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ARTICLE INFO ABSTRACT

Keywords: Maghnite (Algerian Montmorillonite) was grafted with (3-MercaptopropyDtriethoxysilane in a water/ethanol
Mont‘morillonite mixture. The intercalation phenomenon of the grafted product was investigated following a modification with
G_raf“ng trimethyltetradecylammonium chloride at different cation exchange capacities (CEC). XRD results revealed a
SBg:;e distance fixation of the dgo; value at 21.47 A after the grafting reaction, caused by the condensation of silane molecules
Intercalation with the two adjacent clay layers. This effect was not observed during the modification of non-grafted mont-
Surfactant morillonite with the same surfactant, as the d001 value increased with higher concentrations of trimethylte-

tradecylammonium chloride. TGA analysis revealed the hydrophobic nature of the modified material, initially
hydrophilic, with a reduction in the loss of physisorbed and chemisorbed water from 11.36 % to 6.73 %, thus
limiting the swelling phenomenon. The absorption bands at 2954.4 cm™, 2854.4 cm™, and 2569 cm™, assigned
to -CHz (symmetric), -CHz2 (asymmetric), and SH groups, respectively, confirm the successful grafting and
intercalation. Controlling the fixation of the interlayer spacing of a clay grafted with an alkoxysilane can lead to
the development of an organophilic material with immobilized reactive organic groups and controlled swelling.

Cation exchange capacities

1. Introduction

The synthesis of organophilic clays (hybrid materials or nano-
composites) that can be used, for example, as catalytic supports in re-
actions for the conversion of certain organic compounds as
environmental materials or as auxiliaries in the synthesis of solar panels
[1-3] has attracted the interest of many researchers. Silane grafting has
proven to be an effective method for changing the appearance of clay
surfaces. Several studies on the functionalization of clays have been
conducted in order to synthesize organic-inorganic hybrid materials in
which the two parties are linked by strong interactions (covalent bonds),
favoring a certain immobilization of reactive organic groups on clay
surfaces and preventing their leaching into the surrounding environ-
ment when used in solutions [4,5].

Among these clays is montmorillonite, widely used to prepare this
material [6,7]. Montmorillonite clay is a typical aluminosilicate repre-
sentative. It possesses several unique properties, including a lamellar
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structure, swelling capacity, special hydration capacity, adsorption, and
interlayer ion exchange capacity. This last property qualifies montmo-
rillonite for possible modification by precursors (silanes). This mineral
has an excess negative charge on its surface, which allows cations to be
easily absorbed [8,9]. This surface charge can thus be neutralized by
modifying the surface with cationic organic surfactants [10,11]. Mont-
morillonite is a hydrophilic mineral that can only interact with polar
structures. Thus, mixing this type of mineral with apolar hydrophobic
compounds would be extremely difficult. Hydrophobic groups must be
introduced to the surface of the layers to overcome this barrier and
enable organo-mineral interactions [12]. Previous research has shown
that introducing organic complexes between montmorillonite layers
changes the surface’s hydrophilic properties, making it hydrophobic
[13]. This modification method may be possible by reacting silanes with
silanol groups (Si-OH) located on this type of clay sheet’s edges and
surfaces [14-16]. A previous study found that the silane was inserted
into the interfoliar space of montmorillonite due to an increase in basal
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spacing (dgo1), with the high value of the latter explained only by the
presence of a double layer of silane molecules connecting the two
adjacent layers of montmorillonite [17]. The technique involves
exposing these silanols to organosilane agents [18].

Several studies have shown that grafting a silane onto montmoril-
lonite, such as aminopropyltrimethoxysilane, increased its dgg;, con-
firming the possibility of grafting into the galleries of montmorillonite
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[19]. After grafting montmorillonite with 3 aminopropyltriethoxysilane,
a recent study discovered a blocking phenomenon in the basal distance
value dgo; [20]. This phenomenon is thought to be caused by the
simultaneous condensation of silane molecules with two adjacent
montmorillonite layers. To this end, this study aims to graft Maghnite
with (3 Mercaptopropyl) triethoxysilane and investigate its effect on
blocking the interlamellar distance.

The objective of the present study is to master the grafting meth-
odology of a coupling agent, such as MPTES, which results in the sta-
bilization of the d001 value while immobilizing the alkoxysilane
molecule between the layers of Maghnite. The synthesized product has
potential applications as an environmental material, such as in water
purification. This type of material could be integrated into filtration
systems to effectively eliminate undesirable organic or inorganic
substances.

