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ARTICLE INFO ABSTRACT

Keywords:

In this work, a natural kaolinitic clay mineral from Kribi in Cameroon is modified by thermal and acidic
treatments. The influence of these treatments on the physicochemical properties of the clays is studied
using X-ray diffraction, Fourier transform infrared spectroscopy, nitrogen adsorption-desorption measurements,

Morphology modification
Porous clay

ﬁdiorble ne terial valorizati scanning electron microscopy, inductively coupled plasma-atomic emission spectroscopy and thermal analysis.
C;:;thi erial velorization Three calcination temperatures are explored: 600, 700 and 800 °C. The XRD pattern of the untreated clay

showed that the natural clay mineral was mostly composed of kaolinite. Calcination at high temperatures
allowed the amorphization of the natural kaolinitic clay mineral to obtain metakaolinite. This heat treatment
of the natural clay mineral produced disintegration by rupture of the strong hydrogen bonds between the layers
of the clay mineral. Heat treatment did not increase the specific surface area of the clay, which stayed around
20-30 m?/g. The acid treatment produced a high material texture modification giving microporous materials
with a large surface area up to 315 m?/g with the sample previously calcined at 800 °C. The microporosity
and mesoporosity increase is greater when the clay is calcined at high temperature. The morphology of the
samples observed by SEM are modified by the acidic treatment. The initial two-dimensional stacking of particles
evolves towards a narrower three-dimensional porous structure. These treatments open the way to produce

highly porous clay materials that could be used as adsorbent materials for pollutant removal from water.

1. Introduction

Clay minerals are natural nanomaterials with various microstruc-
tures (Dong and Zhang, 2018; Zhou et al., 2016), such as nano-platelets
and nanofibers. They also have many advantages such as being abun-
dant in nature, inexpensive and environmentally friendly (Dong and
Zhang, 2018; Zhou et al., 2016; Misra et al., 2018).

Kaolinite is an abundant clay mineral in nature (Gao et al., 2016). It
is a 1:1 type aluminosilicate; that is, having tetrahedral sheets of silicate
units (SiO4) covalently bonded to octahedral sheets of hydroxylated
(AlOg) entities [AlO(ﬁ_x) (OH),] (as represented in Fig. 1), with the
general composition Al,Si,O5(0OH), (Hai et al., 2015; Liu et al., 2017;
Panda et al., 2010; Torres-Luna and Carriazo, 2019).

The presence of hydrogen bonds between neighboring or adjacent
kaolinite layers (He et al., 2013; Tang et al., 2017; Tao et al., 2014)
holds them strongly together (Tao et al., 2014), and makes it difficult

to modify this mineral in terms of exfoliation or delamination (Torres-
Luna and Carriazo, 2019). In addition, this property prevents the free
expansion of the interlayer space as in swelling clay minerals 2:1
(Bergaya and Lagaly, 2006).

Natural or modified kaolinite has important properties for various
applications, such as the adsorption of organic and inorganic pollutants
(Tang et al., 2017; Tao et al., 2014; Bergaya and Lagaly, 2006; Awwad
et al., 2022; Aragaw and Alene, 2022; David et al., 2020; Jawad et al.,
2022; Selvan et al., 2022), in the manufacture of reusable nanocom-
posites for photocatalytic disinfection (Misra et al., 2018; Gao et al.,
2016; Hai et al., 2015; Liu et al., 2017; Panda et al., 2010; Torres-
Luna and Carriazo, 2019; He et al., 2013; Tang et al., 2017; Tao et al.,
2014; Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and
Alene, 2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022;
Misra et al., 2022; Zhao et al., 2021) and finally in the preparation of
superhydrophobic coatings (Dong and Zhang, 2018; Zhou et al., 2016;
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Fig. 1. General structure of kaolinite, reproduced from.

Misra et al., 2018; Gao et al., 2016; Hai et al., 2015; Liu et al., 2017;
Panda et al., 2010; Torres-Luna and Carriazo, 2019; He et al., 2013;
Tang et al., 2017; Tao et al., 2014; Bergaya and Lagaly, 2006; Awwad
et al., 2022; Aragaw and Alene, 2022; David et al., 2020; Jawad et al.,
2022; Selvan et al., 2022; Misra et al., 2022; Zhao et al., 2021; Qu et al.,
2017).

In the last decade, the development of different surface treatment
techniques for improving the reactivity of kaolinite has experienced a
significant increase. These include heat treatments and the graft bypass
(Ebrahimi et al., 2020; Elimbi et al., 2011; Kenne Diffo et al., 2015;
Nmiri, 2017; Reli et al., 2014; Soleimani et al., 2012) that improves the
reactivity of kaolinite by chemically modifying it. This can be achieved
either by the immobilization of an active species on the surface of the
kaolinite (Hai et al., 2015) or by the intercalation of organic molecules
in kaolinite’s interfoliar space (He et al., 2013; Tang et al., 2017; Tao
et al.,, 2014; Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw
and Alene, 2022; David et al., 2020; Jawad et al., 2022; Selvan et al.,
2022; Misra et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi
et al., 2020; Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017;
Reli et al., 2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra
et al., 2012).

Another more effective approach to activate kaolinite is acid treat-
ment that can significantly increase the specific surface area (Ji and
Zhang, 2021; Paredes-Quevedo et al., 2021). The AI3* cations of the oc-
tahedral sheet are more reactive to acid than the Si** of the tetrahedral
sheet (Hai et al., 2015; Liu et al., 2017; Panda et al., 2010; Torres-Luna
and Carriazo, 2019; He et al., 2013; Tang et al., 2017; Tao et al., 2014;
Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and Alene,
2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022; Misra
et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi et al., 2020;
Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al.,
2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012; Ji
and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007).
This leads to the elimination of Al,05; and the formation of a porous
solid, composed mainly of amorphous SiO, (Belver et al., 2002). These
treatments can enhance the adsorption properties of a natural clay for
use in depollution applications.

