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A B S T R A C T   

A natural clay from Bakotcha in Cameroon was modified with two silanes, tetramethoxysilane (TMOS) and [3-(2- 
aminoethyl)aminopropyl]trimethoxysilane (EDAS) to increase its adsorption properties. The modified clay is 
intended to be used as an efficient adsorbent for organic pollutant removal from water. Three Clay/TMOS and 
two Clay/EDAS samples with different [silane]/[clay] ratios were produced and characterized by X-ray 
diffraction, N2 adsorption-desorption measurements, Inductively Coupled Plasma–Atomic Emission Spectroscopy 
and Scanning Electron Microscopy. Their adsorption properties were evaluated on three organic model pollut-
ants (i.e. fluorescein, malachite green and brilliant violet diamond). A dilution of the montmorillonite structure 
of the raw clay is observed when it is modified with TMOS while its original crystalline structure is preserved 
with EDAS. The morphologies depended on the used silane: (i) with TMOS, highly porous materials with the 
formation of silica particles at the surface of the clay; (ii) with EDAS, a similar morphology as raw clay with 
EDAS grafted at the surface of the clay. Both morphologies give two different adsorption behaviors on the 3 
pollutants. For the raw clay and the TMOS modified clays, similar adsorption properties are obtained with a 
better adsorption when the specific surface increases (when TMOS content increases). When clay is modified 
with EDAS, the adsorption properties change as the surface groups are different, these EDAS modified samples 
have less affinity with fluorescein and malachite green reducing the adsorption capacity for this kind of pol-
lutants. The tuning of the raw clay with silane opens the way for the development of highly efficient adsorbent 
for pollutants in water from natural and inexpensive materials.   

1. Introduction 

Silicates belonging to the clay mineral family are increasingly stud-
ied as an important class of solids that can yield nanostructured mate-
rials with interesting properties as hydrophobicity, hydrophilicity, 
biocompatibility or as building block for more complex structures (Dong 
and Zhang, 2018; Zhou et al., 2016). Studies focused on the function-
alization of clay materials to obtain hybrid compounds where inorganic 
and organic components are linked by covalent and ionic-covalent 
bonds. This research is focused on achieving a high percentage of clay 
sheet exfoliation in polymer matrices by improving the interactions 

between clay surfaces and polymer chains through various surface 
modification approaches (Viville et al., 2004). 

There exist many attractive characteristics on clay surfaces, such as 
hydroxyl groups on the edges, silanol groups of crystal defects, 
providing surface modification and functionalization strategies. The 
common method used to modify the surface of clays is cation exchange 
reaction with alkylammonium (Viville et al., 2004; Park et al., 2005). 
This increases the interlayer space and creates a favorable organophilic 
environment (Viville et al., 2004; Park et al., 2005). 

A novel modification approach involving a direct grafting reaction to 
form covalent bonds on clay surfaces has attracted much attention 
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(Wheeler et al., 2005; He et al., 2005). The organosilanes were cova-
lently bound to the clay surfaces via a condensation reaction with the 
surface silanol groups (Si–OH), resulting in closer interactions between 
the organic components and the clay than ionic interaction and physical 
adsorption (Tonle et al., 2003; He et al., 2013). Indeed, since a few years, 
silicon alkoxides are used either to modify the textural properties of 
inorganic materials used as catalysts in gaseous phase (Lambert et al., 
2008; Claude et al., 2019; Mahy et al., 2017), or to play the role of link 
between organic molecules and inorganic photocatalytic materials 
(Mahy et al., 2019a, 2023). 

Functionalizing swelling aluminosilicate clays of the smectite type, 
such as montmorillonite, would generally result in limited amounts of 
–OH groups (Celis et al., 2000; Song and Sandi, 2001). For grafting 
organic ligands onto the interlamellar surface of such clays, the litera-
ture is sparse, and the resulting materials may suffer from impeded ac-
cess to binding sites, as shown by less than complete adsorption of heavy 
metal species relative to the total number of ligands (Mercier and Pin-
navaia, 1998). 

To overcome the limitation of the surface grafting modification 
method, the sol-gel route is used to synthesize organoclay using silicon 
alkoxides as the priority source of silica. Carrado et al. (Carrado, 2000) 
provided an approach that allows a large amount of silanes to covalently 
attach to the clay surface due to the in-situ process and more silanol 
moieties. Nevertheless, the high degree of organosilane incorporation is 
often accompanied by distortions and structural defects (Qian et al., 
2008). 