2. Experimental
2.1. Materials and methods

Purified clay (Maghnite) with a CEC of 115 meq/100 g was used as
the base sample in this study. Grafting was done with a trifunctional
silane (3-mercaptopropyDtriethoxysilane (MPTES), an Aldrich product
(>80 %), and it was used exactly as received. Trimethylte-
tradecylammonium Chloride (TMTDAC), an Aldrich product with a
purity of 98 %, was used as a surfactant.

2.2. Raw clay purification

The raw clay was washed with hydrogen peroxide to remove any
organic matter before being dried in an oven at 80 °C for 24 h. The
purified clay was ground in a mortar to achieve uniform particle sizes.
Mt, the purified sample, was characterized using FRX, DRX, FTIR and
TGA elemental analysis.

2.3. MPTES grafting on Mt
This was achieved by grafting an MPTES-type monomer onto the

silanol groups of Mt. The chemical formula of (3-mercaptopropyl) trie-
thoxysilane (MPTES) is as follows:

A total of 10 g of Mt were first dispersed in 200 ml of a 25/75 water/
ethanol solution. Then, 8g of MPTES was added to the Mt suspension for
12 h at 100 °C while stirring. The grafted montmorillonite was recov-
ered by centrifugation (4000 rpm for 30 min) and washed with dichlo-
roethane to remove excess ungrafted silane. The Mt-MPTES product was
dried in an oven (80 °C for 24 h) and analyzed using XRF, CHN (C
determination), XRD, FTIR and TGA.

2.4. Modification of Mt and Mt-MPTES by TMTDAC at different CECs

This modification was carried out on Mt and Mt-MPTES as follows: a
desired amount of TMTDAC was dissolved in 30 ml of distilled water,
and 2g of Mt. 2g of Mt-MPTES was added to a similar suspension. The
two reaction mixtures were stirred for 6 h at 60 °C in a water bath. The
products obtained were washed with distilled water, recovered by
centrifugation (4000 rpm'l, 30 min) and dried in an oven (80 °C, 24 h).
The TMTDAC concentrations used were 0.5 CEC, 1.0 CEC and 1.5 CEC.
(0.5 CEC meant that the amount of TMTDAC added was 0.5 times the
CEC of the Mt in the suspension). The products of modification on Mt are
recovered and noted respectively: Mt-TMTDACp5cEc), Mt-
TMTDAC1 ocec) and Mt-TMTDAC(; scec). For grafted Mt, the products
recovered are, respectively: Mt-G-TMTDAC g 5cec), Mt-G-TMTDAC( -
cec) and Mt-G-TMTDAC; scec). The analyses performed on these sam-
ples are XRF, CHN (C and N determination), DRX, FTIR and TGA.

This modification was performed on Mt and Mt-MPTES by dissolving
the desired amount of TMTDAC in 30 ml of distilled water and 2 g of Mt.
Then, 2 g of Mt-MPTES was added to a similar suspension. The two re-
action mixtures were stirred for 6 h in a water bath at 60 °C. The ob-
tained products were washed with distilled water, centrifuged (4000
rpm'1 for 30 min), and dried in an oven (80 °C for 24 h). TMTDAC
concentrations of 0.5 CEC, 1.0 CEC, and 1.5 CEC were used. 0.5 CEC
meant that the TMTDAC added was 0.5 times the CEC of the Mt in
suspension. The following products of Mt modification were recovered
and noted: Mt-TMTDAC0.5cec), Mt-TMTDAC1.0cEc) and Mt-
TMTDAC 5cec). For grafted Mt, the products recovered were: Mt-G-
TMTDAC0.5¢cec), Mt-G-TMTDAC(1 ockC) and Mt-G-TMTDAC1 5cEc)-
These samples were subjected to XRF, CHN (C and N determination),
XRD, and FTIR analyses.

2.5. Modification of Mt and Mt-MPTES by TMTDAC at different CECs

This modification was carried out on Mt and Mt-MPTES as follows: a
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desired amount of TMTDAC was dissolved in 30 ml of distilled water,
and 2g of Mt. 2g of Mt-MPTES was added to a similar suspension. The
two reaction mixtures were stirred for 6 h at 60 °C in a water bath. The
products obtained were washed with distilled water, recovered by
centrifugation (4000 rpm’l, 30 min) and dried in an oven (80 °C, 24 h).
The TMTDAC concentrations used were 0.5 CEC, 1.0 CEC and 1.5 CEC.
(0.5 CEC meant that the amount of TMTDAC added was 0.5 times the
CEC of the Mt in the suspension). The products of modification on Mt are
recovered and noted respectively: Mt-TMTDACy5cec), Mt-
TMTDAC(1.0cecy and Mt-TMTDAC; scec). For grafted Mt, the products
recovered are, respectively: Mt-G-TMTDAC g scec), Mt-G-TMTDAC( 0.
cec) and Mt-G-TMTDAC scec)- The analyses performed on these sam-
ples are XRF, CHN (C and N determination), DRX, FTIR and GTA.