The goal of this work is to study the influence and contribution
of heat treatment in a highly concentrated hydrochloric acid medium
under reflux conditions on a kaolinitic clay from Kribi (region of
southern Cameroon) in the development of microporosity and meso-
porosity, and the specific surface area. The optimized conditions of
treatment to obtain the best adsorbent material from natural clay will
be determined. Three temperatures will be explored: 600, 700 and
800 °C. The acidic treatment will be applied before or after calcination.
The objective is to produce a highly porous material from natural
clays that are abundantly present in Africa and could be used as low
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cost, efficient adsorption materials for organic pollutant removal in
water. To explore their physicochemical properties as modified by
the heat and acidic treatments, X-ray diffraction, nitrogen adsorption—
desorption measurements, scanning electron microscopy, inductively
coupled plasma-atomic emission spectroscopy and thermal assays will
be performed. Finally, the materials will be tested as adsorbents for
malachite green removal from water.

2. Experiments
2.1. Clay material

The kaolinitic clay mineral used in this work comes from the Kribi
deposit in the southern region of Cameroon. Demineralized water was
used to wash the clay mineral as well as during its purification by
extraction of the < 2 um fraction. Two dispersing agents from Sigma-
Aldrich, i.e., sodium hexametaphosphate (Nag(PO3)e) and hydrochloric
acid (HCI, 37%), were used for chemical activation.

2.2. Clay washing and purification

The clay mineral-rich materials underwent two successive wet
washes with demineralized water: the first using an 80 pm sieve; the
second using a 50 pm sieve. Purification was achieved by extraction
of the clay fraction < 2 pm by sedimentometry using a particle size
analyzer (Micrometrics SediGraph@III Plus (AGEs, ULiége)). This form
of purification is based on the difference in density of the mineral
species that make up the clay material. Quartz is one of the major
impurities in our material, with contents above 12%. The literature
suggests that the equivalent diameters are generally less than 2 pm,
Elimbi et al. (2011). It is therefore possible, taking into account this
property and the densities of quartz and clay mineral species, to enrich
the material in clay mineral species using the sedimentometry process
(Elimbi et al., 2011).

The principle of sedimentometry and therefore the extraction of the
clay fraction from a suspension in water is based on Stoke’s law (Yans
and Lithostratigraphie, 2007). In general, for a spherical particle, we
have the relation:

(= 119)(;x o)
Where t is the sedimentation time (min); D is the particle diameter
(pm); x is the depth of descent (in cm) of the particles of diameter D.

Sedimentation is carried out at 25 °C in a 20 L capacity cylindrical
container with two taps located vertically 24 cm apart. The material
resulting from the preliminary treatment is soaked in demineralized
water containing sodium hexametaphosphate (Nag(PO3)g) (dispersing
agent). The container contents are homogenized by mechanical agita-
tion and left to stand for 45 to 50 minutes (sedimentation time). The
clay suspension is collected by opening the first tap located at the top at
a depth of 27 cm. The rest of the container is once again homogenized
by mechanical agitation and the < 2 pm clay fraction is collected by
opening the second, lower tap located at a depth of 8 cm. The collected
clay solution is left to settle under atmospheric air for 3 days. After
removing the supernatant, the clay paste obtained is dried in an oven at
105 °C until a constant weight is reached. The obtained dried extracts
are then ground and sieved at 80 pm. This material is herein called KAO.

2.3. Thermal treatments

Twenty-three g of the < 2 pm fraction (later defined as clay) is
placed in a ceramic crucible, the clay is calcined at three temperatures
(600, 700 and 800 °C) under air atmosphere, in a chamber furnace.
The heating rate used is 10 °C/min from ambient temperature to the
calcination temperature (600, 700 or 800 °C). Once the temperature
level (600, 700 or 800 °C) is reached, it is maintained for 10 h. Then
the temperature is decreased to 40 °C before removing the material.
The mass losses recorded are around 12 to 13% of the initial mass of
kaolinite. The obtained metakaolinites are named MK-T, T being the
calcination temperature.



P.N. Song, J.G. Mahy, C. Calberg et al.
2.4. Chemical activation with acid

Six g of the < 2 pm clay fraction or one of the 3 materials obtained
after calcination is mixed with 180 mL of a 6 M HCI solution in a
three-necked flask topped with a reflux column. This mixture is then
slowly heated to 110 °C with constant stirring under reflux conditions
for 5 h. After cooling to room temperature, the acid-treated powder
is separated from the solution by centrifugation at 15500 rpm using
a SIGMA 3-30KS centrifuge with a 12159-H rotor equipped with six
tubes. The residue obtained is washed with demineralized water until
the filtrate has a neutral pH, then dried in an oven at 60 °C. The
different powders obtained after the acid treatment are designated
KAO-HCL, or MK-T-HCl, with T being the calcination temperature.

2.5. Material characterization assays

The actual composition of the clays is determined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), using an
ICAP 6500 Thermo Scientific device. The mineralization is fully de-
scribed in Mahy et al. (2016) except that HF is used instead of HNOj.

The crystallographic properties are observed through the X-ray
diffraction (XRD) patterns recorded with a Bruker D8 Twin-Twin pow-
der diffractometer using Cu-K, radiation, with a step size of 0.002° and
scan speed of 2°/min.

The specific surface area of samples is determined by nitrogen
adsorption—desorption isotherms in an ASAP 2420 multi-sampler vol-
umetric device from Micromeritics at —196 °C.

Scanning electron microscope (SEM) micrographs are obtained us-
ing a TESCAN Clara microscope under high vacuum at an acceleration
voltage of 15 keV.