These modifications allow the formation of hybrid materials with 
increased adsorption properties for pollutant removal. Indeed, with the 
expansion of industries during the past two centuries, pollution has 
increased greatly all around the world and the development of depol-
lution techniques using inexpensive materials became essential (Kem-
gang Lekomo et al., 2021; Shayesteh et al., 2015; Paredes-Quevedo 
et al., 2021). Natural clay represents an inexpensive material, available 
in a lot of developing countries, that can be a good candidate for organic 
pollutant adsorption from water (Srivastava et al., 2009; Akçay et al., 
2009; Nodehi et al., 2020; Tchanang et al., 2021; Queiroga et al., 2019, 
2021; De Queiroga et al., 2019). 

The objectives of this work are to explore the possibilities of using 
natural Cameroonian clays as raw material for the preparation of 
organic-inorganic hybrid compounds by grafting with silanol groups, i.e. 
either tetramethoxysilane (TMOS) or [3-(2-aminoethylamino)propyl] 
trimethoxysilane (EDAS), using a well-controlled and easy sol-gel pro-
cedure. The resulting nanocomposite materials are evaluated as adsor-
bents for dyes such as fluorescein, malachite green and brilliant purple 
diamond present in water polluted by textile industries. The experiments 
are performed with raw clays from the locality of Bakotcha (West 
Cameroon). Several physico-chemical techniques were used to evaluate 
the efficiency of the functionalization process. 

2. Material and methods 

2.1. Clay material and chemical reagents 

A smectite type clay material from the locality of Bakotcha, (West 
Cameroon) was used in this work. It corresponds to a montmorillonite 
clay with trace of cristobalite and feldspars as shown by the X-ray dif-
fractogram in (Mahy et al., 2022). The sampled clay was air-dried in the 
laboratory to a constant weight before grinding and sieving in a 160 μm 
diameter sieve. The silica precursors and the solvent were tetrame-
thoxysilane (TMOS, 98%, density = 1.032 g/mL) from Alfa Aesar, 
[3-(2-aminoethyl)aminopropyl]trimethoxysilane (EDAS, 80%, density 
= 1.028 g/mL) from Sigma Aldrich, Ethanol absolute (ACS grade) from 
Merck. Hydrochloric acid (HCl 36–38%, Merck) was used to adjust the 
pH of the solution. All solutions were prepared with deionized water. 

2.2. Sol-gel method to modify clay with alkoxides 

Clays modified with organosilanes were prepared by sol-gel process 
either to saturate the material with silica (TMOS) or graft amine groups 
(EDAS). The synthesis used was inspired from (Qian et al., 2008). 
Different alkoxide/clay mass ratios were taken in order to evaluate the 
influence of the reagent composition. Table 1 represents the different 
ratios. 

2.2.1. TMOS modified clay samples 
50 mL of deionized water was acidified with hydrochloric acid 

(36–38%, Merck) to pH 1.5 and put under magnetic stirring at room 
temperature. A weight of 3.10 g of montmorillonite clay was added to 
the initial solution under continuous stirring. Specific amount of TMOS, 
depending to the aimed ratio (Table 1), was taken and introduced into 
10 mL of absolute ethanol. This second mixture was added to the initial 
solution under stirring at 25 ◦C until a light brown sol was formed. The 
gel is aged in an oven for condensation for 24 h at 25 ◦C and finally dried 
at 60 ◦C for 48 h. The procedure used is called acid-catalyzed procedure 
because the acid catalyzes the sol-gel process (Brinker and Jef-
freyScherer, 2013). 

2.2.2. EDAS modified clay samples 
The syntheses of samples with EDAS were similar to the ones with 

TMOS, except that the gel was aged for 3 days in an oven at 80 ◦C for 
condensation and finally dried at 150 ◦C for 24 h. Only two ratios were 
synthesized since the clay/EDAS ratio 3/10 was too viscous that it was 
impossible to dry and work with it. 

2.3. Material characterization methods 

Nitrogen adsorption-desorption isotherms of all samples were 
determined in an ASAP multisampler device from Micromeritics at 
− 196 ◦C. The samples were degassed at 120 ◦C for 24 h before analysis. 

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Twin- 
Twin powder diffractometer (Bruker, Billerica, MA, USA) using Cu-Kα 
radiation, with a step size of 0.002◦, a scan speed of 2◦/min, a 2 theta 
range of 2–70◦, a current of 40 mA, and a voltage of 40 kV. Phase 
quantification was made with TOPAS software. 