2.6. X-ray fluorescence analysis

Philips PW 2400 XRF Ray-X Fluorescence (XRF) spectrometry was
used to determine chemical compositions. The LiB4O7 fusion method
was used to prepare the samples.

2.7. CHN test

After combustion in a high-temperature furnace, the elements C and
N were detected using an infrared and thermal conductivity cell. The
equipment used is a TruSpec Micro CHN analyzer (LECO), known for its
efficiency and speed; the entire analysis cycle takes around 4 min.

2.8. FTIR analysis

The preparation consisted of compressing the samples with KBr to
obtain pellets (297 mg of pure, dry KBr with 3 mg of solid product). This
mixture was compressed under a vacuum (8 tons/cmz) at room tem-
perature. FTIR spectra were recorded on a brand-name instrument
(Shimadzu FTIR 830 Spectrophotometer, made in Japan) over a 4000 to
400 cm™ spectral range.

2.9. XRD analysis

XRD measurements were taken with a diffractometer (Philips
diffractometer X’Pert Software) on the Cu-Ka line at a wavelength of A =
1.54186 A. Determining the diffraction angle 26 allows us to calculate
the basal distance dgo; using Braag’s law (Eq. (3)):

2dg01.Sin6© = KA. 3)

The results were recorded in the 26 range (1° - 80°), with a 0.02° step
size and a counting time per step of 1.05 s.

2.10. TGA analysis

The analyzes were carried out under a nitrogen flow at 10 ml/ min,
for a heating rate of 10 °C/ min and a temperature interval of 30 to 800
°C, using a thermogravimetric analyzer of the SHIMADZU TGA brand-
51.
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Table 2

Results of elemental analysis by CHN.
Samples Mt Mt-TMTDAC" " Mt-MPTES Mt-G-TMTDAC""
% C 0.05 3.12 4.02 5.06
% N - 2.11 - 1.42

) The sample subjected to XRF and CHN is the 1.5 CEC sample from Mt.
3. Results and discussion
3.1. X-ray fluorescence analysis

The results of the various elemental analyses (XRF and CHN) per-
formed on samples Mt, Mt-TMTDAC(*), Mt-MPTES, and Mt-G-
TMTDAC®” suggest a hypothesis in favor of silane grafting and modifi-
cation with alkylammonium, (Table 1). A significant increase in SiO»
and SO3 levels from 55.22 % and 0.51 %, respectively, in Mt to 58.28 %
and 3.22 % in Mt-MPTES, which includes Si and S in its chemical
structure.

3.2. CHN test

The results obtained by CHN (Table 2) indicate carbon levels esti-
mated at 0.05 %, 3.12 %, 4.02 % and 5.06 % attributed respectively to
Mt, Mt-TMTDAC'”, Mt-MPTES and Mt-G-TMTDAC ? and nitrogen
levels estimated at 2.11 % and 1.42 % respectively for Mt-TMTDAC"”
and Mt-G-TMTDAC(”. These results highlight the presence of carbon
(surfactant alkyl chains and silane alkoxy groups) and nitrogen (sur-
factant NHf ammonium groups). The 1.42 % nitrogen content of Mt-G-
TMTDAC™ is lower than the 2.11 % of Mt-TMTDAC" . Moreover,
grafted silane molecules condensing between the Mt sheets leave little
space for the TMTDAC alkyl chains, in contrast to the ungrafted Mt.

Transmittance (a.u)

OH

T T T T T T T T T T

L L LI
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500

Wavenumber (cm™)

Fig. 1. FTIR spectra of: (a) Mt, (b) Mt-MPTES, (c) Mt-G-TMTDAC g scgc), (d)
Mt-G-TMTDAC(l_QCEc) and (e) Mt-G-TMTDAC(1<5CE(;).