Fourier transform infrared (FT-IR) spectra in the region of 400-
4000 cm~! are recorded at room temperature with a Thermo Nicolet
Nexus FTIR spectrometer (Laboratoire de Minéralogie, ULiége). All
catalyst powders are dispersed in KBr (1 wt % for all samples)

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) is carried out with a Simultaneous Thermal An-
alyzer Mettler-Toledo TG-DSC3* (AGEs, ULiége), under a nitrogen
atmosphere. Ten mg of sample are placed in an alumina crucible and
heated from 30 to 1100 °C with a heating rate of 10 °C/min.

2.6. Preliminary adsorption experiments

The adsorption tests are evaluated on the 8 clay samples at a
constant pH of 7.3 at 25 °C. The model pollutant used for adsorption ex-
periments is malachite green oxalate salt (MG, Sigma-Aldrich); 100 mg
of clay sample is mixed with 20 mL of pollutant solution in water.
The different samples are shaken continuously in the dark. Aliquots of
pollutants are taken every 10 min up to 80 min. Concentrations are
assessed with a Genesis 10S UV-Vis spectrophotometer (Thermo Scien-
tific), a calibration curve was made previously to assess linearity with
the concentration. The initial MG solution concentration is 100 mg/L.
The main adsorption peak is located at 617 nm for malachite green.

3. Results and discussion
3.1. Crystalline composition

Fig. 2a shows the X-ray diffractograms for all the samples and
Fig. 2b shows the peak attribution (on KAO sample). Fig. 2b reveals that
kaolinite is the main mineral in this clay fraction, characterized by a
reflection peak at 20 = 12.4°. The observed reflection centered at 24.9°
is the secondary diffraction of the plane (0 0 1). Since the 02/ and 11/
sequences (20-23° 2q using CuKa) are very sensitive to structural
defects of the kaolinite (Fig. 3), the empirical relationship based on
the weighted peak intensity ratio can be used to assess the degree of
disorder of the kaolinite (Chmielova and Weiss, 2002). The determined
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values of the Hinckley index (HI), the Aparicio-Galén-Ferrell index
(AGFI) and the weighted intensity ratio index (WIRI) are 1.039, 0.82
and 0.58 respectively. These values are close to those obtained by
Ptacek et al. (2010); they correspond to the average degree of structural
order of the applied kaolin (Chmielova and Weiss, 2002). However, the
XRD diagrams (Fig. 2a) of kaolinite calcined at 600, 700 and 800 °C
indicate the presence of a diffraction halo peak at 26 between 18 and
30° characteristic of the amorphous phase present in metakaolinites
(Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al.,
2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012;
Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al.,
2016; Chmielova and Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009;
Panias et al., 2007). The peaks of kaolinite disappeared, as did the
reflections of illite and those of gibbsite present as impurities. Similarly,
the XRD pattern (Fig. 2a) of kaolinite having directly undergone the
acid treatment (KAO-HCl) did not show significant variations under
these experimental conditions compared to that of natural kaolinite
(KAO). Only the disappearance of the reflection peaks of the gibbsite
present as an impurity was recorded. This is accompanied by a slight
increase in the intensity of quartz reflection due to the disappearance
of the other crystalline phases with the treatments as also observed
by Zhou et al. (2021). Based on the authors’ previous works, hot acid
treatment accelerates the interface reactions of clay minerals (Zhou
et al.,, 2021; Jia et al., 2019). This characteristic of kaolinite being
resistant to acid leaching has also been reported by other authors
(Torres-Luna and Carriazo, 2019; He et al., 2013; Tang et al., 2017;
Tao et al.,, 2014; Bergaya and Lagaly, 2006; Awwad et al., 2022;
Aragaw and Alene, 2022; David et al., 2020; Jawad et al., 2022;
Selvan et al., 2022; Misra et al., 2022; Zhao et al., 2021; Qu et al.,
2017; Ebrahimi et al., 2020; Elimbi et al., 2011; Kenne Diffo et al.,
2015; Nmiri, 2017; Reli et al., 2014; Soleimani et al., 2012; Abbassi
et al., 2021; Guerra et al., 2012; Ji and Zhang, 2021; Paredes-Quevedo
et al., 2021; Lenarda et al., 2007). Fig. 2a shows the XRD patterns of
kaolinite calcined at 600, 700 and 800 °C and having undergone the hot
acid treatment under reflux conditions. Compared to the metakaolinite
samples, these patterns show a significant increase in the intensity
of the reflection peak with a wide band between 20 and 30 °2q.
The intensity of the reflection peak and the band width increase with
the calcined temperature. These modifications observed on the XRD
patterns are due to a significant increase in the quantity of amorphous
silica generated by the acid treatment of the metakaolinites under
reflux conditions, in agreement with Lenarda et al. (2007), Belver et al.
(2002). The difference in reactivity to acid treatment between kaolinite
and metakaolinite is explained by the fact that dehydroxylation occurs
when kaolinite is calcined above 450-500 °C producing metakaolinite.
This transformation involves the loss of structural water accompanied
by a reorganization of the structure. Only part of the AlOg octahedra is
preserved, while the major part is transformed into more reactive tetra
and penta coordinate units (Lambert et al., 1989).

3.2. Chemical composition

Table 1 presents the results of the elemental analyses by ICP-AES,
which made it possible to determine the chemical composition, as
well as the concentration in mg/kg of dry matter of the major and
minor elements present in the natural kaolinitic clay and some modified
samples (KAO-HCI, MK-800 and MK-800-HCI). The clay mineral (KAO)
used in this work is an aluminosilicate, given the high concentrations in
mg/kg of dry matter of aluminum (168 000) and silicon (130 000). The
concentration in mg/kg of iron dry matter is 6290 and that of titanium
10700, corresponding to an aluminosilicate mineral with low Fe,O5
and TiO, contents.