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

The zeta potential is measured on the different sample suspensions 
with a DelsaNano C device from Beckman Coulter. 

The point of zero charge (PZC) is evaluated for each sample as fol-
lows (Schreier and Regalbuto, 2004): 11 vials are prepared with 10 mL 
of Milli-Q water. The pH of each of these vials is adjusted with diluted 
HCl and NaOH solutions to cover a pH range of 2–12 with a ΔpH of 1 
between each vial. Then, an equal amount of sample is placed in each of 
the vials. The mass of sample to be added must be such that the surface 
concentration in a vial is 1000 m2 L− 1, i.e. a specific surface area of 10 
m2 in 10 mL. Once the sample is suspended in each vial, they are stirred 
for 1 h. After this time, the pH of each of the vials is measured again and 
a graph of the final pH versus the initial pH can be drawn. The PZC is 
given by the pH value at which a plateau appears on the graph (Schreier 
and Regalbuto, 2004). 

Scanning electron microscopy (SEM) pictures were obtained on a 

Table 1 
Clay/TMOS and Clay/EDAS mass ratios.  

Ratio Clay/TMOS (w/w) Ratio Clay/EDAS (w/w) 

3/3 3/3 
10/3 10/3 
3/10 –  
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TESCAN CLARA microscope operating at 15 keV. 
The actual composition of the clay materials was determined by 

Inductively Coupled Plasma–Atomic Emission Spectroscopy (ICP–AES), 
equipped with an ICAP 6500 THERMO Scientific device. The minerali-
zation is fully described in (Mahy et al., 2016) with HF used instead of 
HNO3. 

2.4. Adsorption experiments 

The adsorption tests were evaluated on the raw clay material and on 
the TMOS and EDAS functionalized clay samples with the different mass 
ratios (6 samples in total). Three model pollutants and dyes used in the 
pesticide and textile industries, were tested: malachite green (MG, pKa 
6.9), fluorescein (FL, pKa 6.4) and brilliant violet diamond (BVD, 
Remazol brilliant violet 5R, pKa not referenced in literature). Six vials 
containing sample powders of 5, 10, 15, 20, 25 and 30 mg with 20 mL of 
pollutant solution in water were prepared for adsorption experiment. 
Initial solution concentrations of pollutants were 20 mg/L for FL (pH =
5.3) and 4 mg/L for MG (pH = 6.2) and BVD (pH = 7.2), these pollutant 
concentrations are commonly found in adsorption studies on this kind of 
molecules (Shayesteh et al., 2015; Nodehi et al., 2020; Tchanang et al., 
2021). The different samples were shaken continuously in the dark. 
Aliquots of pollutants were taken every 10, 20, 60 min up to 2 h. Re-
sidual concentrations of pollutants were assessed with a Genesis 150S 
UV–Vis spectrophotometer (Thermo Scientific) without filtration. Pre-
viously, calibration curves were made for each pollutant. The main 
adsorption peaks were located at 485 nm for fluorescein, 550 nm for 
brilliant violet diamond and 660 nm for malachite green. 

3. Results and discussion 

3.1. Composition of modified clays 

Silica-clay nanocomposites were prepared at different ratios as 
described in the experimental section (section 2.2). Variable amounts of 
silicon alkoxysilanes (TMOS and EDAS) mixed with ethanol were slowly 
added to dispersions of clays acidified with hydrochloric acid. Each 
mixture was homogenized under continuous stirring at room tempera-
ture. HCl was added to allow TMOS or EDAS to be covalently bound to 
the surface of the clays so that it could react with other hydrolyzed 
molecules of the same type. Depending on the amount of TMOS or EDAS 
added, gelation of the system occurred. The gel formed in the Clay/ 
TMOS 3/10 case does not have a high viscosity. TMOS contributes to a 
reaction gelation time between 30 min and 2 h for the 3/10 Clay/silane 
ratio. When EDAS is used, there is no gelation of the samples. The Clay/ 
EDAS (3/10) sample did not yield any powder product after drying; the 
gel remained soft. The different capacities of silanes to insert themselves 
into the clay sheets could explain these observations. Diffusion is facil-
itated by the lower steric hindrance presented by TMOS (small molec-
ular size) compared to EDAS. The condensation step is slower when the 
number of silanol groups on the alkoxysilane is smaller (He et al., 2005). 
The surfaces of the clays were fixed by silane arrays or silica nano-
particles depending on the Clay/TMOS or Clay/EDAS ratio (Qian et al., 
2008). 

