common characteristics provided in

most studies (See Table 7); ** References [2,51] describe our previous study on a natural laterite; Det***:

determined.

It is worth noting that the adsorptive properties of laterites are closely related to the geology of
the deposit ore they originate from. Indeed, for a naturally occurring laterite ore, the type of parent
rock it originates from determines its chemical composition, particularly the percentages of iron,
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aluminum, silica, and titanium oxides, as well as its mineralogical composition. The mineralogical
composition is generally characterized by mineral phases such as goethite, hematite, and kaolinite.
However, laterite ores possess a large variability in their composition. Consequently, even if different
geological environments are qualitatively characterized by the same chemical and mineralogical
composition, the percentage of oxides can be different from one site to another. The physicochemical
properties may also vary. In these circumstances, it is appropriate to focus on quantitative criteria
that we need to forecast the ability of the material to remove pollutants in the adsorption process.
Moreover, the extent of these criteria may lead to different adsorption capacities. As we have already
stated, these critical criteria are the following: specific surface area, pore volume, PZC or IEP, cation
exchange capacity (CEC), and anion exchange capacity (AEC).

Here, we compare the results obtained for the three laterites DA, LA, and KN, which we
investigated in our laboratory (Table 11). KN and LA are described in this study, whereas the DA
laterite results are from references [2,51].

The laterites LA and KN in this study are from two sites of different geological environments
(Table 11). The first site is an environment of Birimian rocks, resulting from the weathering of
andesite (with a calcic-alkaline affinity), basalt, and dacit. On the other hand, the second site is a
weathering site of alkaline granites located in a Precambrian rock environment. Preliminary
investigations showed (Table 11) that the removal percentage for arsenic (III) removal at a
concentration of 5 mg/L and an adsorbent dose of 15 g/L leads to arsenic (III) removal of 80 + 0.15%
and 98 +0.05% for the LA and KN samples, respectively [73]. As for arsenic (V), the removal efficiency
was 99 +0.02 % for the two samples, KN and LA, at an adsorbent dose of 15 g/L [73]. The laterite DA
originates from a well-indurated lateritic plateau that results from the weathering of neutral basic
rock [2]. An elimination rate (Table 11) of 99.69% for As(V) and 97.30% for As(II) was observed, also
for a dose of 15 g/L of laterite [2]. Although the three laterites (LA, KN, and DA) do not have the same
geological environments, they showed a high efficiency for arsenic removal due to the combination
of their AEC, specific surface area, and pore volume values. In addition, their low IEP or PZC values
also favored the adsorption of neutral or anionic-charged arsenic species. Adsorption of arsenic will
only be important when the charges on the laterites become positive, which happens at low soil
solution pH where anionic-charged arsenic species occur [2,51]. Noting that the surfaces of the
samples are positively charged under their PZC values, it is clear these materials better adsorb
arsenate (V) anions at pH values under their PZC values. It is, therefore, important to measure the
anion exchange capacity (AEC) of the laterites rather than the CEC when we are dealing with the
adsorption of neutral or anionic-charged arsenic species.

At this step, the geological environment cannot constitute the sole criterion that would justify
the adsorption capacity of negatively charged arsenic species. This criterion may not be decisive in
predicting the adsorption capacity of laterite. It must be associated with the physicochemical
properties of the laterites. Table 11 outlines the criteria that affect the adsorptive properties of
laterites (LA, KN, DA) in connection with their physico-chemical and geological characteristics.

So far, we have demonstrated that when particular geological environments, such as the
Birimian/Precambrian and lateritic plateau environments, are combined with appropriate
physicochemical properties, we can expect the lateritic material to be a potential adsorbent (Table
11). Unfortunately, in the literature, no direct link has yet been established on this subject. Our study
constitutes a preliminary finding, which we will validate by extending our investigations to other
lateritic sites in Burkina Faso.

Table 11. Adsorptive properties of laterites used for As(IIl, V) removal in relation to their physico-chemical

characteristics.

Specific P IEP
Laterit Geological Mineralogic AEC pectlic = ore Efficiency
surface volume or

. - 00
e environment al cmol (-)/Kg) area (cmd/g) PZC (%)
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Characteriza (B.E.T)
tions XRD, (m?/g)
FT-IR
Environment of
Biri@ian rocks, 98 + 0.05%
resulting from the
weathering of for As(IIT)
KN ) g Det* 73.90-86.50 58.80 0.14 3.82 99+0.02
andesite (with a
. . % for
calcic-alkaline
.. As(V)
affinity), basalt,
and dacit.
Environment of 80+0.15%
recambrian rocks for As(III)
precampTian To Det* 64567359 4110 0.0 3.78 99+0.02
and alteration of
alkaline granites % for
& As(V)
Late?rltlc plateau, 99.69% for
well indurated and As(V))
DA  resulting from the Det* 40.61-230.80 35.08 0.10 4.75
alteration of a 97.30% for
As(IIT)

neutral basic rock

Det*: determined (Tables 7 and 8).

4. Conclusions

We carried out physicochemical analyses and mineralogy of two laterites from Burkina Faso.
We determined the properties of these two natural laterites of Burkina Faso with regard to their
ability to adsorb heavy metals and/or metalloids from aqueous solutions. These laterite samples were
characterized using several physical and chemical techniques, including XRD, FTIR, elementary
chemical analyzes, and SEM. The results obtained by X-ray diffraction analysis coupled with infrared
showed that the laterites are composed of hematite (13.36% to 11.43%), goethite (7.44% to 6.31%),
kaolinite (35.64% to 17.05%) and quartz (33.58% to 45.77%). Chemical analysis showed that these
natural laterites are rich in iron and aluminum oxide. The specific surface areas and cation exchange
capacity values, as determined by the BET and cobalt hexamine chloride methods, were shown to
have suitable values compared to previously determined values in the literature. The anionic
exchange capacity of laterites KN and LA ranged from 86.50 = 3.40 to 73.91 + 9.94 cmol(-).kg® and
from 73.59 + 3.02 to 64.56 + 4.08 cmol(-).kg?, respectively. Furthermore, the investigations on these
laterite samples showed they could remove heavy metals and/or metalloids from contaminated
ground waters. The main minerals identified in these two Burkina Faso laterites were consistent with
those described in the literature. Our investigations lead to some valuable criteria we can base on to
classify natural laterites as potential adsorbent materials for the removal of inorganic and/or organic
pollutants from aqueous matrices. We showed how the geological environment determined the
mineralogical characteristics of the laterites and their chemical composition. Combining the
geological environment with appropriate criteria related to the physicochemical properties of the
materials opens up interesting perspectives regarding the rapid valorization of the laterites in
Burkina Faso as potential adsorbents.
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