However, chemical analysis also provides evidence that kaolinite
is resistant to acid leaching because hot acid treatment only reduced
the concentration of aluminum solids by 30%. In contrast, that of
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Fig. 2. (a) X-ray diffraction (XRD) patterns of all samples and (b) XRD patterns of KAO and MK-700 samples with peak positions as examples.

silicon underwent a relative increase of 43% due to the quantity of
amorphous silica generated by the hot acid treatment under reflux
conditions. These observations have also been made by other authors
(Edama et al., 2014; Yahaya et al., 2017). According to the literature,
the resistance of kaolinite to acid leaching is due to the high content
of octahedral aluminum (Lenarda et al., 2007; Belver et al., 2002;
Yans and Lithostratigraphie, 2007; Mahy et al., 2016; Chmielovd and
Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009; Panias et al., 2007;
Zhou et al., 2021) and also to the sequence of the layers (stacking
or structural order) that is determined by abundant hydrogen bonds
between the unit layers, which makes acid attack difficult (Torres-
Luna and Carriazo, 2019). The loss of protons generated during the
dehydroxylation of kaolinite during the heat treatment (600, 700 and
800 °C) can suppress these bonds and destroy the structural order.
Thus, the calcination of kaolinite in this work at 800 °C, for example,
causes an increase of 16.7% in the concentration in mg/kg of dry
matter for aluminum and only 4.7% mg/kg of dry matter for silicon.

An increase in the concentration in mg/kg of dry matter for elements
such as: Ti, Fe, Mg, P, K and Na was also recorded during the heat
treatment at 800 °C of this kaolinite.

The increase in the concentration in mg/kg of dry matter of alu-
minum and silicon is due to the collapse of the crystal lattice due
to the transformation of part of the AlOg octahedra into much more
reactive tetra- and penta-coordinated units (Lenarda et al., 2007; Belver
et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al., 2016;
Chmielova and Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009;
Panias et al., 2007; Zhou et al., 2021; Jia et al., 2019; Lambert et al.,
1989). This increase in concentration is also due to the elimination of
hydrogen bonds which reinforce the cohesion between structural units
in kaolinite (Torres-Luna and Carriazo, 2019).

However, the hot acid treatment of metakaolinites (kaolinite cal-
cined at 600, 700 and 800 °C) under the same reflux conditions as the
previous kaolinite gives results which confirm their greater reactivity
compared to natural kaolinite. For the kaolinite calcined at 800 °C
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Fig. 3. Diffraction analysis of KAO sample and fitting of the 020 and 110 sequences for the determination of the degree of structural disorder.

Table 1

Sample chemical composition by inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
Sample Al(mg/kg)  Fe(mg/kg)  Mg(mg/kg)  P(mg/kg) K(mg/kg)  Na(mg/kg)  V(mg/kg) Si(mg/kg)  Ti(mg/kg)
KAO 168000 6290 504 4570 716 3910 92 130000 10700
MK-800 196000 7630 619 5080 1310 4370 88 136000 13300
KAO-HCL 116000 2740 320 147 761 118 55 186000 14000
MK-800-HCl 7770 1370 <50 193 <30 <50 <20 249000 21500

(MK-800-HCI), the hot acid treatment caused a 96% drop in the con-
centration of aluminum and an 83% increase in the concentration of
silicon. On the other hand, the concentration of titanium in the MK-
800-HCI sample doubled compared to that of natural kaolinite (KAO
sample). According to the literature, under reflux conditions the acid
treatment causes dissolution of part or most of the AI3* cations of the
octahedral sites. It also leads to the formation of an amorphous silica
phase (Hai et al., 2015; Liu et al., 2017; Panda et al., 2010; Torres-Luna
and Carriazo, 2019; He et al., 2013; Tang et al., 2017; Tao et al., 2014;
Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and Alene,
2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022; Misra
et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi et al., 2020;
Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al.,
2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012;
Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002), which explains the increase in the concentration
of silicon matter. However, it should be noted that the elimination of
AIP* cations from octahedral sites is greater in metakaolinites than in
kaolinite.

3.3. Thermal analysis

Fig. 4 presents, respectively, the TGA and DSC profiles for the
mother kaolinitic clay (KAO sample), the MK-600 and MK-800 samples,
and the thermodifferential analysis (TDA) profile for KAO sample. The
TGA, TDA and DSC profiles were recorded during the heating process
from 20 to 1200 °C.

From the thermogravimetric analysis of kaolinitic clay (KAO sam-
ple), three main mass losses are observed:

(i) The first mass loss of about 0.8% is observed below 150 °C
(Fig. 4a). This mass loss is attributed to the elimination of water

molecules adsorbed on the external surfaces of the kaolinite particles.
Kaolinite has neither intercalated cations nor naturally intercalated
water. All the mass losses, in the thermal analysis of kaolinite at this
temperature, are thus attributed to the desorption of water. This is also
confirmed by the first endothermic peak below 150 °C visible on the
TDA curve (Fig. 4c) corresponding to dehydration.

(ii) The second mass loss of about 2.6% is observed around 200 °C
or even 300 °C (Fig. 4a). This is attributed to the dehydroxylation
of gibbsite (Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al., 2014;
Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012; Ji
and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al.,
2016; Chmielova and Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009;
Panias et al., 2007; Zhou et al., 2021; Jia et al., 2019; Lambert et al.,
1989; Edama et al., 2014; Yahaya et al., 2017; Fabbri et al., 2013).
The DSC curve (Fig. 4b) also confirms this with the presence of an
endothermic peak centered at 280 °C. On the other hand, between
200 °C and 350 °C, the appearance of an exothermic peak is observed
on the TDA curve (Fig. 4c). The latter is linked to the formation of CO,,
the product of the complete combustion in the air of the organic carbon
present as impurities. The same observations have been made by other
authors (Cheng et al., 2010) on Chinese kaolinites.