The Al and Si composition measured by ICP-AES is given in Table 2. 

The addition of silane increases the amount of silicon in the sample and 
the ratio Si/Al increases. TMOS/Clay samples contain more silicon than 
EDAS/Clay samples. 

FTIR spectroscopy was applied to analyze possible differences in 
samples (Fig. 1). The FTIR spectrum of the raw Clay (Fig. 1a or 1b in 
blue) shows the following characteristic bands (Madejova’and et al., 
2001): at 3650 cm− 1, stretching vibrations of the OH bonds that corre-
spond to hydroxyl groups of the montmorillonite structure; at 3590 
cm− 1, tension vibrations of the OH bonds of the chemisorbed and 
physisorbed water; and at 1610 cm− 1, the deformation vibration of the 
OH bonds. The band at 1020 cm− 1 results from the stretching vibration 
of the Si–O bonds of the Montmorillonite (Mt) structure (Slaný et al., 
2019). In addition, the band at 790 cm− 1 corresponds to the deformation 
vibration of the Si–O bonds of silica, which is an associated phase. The 
bands at 909 cm− 1, result from the deformation vibrations of the Al–OH 
bonds of the AlAlOH structural groups. The band at 620 cm− 1 is assigned 
to the coupling vibrations of the Al–O and Si–O groups of the Mt 
structure and the bands at 520 cm− 1 and 490 cm− 1 correspond to the 
deformation vibrations of the Al–O–Al and Si–O–Si groups, respectively. 

The FTIR spectra of natural clay and modified ones are all presented 
in Fig. 1. Surface modification of montmorillonite with TMOS and EDAS 
was demonstrated by FTIR. Indeed, the asymmetric stretching modes of 
Si–O–Si were observed at 40 and 1020 cm− 1 while the stretching vi-
brations of Al–O–Si were observed at 790 and 520 cm− 1 for every TMOS 
and EDAS samples (Fig. 1a and b). The hydroxyl group bound to 
aluminum (Al(Al)OH) or magnesium (Al(Mg)OH) shows stretching vi-
brations at 3690 cm− 1. The stretching of the hydroxyl group and 
bending vibrations of the H–O–H bonds in the adsorbed water molecules 
intercalated in the clay mineral occur approximately at 3465 cm− 1 and 
1630 cm− 1 respectively (Piscitelli et al., 2012). However, the latter was 
shifted to 1630 cm− 1 in the amino-functionalized clay mineral (Fig. 1b). 
The new absorption band at 2950 cm− 1 corresponds to the C–H 
stretching vibration of single bond CH2 groups of EDAS (Fig. 1b). These 
FTIR bands indicate the surface modification of natural montmorillonite 
by silica alkoxides. New bands were observed at 1490 cm− 1 and 1320 
cm− 1, corresponding to single-bond NH2 and Si–CH vibrations respec-
tively, which also confirmed the presence of the silane (Fig. 1b). 

3.2. Crystallinity 

The XRD patterns of the different samples (Fig. 2) has allowed to 
estimate the crystalline structure of the samples. The raw cay is char-
acterized by the following minerals: montmorillonite, talc, kaolinite, 
illite, feldspar, augite and cristobalite. The quantification of phases is 
presented in Table 3. 

In the case of the Clay/TMOS sample series (Fig. 2), the intensity of 
the clay diffraction peaks decreases when the clay is modified with 
TMOS. It becomes practically nonexistent when the Clay/TMOS ratio is 
low (i.e. 3/10). This result suggests that the clay platelets were 
delaminated during the synthesis reaction (Qian et al., 2008) and that 
large amount of amorphous silica is introduced in the samples. Con-
cerning the quantification of crystalline phases (Table 3), it is observed a 
decrease of three phases: kaolinite, illite and cristobalite. This modifi-
cation of phases can be due to acid leaching during the modification of 
clay with the silane (Komadel and Madejová, 2006; Espínola et al., 
2003). Indeed, it is made in acidic condition (HCl at pH of 1.5, see 
experimental section). For the sample Clay/TMOS 3/10, mainly mont-
morillonite is detected. 

In the Clay/EDAS patterns (3/3) and (10/3) (Fig. 2), the peaks of the 
different minerals present in the raw material are still visible after the 
EDAS modification with similar intensities. This would mean that with 
the low proportion of EDAS used during the syntheses, its incorporation 
in the clay did not change the initial structure of the material. Con-
cerning the quantification of crystalline phases (Table 3), it is also 
observed a decrease of three phases: kaolinite, illite and cristobalite. 
Similar explanation than samples modified with TMOS can be drawn 

Table 2 
Al and Si compositions of all samples measured by ICP.  