(iii) The third mass loss of about 11.9% corresponds to the most
important thermal reaction observed from 380 °C (Fig. 4a) to around
800 °C. This is attributed to the dehydroxylation of kaolinite and its
transformation into metakaolinite (Elimbi et al., 2011; Kenne Diffo
et al., 2015; Nmiri, 2017; Reli et al., 2014; Soleimani et al., 2012;
Abbassi et al., 2021; Guerra et al., 2012; Ji and Zhang, 2021; Paredes-
Quevedo et al., 2021; Lenarda et al., 2007; Belver et al., 2002; Yans
and Lithostratigraphie, 2007; Mahy et al., 2016; Chmielova and Weiss,
2002; Ptacek et al., 2010; Bich et al., 2009; Panias et al., 2007; Zhou
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Fig. 4. (a) TGA of KAO, MK-600 and MK-800 samples; (b) DSC of KAO, MK-600 and MK-800 samples; and (c) TDA of KAO sample.

et al., 2021; Jia et al., 2019; Lambert et al., 1989; Edama et al.,
2014; Yahaya et al., 2017; Fabbri et al., 2013; Cheng et al., 2010;
Braccini Freire et al., 2020). This reaction is visible on the DSC and TDA
curves with the appearance of an endothermic peak centered around
520 °C (Fig. 4b and c). Considering that the dehydroxylation tempera-
ture is influenced by the degree of disorder in the kaolinite structure,
the amount and type of impurities, the dehydroxylation observed at a
low temperature (380 °C) is consistent with a low Hinckley crystallinity
index (1.039) (Cheng et al., 2010).

In the case of metakaolinites, a mass loss of approximately 0.9%
is observed below 800 °C on the TGA curve of MK-600. This is at-
tributed to the continuation of the dehydroxylation of kaolinite to
obtain metakaolinite (Fig. 4a). On the other hand, the TGA curve of
MK-800 (Fig. 4a) shows no mass loss below 800 °C, which suggests that
the dehydroxylation of kaolinite at this temperature is complete. From
980 °C, only phase change effects are observed with the appearance of
exothermic peaks on the DSC curve (Fig. 4b).

3.4. Fourier transform infrared (FTIR) spectral analysis

Fig. 5 presents the FTIR spectra of the kaolinitic clay (KAO sample),
those of the metakaolinite samples (MK-600, MK-700 and MK-800) and
finally those materials (kaolinite and metakaolinite samples) having
undergone an acid treatment. The FTIR spectrum of the KAO sample
shows absorption bands at 3689, 3666 and 3618 cm™! characteristic
of kaolinite (Torres-Luna and Carriazo, 2019; He et al., 2013; Tang
et al., 2017; Tao et al., 2014; Bergaya and Lagaly, 2006; Awwad et al.,
2022; Aragaw and Alene, 2022; David et al., 2020; Jawad et al., 2022;

Selvan et al., 2022; Misra et al., 2022; Zhao et al., 2021; Qu et al., 2017;
Ebrahimi et al., 2020; Elimbi et al., 2011; Kenne Diffo et al., 2015; Diko
et al., 2016; Djomgoue and Njopwouo, 2013; Qtaitat and Al-Trawneh,
2005; Saikia and Parthasarathy, 2010). These are the stretch bands of
the OH groups coordinated to the octahedral cations (Gao et al., 2016;
Hai et al., 2015; Liu et al., 2017; Panda et al., 2010; Torres-Luna and
Carriazo, 2019; He et al., 2013; Tang et al., 2017; Tao et al., 2014;
Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and Alene,
2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022; Misra
et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi et al., 2020;
Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al.,
2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012;
Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al.,
2016; Chmielovad and Weiss, 2002; Ptacek et al., 2010; Bich et al.,
2009; Panias et al., 2007; Zhou et al., 2021; Jia et al., 2019; Lambert
et al.,, 1989; Edama et al., 2014; Yahaya et al., 2017; Fabbri et al.,
2013; Cheng et al., 2010; Braccini Freire et al., 2020; Diko et al., 2016;
Djomgoue and Njopwouo, 2013; Qtaitat and Al-Trawneh, 2005; Saikia
and Parthasarathy, 2010; Dewi et al., 2018). Fig. 5a, b and ¢ show the
disappearance of these bands, caused by dehydroxylation, during the
calcination of kaolinite at 600, 700 and 800 °C. The bands observed
between 1640-3445 cm~! on the FTIR spectra of kaolinite and those
of metakaolinites indicate the presence of stretching and deformation
vibrations of the OH and H-O-H groups of the absorbed molecules
and which are reduced in the FTIR spectra of metakaolinites (MK-X
samples) (Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017;
Reli et al., 2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra
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Fig. 5. Fourier transform infrared (FTIR) spectra with peak positions of (a) KAO, MK-600 and MK-600-HCl samples; (b) KAO, MK-700 and MK-700-HCI samples; (c) KAO, MK-800

and MK-800-HCI samples; and (d) KAO and KAO-HCI samples.