Sample Al (wt%) Si (wt%) Si/Al 

Raw clay 11.4 20.7 1.82 
Clay/TMOS 3/10 9.74 21 2.16 
Clay/TMOS 3/3 7.24 23.4 3.23 
Clay/TMOS 10/3 10.2 22.7 2.23 
Clay/EDAS 3/3 7.82 19.9 2.54 
Clay/EDAS 10/3 10.5 22 2.10  
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due to the acidic treatment. 
For all samples modified with silane (TMOS of EDAS), it is observed a 

modification of the pic located at 5.7◦ for the raw Clay. This peak cor-
responds to the basal spacing (001) and is related to the degree of 
intercalation of species in clay. According to (Asgari and Sundararaj, 
2018), functionalization with silanes shifts the peak towards lower 
values of 2θ. The average value of (001) differs significantly depending 
on the medium used. This can be attributed to the high amounts of 
chemical grafting at the edges, which slightly separate the separated 
layers due to the richness of grafted species. 

In (Piscitelli et al., 2010), X-ray diffraction patterns related to basal 
spacing (001), show that the introduction of any type of aminosilane 
into the Montmorillonite gallery shifts the peak to lower values 
compared to the bulk material. This increase in basal spacing is a clear 
signal that each aminosilane species has been grafted/intercalated into 
the Montmorillonite interplatelet space. In detail, pure MT sample 
shows a peak at 2 ϴ equal to 7.5, while MT modified by aminosilane 
sample shows diffraction peaks at 2 ϴ values between 5.3 and 5.9 

(Piscitelli et al., 2010). 
In the case of this study, the samples modified with EDAS have their 

basal peak modified from 5.7 for the raw Clay to 4.3 and 4.5 for the 
Clay/EDAS 3/3 and Clay/EDAS 3/10, respectively. It indicates an 
intercalation of the silane in the Montmorillonite structure. 

Concerning the samples modified with TMOS, it is a displacement of 
the basal peak towards higher values (6.9, 7.1 and 6.6 for Clay/TMOS 3/ 
10, Clay/TMOS 3/3, and Clay/TMOS 10/3, respectively). This indicates 
a different behavior with this silane (TMOS) compared to EDAS which 
leads to less spacing between the sheets of the Montmorillonite 
structure. 

3.3. Texture and surface aspect of samples 

The textural properties of samples were confirmed by nitrogen 
adsorption-desorption measurements. Table 4 shows the specific surface 
areas (SBET), the microporous volume (Vmicro) and the porous volume 
(VP) of the different samples. The bare clay sample has a relatively low 

Fig. 1. FTIR spectra of the 6 samples: (a) TMOS series and (b) EDAS series.  
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specific surface area (45 m2/g), which increases highly when TMOS is 
used (between 135 and 660 m2/g). This increase can be due to the 
production of micro-meso silica materials in the clay. In Fig. 2, the 
montmorillonite peak nearly disappears with the increase of TMOS 
amount used during the syntheses. 

When EDAS is grafted, only a slight specific surface area increase is 

observed (around 55 m2/g) and a reduction of the porous volume 
(Table 4). This increase is due to the intercalations of the silanes into the 
smectite lattice (Qian et al., 2008). This insertion is observed in the XRD 
diagrams (Fig. 2) with the change of position of the peak around 5◦. 

The isotherms corresponding to the Clay/TMOS and Clay/EDAS se-
ries are represented in Figs. 3 and 4, respectively. For the Clay/TMOS 
series, the isotherms evolve from a type IV isotherm (mesoporous solid 
for the raw clay) to a type I (microporous solid for the Clay/TMOS 3/10) 

Fig. 2. XRD patterns of samples: (■) Raw Clay, (◆) Clay/TMOS 3/10, (▴) Clay/TMOS 3/3, (x) Clay/TMOS 10/3, (●) Clay/EDAS 3/3, and (+) Clay/EDAS 10/3. The 
positions of the reference peaks are indicated on the raw clay by the following letters: (Mt) montmorillonite, (T) talc, (K) kaolinite, (Il) illite, (Fp) feldspar, (Au) 
augite, and (Cr) cristobalite. The positions are not indicated on the composite materials to not overload the figure. 