et al., 2012; Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda
et al.,, 2007; Belver et al.,, 2002; Yans and Lithostratigraphie, 2007;
Mahy et al., 2016; Chmielova and Weiss, 2002; Ptacek et al., 2010;
Bich et al., 2009; Panias et al., 2007; Zhou et al., 2021; Jia et al., 2019;
Lambert et al., 1989; Edama et al., 2014; Yahaya et al., 2017; Fabbri
et al., 2013; Cheng et al., 2010; Braccini Freire et al., 2020; Diko et al.,
2016; Djomgoue and Njopwouo, 2013; Qtaitat and Al-Trawneh, 2005;
Saikia and Parthasarathy, 2010). The bands observed at 1114, 1047 and
1016 cm™! on the FTIR spectrum of kaolinite (KAO sample) correspond
respectively to the deformation vibrations of the Si-O, Si-O-Si and
Si—-0-Al bonds (Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al., 2014;
Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012; Ji
and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al.,
2016; Chmielova and Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009;
Panias et al., 2007; Zhou et al., 2021). However, after the calcination of
kaolinite at 600, 700 and 800 °C, the transformation of the latter into
metakaolinite is confirmed by the disappearance of these absorption
bands and the appearance of a wide band around 1037 cm~! reflecting
the presence of asymmetric and symmetrical stretching vibrations of
the Si-O-Al and Si—O-Si bonds (Tironi et al., 2012). Two bands on the
FTIR spectrum of kaolinite (KAO sample): one at 3525 cm~! and the
other at 910 cm™! are related to Al(VI)-OH and Al(VI)-O stretching
vibrations, respectively. The development of these bands has also been
observed between 400-1000 cm~! for the Al-O bond and between
3100-3600 cm~' for the AI-OH bond in the case of gibbsite (Kiani
et al., 2016). After the calcination of kaolinite at 600, 700 and 800 °C,
these bands disappear and the coordination vibration IV of Al(IV)-O
appears as a wide band around 795 cm~! (Soleimani et al., 2012). The
other bands of no less importance on the FTIR spectrum of kaolinite
are at 792 cm~! (free silica and/or quartz always present in natural
samples), 757 cm~! (Si-0-Al), 688 cm~! (Si-O out-of-plane bending),

538 cm™! (Si-O-Al octahedral Al bending), 466 cm~! (Si—O-Si in-plane
bending) and 426 cm~! (Si-0) (Diko et al., 2016; Djomgoue and Njop-
wouo, 2013; Qtaitat and Al-Trawneh, 2005; Saikia and Parthasarathy,
2010).

Fig. 5d shows the FTIR spectrum of kaolinite having undergone the
hot acid treatment (KAO-HCI sample). In comparison with the spectrum
of the KAO sample, it is clear that under these conditions kaolinite de-
velops very high resistance to acid leaching since the absorption bands
at 3689, 3666 and 3618 cm~! (attributed to the vibration stretching
of OH groups coordinated to Al3* cations) remained intact. This result
is consistent with the XRD analysis (Fig. 2). Other authors (Gao et al.,
2016; Hai et al., 2015; Liu et al., 2017; Panda et al., 2010; Torres-Luna
and Carriazo, 2019; He et al., 2013; Tang et al., 2017; Tao et al., 2014,
Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and Alene,
2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022; Misra
et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi et al., 2020;
Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli et al.,
2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al., 2012;
Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al., 2007;
Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy et al.,
2016; Chmielova and Weiss, 2002; Ptacek et al., 2010; Bich et al., 2009;
Panias et al., 2007; Zhou et al., 2021) came to the same conclusions
with Chinese kaolinites heat-treated (up to 200 °C) with concentrated
sulfuric acid. In the present case, the disappearance of the absorption
band at 3525 cm™~! is due to the attack on the aluminum of the AI-OH
groups of the gibbsite present as an impurity in this clay.

The FTIR spectra of metakaolinites treated with hot concentrated
HCI are also presented in Fig. 5a, b and c. A broad band is observed
around 3440 cm~!. The intensity of this band increases with the tem-
perature of calcination. It is attributed to the high amount of water
physi-sorbed on the surface of the generated amorphous silica (Lenarda
et al.,, 2007; Belver et al.,, 2002; Yans and Lithostratigraphie, 2007;
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Fig. 6. Nitrogen adsorption—-desorption isotherms for (a) KAO and heated samples and
(b) acid treated samples.

Mahy et al., 2016; Chmielovad and Weiss, 2002; Ptacek et al., 2010;
Bich et al.,, 2009; Panias et al., 2007; Zhou et al., 2021; Jia et al.,
2019; Lambert et al., 1989; Edama et al., 2014; Yahaya et al., 2017;
Fabbri et al., 2013; Cheng et al., 2010; Braccini Freire et al., 2020; Diko
et al., 2016; Djomgoue and Njopwouo, 2013; Qtaitat and Al-Trawneh,
2005; Saikia and Parthasarathy, 2010; Dewi et al., 2018; Tironi et al.,
2012; Kiani et al., 2016; Vicente-Rodriguez et al., 1996). The curvature
band of these water molecules is also observed at 1640 cm~!. This
broad band was also found around 3400 cm~! after acid activation of
a commercial kaolinite calcined at 700 and 900 °C (Torres-Luna and
Carriazo, 2019). The authors attributed the latter to the vibration of
SiO-H bonds in silica-rich solids as a result of a dealumination reaction.
However, in Fig. 5a, b and c, the bands corresponding to silica could be
observed between 1300 and 400 cm™!: the stretching band of Si-O-Si at
1037 ecm~!, at 804-954 cm~! with unaltered free silica and/or quartz,
and finally the Si-O-Si bending vibration at 453 cm™!.

3.5. Textural analysis

Fig. 6 shows the nitrogen adsorption—-desorption isotherms of kaoli-
nite and metakaolinite samples as well as those of the solids having
undergone hot acid treatment. The specific surface area and pore
volume values of all materials are listed in Table 2.

The nitrogen adsorption—desorption isotherm of natural kaolinitic
clay (KAO sample, Fig. 6a) corresponds to a type II of the IUPAC
classification system (Thommes et al., 2015). The specific surface area
of this solid is equal to 20 m?/g. The shape of the isotherm and the
surface are typical of natural kaolinites, as reported by Thommes et al.
(2015). This is characteristic of macroporous adsorbents because at
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high pressure the adsorbed volume increases rapidly. After the heat
treatment at 600, 700 and 800 °C (Fig. 6a), the shape of the isotherm
did not change, and the specific surface areas increased slightly as
shown in Table 2. This slight increase is related to the elimination,
by the heat treatment, of the organic matter present as impurities at
the level of the interfoliar spaces, in agreement with the TDA results.
Despite this small increase in the BET surfaces of the solids after heat
treatment, the contribution of the micropores to the specific surface
area remains negligible (Table 2). Other authors (Torres-Luna and
Carriazo, 2019) came to the same conclusion with a commercial natural
kaolinite calcined for 2 h at 700 and 900 °C. It should be observed
here that the hysteresis on the adsorption-desorption isotherms of the
metakaolinite samples (MK-600, MK-700 and MK-800) tend to become
asymptotic at relative pressures close to 1 (Fig. 6a). These also end
in a stair at low relative pressures, and are characteristic of capillary
condensation in small mesopores.

However, the hot acid treatment (110 °C) of natural kaolinite and
metakaolinites affected the behavior of the isotherms (Fig. 6b). The acid
attack of kaolinite and metakaolinites has modified the mesoporous
surfaces. An increase in the mesoporous surface is observed in the
clay materials; it is more intense with the increasing temperature of
calcination (Table 2). The nitrogen adsorption-desorption isotherms
of metakaolinites treated with hot acid show a strong increase in
the adsorbed volume at very low relative pressures. This increase is
followed by a plateau, corresponding to the type IV isotherm (Thommes
et al., 2015) of the IUPAC classification and which is characteristic
of microporous adsorbents. The acid treatment of metakaolinites gives
rise to highly microporous materials. The values of the microporous
surfaces (Spicro, Table 2) range between 125 m?/g for MK-600-HCI,
130 m?/g for MK-700-HCI and 140 m?/g for MK-800-HCl. The values of
the BET surfaces (Sggr, Table 2) increased from 255 m?/g for MK-600-
HCI, 275 m2/g for MK-700-HCl to 315 m2/g for MK-800-HCl. Similarly,
in these isotherms, the hysteresis loops are narrow for relative pressure
values close to 1. This is characteristic of capillary condensation in large
mesopores. The KAO-HCI, MK-600-HCl, MK-700-HCl and MK-800-HCl
materials have developed microporosity and mesoporosity with greater
microporosity and mesoporosity in the solids MK-600-HCI, MK-700-HCI
and MK-800-HCI] compared to KAO-HCI sample (Table 2).

3.6. Morphology

Fig. 7 presents the SEM micrographs of kaolinite, metakaolinites,
and kaolinite and metakaolinites having undergone the acid treatment.
These micrographs confirm the different textures of the materials with
different surface values. One can observe the morphology of kaolinite
(Fig. 7a) that is typically two-dimensional (Tang et al., 2017; Tao et al.,
2014; Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw and
Alene, 2022; David et al., 2020; Jawad et al., 2022; Selvan et al., 2022;
Misra et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi et al.,
2020; Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017; Reli
et al., 2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra et al.,
2012; Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda et al.,
2007; Belver et al., 2002; Yans and Lithostratigraphie, 2007; Mahy
et al., 2016; Chmielovéa and Weiss, 2002; Ptacek et al., 2010; Bich et al.,
2009; Panias et al., 2007; Zhou et al., 2021) characterized by pseudo-
hexagonal stacking (Zhou et al., 2014) of platelets on top of each other.
The presence of needles (Fig. 7a) is related to the degree of disorder in
its structure. After calcination at 600, 700 and 800 °C (Fig. 7c, e, and g),
the transformation of the kaolinite into metakaolinite caused thinning
due to reduction in the thickness or distance between the plates (or
sheets) (Ptacek et al., 2010). The decrease in the distance between
the platelets is probably caused by the elimination of structural water
molecules during the heat treatment.

Moreover, it is observed that the morphology of the metakaolinite
samples having undergone acid treatment (Fig. 7d, f, and h) is charac-
terized by a rough and spongy texture. Such texture is a characteristic
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samples.
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Table 2
Sample textural properties.

Sample SgET Seso Shicro Vi Vineso Vicro
(m?/g) (m?/g) (m?/g) (cm’/g) (cm3/g) (cm3/g)
+5 +5 +5 +0.01 +0.01 +0.01

KAO 20 15 5 0.09 0.08 0.01

MK-600 30 25 5 0.10 0.08 0.02

MK-700 30 25 5 0.10 0.08 0.02

MK-800 25 20 5 0.10 0.08 0.02

KAO-HClI 95 80 15 0.27 0.22 0.05

MK-600-HCL 255 130 125 0.30 0.19 0.11

MK-700-HClL 275 145 130 0.30 0.19 0.11

MK-800-HCl 315 175 140 0.33 0.20 0.13
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Fig. 8. C/C evolution over time for 100 mg concentrations of powder samples for the
8 clays.

form of very porous solids in accordance with the high specific surface
area of these materials (Lenarda et al., 2007; Belver et al., 2002). Also,
during the acid treatment of natural kaolinite (Fig. 7d, f, and h), the
relatively smooth surface of the latter becomes rough. The stacking of
particles which initially are in a two-dimensional structure are moving
towards a narrower three-dimensional structure (Tang et al., 2017; Tao
et al., 2014; Bergaya and Lagaly, 2006; Awwad et al., 2022; Aragaw
and Alene, 2022; David et al., 2020; Jawad et al., 2022; Selvan et al.,
2022; Misra et al., 2022; Zhao et al., 2021; Qu et al., 2017; Ebrahimi
et al., 2020; Elimbi et al., 2011; Kenne Diffo et al., 2015; Nmiri, 2017;
Reli et al., 2014; Soleimani et al., 2012; Abbassi et al., 2021; Guerra
et al., 2012; Ji and Zhang, 2021; Paredes-Quevedo et al., 2021; Lenarda
et al.,, 2007; Belver et al.,, 2002; Yans and Lithostratigraphie, 2007;
Mahy et al., 2016; Chmielovad and Weiss, 2002; Ptacek et al., 2010;
Bich et al., 2009; Panias et al., 2007; Zhou et al., 2021). This structural
change is explained by the partial collapse of the crystalline structure.