Table 3 
XRD phase quantification with TOPAS software.  

Samples Montmorillonite (%) Talc (%) Kaolinite (%) Illite (%) Feldspar (%) Augite (%) Cristobalite (%) 

Raw clay 80.22 2.01 4.19 7.58 0.52 0.85 4.64 
Clay/TMOS 3/10 93.03 0.59 0 1.12 3.65 0.94 0.67 
Clay/TMOS 3/3 83.87 0 1.1 2.24 5.13 3.13 4.54 
Clay/TMOS 10/3 85.21 0 1.51 1.16 6.85 2.53 2.75 
Clay/EDAS 3/3 84.1 0 1.02 3.23 5.78 3.1 2.78 
Clay/EDAS 10/3 84.07 0 0.52 3.66 7.88 2.65 1.22  

Table 4 
Texture of samples.  

Sample SBET 

(m2/ 
g) 
±5 

Vmicro 

(cm3/g) 
±0.01 

VP 

(cm3/ 
g) 
±0.01 

Zeta 
potential 
(mV) 
±0.01 

pH of zeta 
potential 
(− ) 

PZC 
(− ) 
±0.1 

Raw clay 45 0.03 0.07 − 10.94 5.4 6 
Clay/ 

TMOS 
3/10 

660 0.30 0.39 − 8.07 3.5 3.7 

Clay/ 
TMOS 
3/3 

285 0.14 0.20 +3.40 3.2 3.2 

Clay/ 
TMOS 
10/3 

135 0.07 0.12 +2.41 3.4 3.4 

Clay/ 
EDAS 
3/3 

55 0.02 0.03 +34.49 9.2 8.2 

Clay/ 
EDAS 
10/3 

55 0.02 0.04 +10.34 6.1 5.3 

SBET: specific surface area obtained by BET method; Vmicro: microporous volume; 
Vp: specific liquid volume adsorbed at saturation pressure of nitrogen. 

Fig. 3. Nitrogen adsorption–desorption isotherms for (◆) Raw Clay, (▴) Clay/ 
TMOS 10/3, (x) Clay/TMOS 3/3 and (■) Clay/TMOS 3/10 samples. 
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when the amount of TMOS increases compared to the clay. In all sam-
ples, a hysteresis is noticed due the presence of mesopores. For the Clay/ 
EDAS series, the shape of the isotherm stays the same, only the volume at 
saturation decreases due to less mesopores probably filled with EDAS 
molecules. 

A more detailed study of the sample surface was carried out by SEM 
(Fig. 5). It is observed that the surface of the silica pillared clays by the 
sol-gel process is considerably affected on some samples as shown in the 
images in Fig. 5. On the raw material, the typical clay sheets are present; 
however, on the Clay/TMOS series, the surfaces of the samples are 
covered with large continuous silica networks giving a rougher aspect of 
the surface (Fig. 5b and c). These results are in agreement with the high 
specific surface areas found for the Clay/TMOS series. On the contrary 

the Clay/EDAS series does not show significant differences with the raw 
clay sample. 

The differences observed in the SEM images, the gelation time during 
the grafting, XRD patterns and nitrogen adsorption-desorption iso-
therms in the TMOS and EDAS series can be explain by two different 
mechanisms in the two series: (i) in the Clay/TMOS series, the addition 
of TMOS produces amorphous silica network mixed with the clay 
(Fig. 2) leading to a porous hybrid material (Table 4) where porous silica 
particles cover the surface of the clay sheets (Fig. 5b, c and 5d); (ii) in the 
Clay/EDAS series, the EDAS molecules are probably grafted to the sur-
face of the clay producing a continuous dense coating at the surface with 
similar aspect to the Raw Clay (Fig. 5e and f) reducing the porous vol-
ume of the Raw Clay (Table 4) and keeping the same crystallinity of the 
Raw Clay (Fig. 2) with a displacement of the basal peak. 

The formation of both different structures leads to two series of 
hybrid materials with new surface properties, one with a high surface 
area containing a lot of silica surface groups and one with silane grafted 
at the surface containing amine groups. These materials can have 
interesting adsorption properties due to high porosity or specific amine 
groups at the surface, their adsorption capacities are explored in the next 
section. 

3.4. Adsorption properties of hybrid samples 

The adsorption efficiency of functionalized clays was tested on the 
removal of 3 model pollutants: fluorescein (FL), malachite green (MG), 
and brilliant violet diamond (BVD) which are represented in Fig. 6. 
These pollutants are listed among those generally used in the pesticide 
and textile industry (Mahy et al., 2019b; Lalonger, 1994; Alderman, 
1985). For each pollutant, the evolution of the pollutant concentration 
over time is estimated with different concentrations of adsorbent ma-
terials between 5 and 30 mg of sample for 20 mL of pollutant solution. 
The initial pH for the three pollutant solutions is 5.3, 6.2, and 7.2 for FL, 
MG, and BVD, respectively. 

Fig. 4. Nitrogen adsorption–desorption isotherms for (◆) Raw Clay, (▴) Clay/ 
EDAS 10/3 and (■) Clay/EDAS 3/3 samples. 

Fig. 5. SEM pictures of (a) Raw Clay, (b) Clay/TMOS 3/10, (c) Clay/TMOS 3/3, (d) Clay/TMOS 10/3, (e) Clay/EDAS 3/3, and (f) Clay/EDAS 10/3 samples.  
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For each sample, the zeta potential and the point of zero charge were 
measured (Table 4) for a concentration of 1 g/L of sample (it corre-
sponds to the condition with 20 mg of sample). The pH with the different 
clays is also measured. It will allow to better understand the adsorption 
phenomenon. 

For the fluorescein, Fig. 7 represents the evolution of the concen-
tration (C/C0) during 1 h for the 6 samples. With the Raw Clay, around 
80% of FL are adsorbed during the experiment (Fig. 7a), the modifica-
tions with TMOS (Fig. 7b–d) allow to increase the adsorption capacity of 
the sample leading to a total FL adsorption during the experiments. This 
modification significantly increases the specific surface area (Table 4). 
However, the specific surface area is not the only parameter involved in 
the adsorption process, the nature of the surface groups of the adsorbent 
plays also a role. For the samples modified with EDAS (Fig. 7e), even if 
the specific surface area is slightly larger (Table 4), no adsorption occurs 
during the experiments. The insertion of the ethylenediamine groups of 
the EDAS have no affinity with FL. It is observed in Table 4, that the 
introduction of EDAS modifies the surface charge of the Clay/EDAS 
samples to a more positive value leading to less adsorption of FL. 

Both samples modified with EDAS (Clay/EDAS 3/3 and Clay/EDAS 
10/3) do not adsorb fluorescein whatever the adsorbent concentration. 
It is why only one set of point is represented on Fig. 7e. 

For the malachite green, Fig. 8 represents the evolution of the con-
centration (C/C0) during 1 h for the 6 samples. The raw clay and the 

Fig. 6. Molecular structure of (a) fluorescein, (b) malachite green and (c) 
brilliant violet diamond. 

Fig. 7. C/C0 fluorescein evolution with time for 5–30 mg concentration range for (a) raw clay, (b) Clay/TMOS 10/3, (c) Clay/TMOS 3/3, (d) Clay/TMOS 3/10, and 
(e) Clay/EDAS 3/3 samples. 
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samples modified with TMOS adsorb totally MG after 10 min, while the 
samples modified with EDAS take 2 h to adsorb it totally. The presence 
of the ethylenediamine groups slows the MG adsorption. The positive 
charges of the surface of the Clay/EDAS samples (Table 4) seem to slow 
down the adsorption process. 

Raw Clay, and the 3 samples modified with TMOS have the same 
behavior as represented on Fig. 8a with a complete adsorption of MG 
after 10 min whatever the adsorbent concentration. It is why only one 
set of point is represented on Fig. 8a. 

For the brilliant violet diamond, the same adsorption behavior is 
noticed for all samples (Fig. 9) with a fast adsorption of this pollutant in 
10 min. For this pollutant, the modification of the clay is not necessary. 

Throughout the adsorption of the 3 model pollutants, it is noticed 
that the surface obtained with samples modified with TMOS brings the 
most promising adsorbent materials. These materials present the highest 
specific surface area and a more acidic surface (Table 4). The Clays 
modified with EDAS results in a more basic surface (Table 4). Depending 
on the type of pollutant and the surface groups of the adsorbent, very 
different behaviors can be obtained. 

When clay and modified clays are added, the pH of the solution is 
modified following these tendencies (Table 4): when Clay or Clay/TMOS 
is added, the pH becomes more acid (between 3.4 and 3.7, Table 4), 
while with Clay/EDAS, the pH becomes more basic (between 6.1 and 
9.2, Table 4). So, the addition of raw Clay and Clay/TMOS samples will 
result in materials with more acidic sites and/or hydroxyl surface groups 
that will have more affinity to adsorb on the solid. Contrarily, the Clay/ 
EDAS samples will induce materials with more basic adsorption sites 
with different adsorption affinity. 