3.7. Adsorption of malachite green (MG)

The evolution of MG concentration over time by adsorption on the
8 samples is represented in Fig. 8. It is observed that KAO, MK600,
MK700 and MK800 samples have similar adsorption properties with
40% of MG adsorbed after 80 min. KAO-HCI has a higher adsorption
of 55% of MG, MK600-HCl and MK700-HCIl around 70%, and finally
MK800-HClI has the highest adsorption rate with 85% of MG adsorbed.
The evolution of the adsorption follows the Sppr value of the samples.
The highest specific surface area leads to the best adsorption. The
combination of calcination at 800 °C followed by the HCl treatment
allows the adsorption of MG to double between KAO and MK800-HCl
samples.

Table 3 compares this work to the literature concerning the treat-
ment of clays to modify their physicochemical properties and their

10

uses in environmental applications. A direct comparison is not easy
due to many parameters that differ across the studies, such as the
composition of the clays, the treatment temperature, the concentration
of acid or base, and the various conditions for the adsorption experi-
ments. Table 3 summarizes the type of materials, the treatment applied,
and the main results for the adsorption properties (the pollutant or
adsorption capacity) or the specific surface area obtained. It is observed
that the materials of this present study reach a very high specific surface
area up to 315 m2/g. The study of Paredes-Quevedo et al. (2021)
has a higher specific surface area (up to 594 m?/g) but with a high
calcination temperature and the adsorption is evaluated using another
model pollutant, basic red 46. The study of Shayesteh et al. (2015) uses
MG as pollutant for the adsorption experiment but a different kind of
natural material is used as adsorbent, pumice stone. This material is
less porous than clay but can adsorb MG if a higher adsorbent dose is
used. In Belver et al. (2002), a similar treatment to this study is used
but a lower specific surface area is obtained (up to 219 m?/g) and the
adsorption is not evaluated.

In this study, optimized acidic and thermal conditions are deter-
mined to obtain highly porous materials with promising adsorption
properties.

4. Conclusions

In this work, a natural kaolinitic clay mineral from Kribi in
Cameroon is modified by thermal and acidic treatments. The influence
of these treatments is studied on the physicochemical properties of
the clay materials. Three calcination temperatures are explored: 600,
700 and 800 °C. Acidic treatment is applied on the untreated and
heated clays, leading to a total of 8 samples that are characterized using
various techniques.

The XRD pattern of the untreated clay showed that the mineral is
composed of kaolinite. Calcination at temperatures of 600, 700 and
800 °C allowed amorphization of the natural kaolinitic clay to obtain
metakaolinite which is a more reactive material and whose structure
is more sensitive to acidic treatment. This prior heat treatment of the
natural clay produces dehydroxylation and disintegration by rupture
of the strong hydrogen bonds between the layers of the clay. Heat
treatment did not increase the specific surface area of the clay, which
stayed around 20-30 m?/g.

When acid treatment is applied, it produces a high material texture
modification giving microporous materials with a large surface area
up to 315 m2/g with the sample previously calcined at 800 °C. This
treatment also allowed a significant increase in mesoporosity in these
materials. The microporosity and mesoporosity increase is greater when
the clay is calcined at higher temperature.

The morphology of the samples (observed by SEM) is modified
when acidic treatment is applied. The stacking of particles, which
initially are in a two-dimensional structure, moves towards a narrower
three-dimensional porous structure.

First preliminary adsorption experiments showed that these modi-
fied clays can effectively adsorb a model pollutant, malachite green.
The best-performing sample can adsorb 85 mg/L of MG in 80 min of
contact time. These treatments open the way to produce highly porous
clay materials that could be used as adsorbent materials for pollutant
removal in water.
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Table 3
Comparison to some studies in the literature.
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References Type of material

Treatment applied

Main results

This work Natural kaolinitic clay from

Cameroon (Kirby)

Hamdi and Srasra
(2012)
Nodehi et al. (2020)

Tunisian kaolinitic/smectic clays
and synthetic zeolites
Natural clinoptilolite from Iran

Shayesteh et al. Pumice stone from Iran

(2015)

Tchanang et al.
(2021)

Kaolinitic clay from Cameroon
(Dibamba)

Heat treatment (600, 700 and 800 °C)
Acidic treatment (6 M HCl at 110 °C)

Washed and dried at 80 °C

Washed and dried at 80 °C + surfactant
treatment (hexadecyltrimethylammonium
bromide cationic surfactant)
Washed and dried at 80 °C

Heat treatment (600, 700 and 800 °C)
Acidic (2.5. M of HCl or H,SO, or HNO;)
or basic treatment (2 M of NaOH or KOH)

Highly porous metakaolinite (up to

315 m?/g)

Adsorption of MG (80 mg/L in 10 min)
Phosphate ion adsorption

Porous clays (up to 106 m?/g)

Congo red adsorption (up to 200 mg of
CR/g of material)

Low porous materials (up to 12 m?/g)
Malachite green and crystal violet
adsorption (22.57 mg/g and 6.99 mg/g of
adsorption capacity)

Low porous materials (up to 7 m?/g)
Porous materials (up to 80 m?/g) for
methylene blue adsorption (99.9%
adsorption capacity)

Paredes-Quevedo
et al. (2021)
Lenarda et al.
(2007)

Belver et al. (2002)

Colombian clay
Kaolin from Aldrich

Spanish kaolin

Heat treatment (700 and 900 °C)

Acidic treatment (3 M HCI at 90 °C)

Heat treatment (850 and 950 °C)

Acidic treatment (1 M H,SO, at 90 °C)
Heat treatment (600, 700, 800 and 900 °C)

Basic red 46 adsorption (100% in 20 min)
Highly porous materials (up to 594 m?/g)
Catalytic 1-butene isomerization tests
Porous materials (up to 288 m?/g)

Porous materials (up to 219 m?/g)

Acidic (6 M of HCI at 90 °C) or basic
treatment (1-5 M of KOH at 25 °C)
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