All other samples in any concentration have the same the same 
behavior as represented with a complete adsorption of BVD after 10 min 
whatever the adsorbent concentration it is why only one set of points is 
represented on Fig. 9. 

3.5. Comparison with literature 

In Table 5, a comparison of the main results of this study with 
literature is presented. It is observed that there are many different pa-
rameters for one study to another, so a direct comparison is difficult. 

Indeed, the materials, the concentration of dye, the time of contact or 
the design of the adsorption study are different. Nevertheless, it is 
observed that the modified clays of this study are effective for the 
removal of three different dyes while usually only one is studied in the 
other papers. A complete removal of the three pollutants is obtained in a 
short time (100% in less than 1 h) compared to the other study where at 
least 2 h are needed. But the dye concentrations of this study (4–20 mg/ 
L) are a bit lower than in other studies (10–240 mg/L). The adsorbent 
concentration used here (1 g/L) is a bit lower than in other studies (some 
at 2 (Zaoui et al., 2020), 4 (Ribeiro et al., 2017) or 30 g/L (Shayesteh 
et al., 2015)). 

Zaoui et al. uses also a modified Montmorillonite clay for the 
removal of MG. 96% is removed after 300 min at a concentration of 2 g/ 
L with an initial MG concentration of 27 mg/L. 

4. Conclusion 

In this paper, natural raw clay from Cameroon was modified with 
two silicon alkoxide molecules, tetramethoxysilane (TMOS) and [3-(2- 
aminoethylamino)propyl]trimethoxysilane (EDAS) in different pro-
portions. The goals of these modifications are to produce hybrid mate-
rials with modified surface, higher specific surface area and different 
surface groups in order to increase their adsorption capacity. The aim is 
to use these modified clays as organic pollutant adsorbent for water 
depollution. 

The XRD patterns show a dilution of the montmorillonite structure of 
the raw clay when it is modified with TMOS, while the modification with 
EDAS keeps its original crystalline structure. When EDAS is introduced, 
a displacement of the basal peak is observed due to the intercalation of 

Fig. 8. C/C0 malachite green evolution with time for 5–30 mg concentration 
range for (a) raw clay, (b) Clay/EDAS 10/3, and (c) Clay/EDAS 3/3. 

Fig. 9. C/C0 brilliant violet diamond evolution with time for 5 mg concentra-
tion for Raw Clay. 
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the silane. The SEM and BET measurements confirm that two types of 
materials are produced depending on the silane used: (i) with TMOS, 
highly porous materials are produced with the formation of silica par-
ticles at the surface of the clay with the porosity increasing with the 
amount of TMOS; (ii) with EDAS, a similar morphology as raw clay is 
obtained with only a small increase in porosity. In this case, EDAS 
molecules are grafted at the surface of the clay producing a layer at the 
surface with new surface ethylenediamine groups. 

Both surfaces give different adsorption behaviors on the 3 model 
pollutants. For the raw clay and the TMOS modified clays, similar 
adsorption properties are obtained with a better adsorption when the 
specific surface increases (when TMOS contain increases). In all these 
samples, similar surface groups are present, the surface groups of the 
clay and the surface groups of the produced silica (mainly OH groups). A 
more acidic surface is produced. When clay is modified with EDAS, the 
adsorption properties change as the surface groups are different due to 
the grafting of EDAS and a large presence of ethylenediamine groups 
giving a basic surface. These EDAS modified samples have less affinity 
with fluorescein and malachite green reducing the adsorption capacity 
for this kind of pollutants. 

The tuning of the raw clay with silane opens the way for the devel-
opment of highly efficient adsorbent for pollutants in water from natural 
and inexpensive materials. 
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Stéphanie D. Lambert: Conceptualization, Funding acquisition, Meth-
odology, Project administration, Writing – review & editing. Ernestine 
Mimba Mumbfu: Formal analysis, Investigation. Joachim Cauche-
teux: Funding acquisition, Investigation. Antoine Farcy: Formal anal-
ysis, Investigation. Nathalie Fagel: Funding acquisition, Project 
administration, Supervision. Emmanuel Djoufac Woumfo: Project 
administration, Supervision. Julien G. Mahy: Conceptualization, 
Formal analysis, Investigation, Methodology, Supervision, Validation, 
Writing – original draft, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 
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