Table 1

XRF elemental analysis results.
Content (%) Si0, Al,03 Fe,03 CaO MgO SO3 K-,0 NayO
Mt 55.22 18.04 3.32 1.35 4.93 0.51 1.19 1.88
Mt-TMTDAC 55.18 18.10 2.22 0.79 3.65 0.50 1.01 1.66
Mt-MPTES 58.28 18.20 2.14 0.60 3.10 3.22 0.78 1.75
Mt-G-TMTDAC 58.20 17.99 2.15 0.08 2.32 3.20 0.66 1.42
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3.3. FTIR analysis

Fig. 1 shows the FTIR spectra of five samples: Mt (a), Mt-MPTES (b),
Mt-G-TMTDAC«o5cecy (), Mt-G-TMTDAC( . ocecy (d) and Mt-G-
TMTDAC 5cec) (€). In spectrum (b), it can be noted that the majority of
the bands in the spectrum (a) were retained, but new bands at 2954.7
em?, 2854.4 cm™ and 2569 cm! appeared, attributed respectively to
the asymmetric and symmetric stretching vibrations -CH; of the alkyl
chain [21] and the thiol (SH) function of the silane molecules [22].
LeAnna Survant et al. highlighted the presence of the absorption band
corresponding to the thiol (SH) functional group at 2548 cm™ following
the grafting of a silane bearing this functional group [22]. This finding
confirms the grafting of MPTES onto the surface of the Mt sheets. The
decrease in intensity of the band located at 3624 cm™ (attributed to OH
of silanols and aluminons located at the tetrahedral and octahedral
layers edges) in the Mt-MPTES sample compared to that of the Mt can be
explained by the reaction of the silanols of the tetrahedra with the
silanols of the hydrolyzed silane molecules forming a Si-O-Si siloxane
bridge. It was followed by the condensation of the silanols with each
other forming a Si-O-Si-based network with the two adjacent layers
during the grafting process (Fig. 5). Spectra (c), (d) and (e) in Fig. 1 for
Mt-G-TMTDAC at 0.5CEC, 1.0CEC and 1.5CEC, respectively, also show
bands at 2954.7 em™', 2854.4 cm™ attributed to the asymmetric and
symmetric -CHy. However, the intensity of these two bands increased
after each TMTDAC modification due to the increase in TMTDAC con-
centration. Ismail Ltifi et al. also demonstrated that the intensity of the
absorption bands at 2936 cm™ and 2871 cm™, attributed to CHz asym
and CH: sym respectively, increases with the CEC [23]. Bands at 3163
cm™! and 1404 cm ™ can be attributed to N—H elongation vibration and
N—H surfactant deformation, respectively [24].

3.4. XRD analysis

The basal distance dgo; of Mt was 14.22 A (Fig. 2a). After grafting, its
value increased to 21.47 A

(Fig. 3a), as shown in Fig. 4, Wentao He et al. confirmed the grafting
of a silane onto montmorillonite through the increase in doot [25],
confirming the insertion of MPTES between the Mt galleries [26,27].
This value remained unchanged after further modification reactions on
Mt-MPTES by TMTDAC at different CECs (Fig. 3b, 3c and 3d), while this
distance increased to 27.58 A when modifications by TMTDAC were
made on ungrafted Mt (Fig. 2b, 2c and 2d), as detailed by Fig. 5. Ismail
Ltifi et al. demonstrated in a study on the modification of clay with

Intensity (a.u)
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alkylammonium that the interlayer spacing increases with the CEC of
the surfactant [23]. This result confirms that the MPTES grafted onto the
surfaces of the Mt interlayers. Moreover, the morphology and structure
of the grafted Mt were preserved despite the surfactant intercalation
process. We can deduce that the binding effect of dgg; occurred during
grafting due to the condensation of silane molecules with the two
adjacent Mt layers. The deposited silane molecules were hydrolyzed to
silanols by the water between the Mt layers, leading to the condensation
of these silanols, which probably formed oligomers with the adjacent Mt
layers [28]. The latter acted as pillars, fixing the value of dgo;, thus
blocking the space between two adjacent Mt layers.

3.5. TGA analysis

The aim of the TGA tests is to prove that the grafting reactions with
silane and the intercalations with alkylammonium have indeed taken
place, evidenced by the increase in the hydrophobic character of each
sample due to the presence of a polar organic groups between the layers
of the magnetite. The Mt thermogram (Fig. 6) reveals two stages of
degradation. The first mass loss, located in the temperature range of 30 —
200 °C, is estimated at 9.05 % and is attributed to the desorption of
physisorbed water and the dehydration of interlamellar cations. The
second temperature range (600 — 750 °C) shows a mass loss estimated at
2.31 %, attributed to the deshydroxylation of the aluminosilicates in the
sheets (Table 3) [29].

The thermogram of Mt-MPTES (Fig. 6) shows three stages of degra-
dation: the first at (30-200 °C), the second at (200-600 °C), and the final
one at (600-750 °C), estimated at (6.65 %), (45.60 %), and (2.80 %)
respectively. The 6.65 % mass loss observed in the first temperature
range is lower than the 9.05 % indicated for Mt in the same temperature
range. This decrease is explained by the hydrophobic nature of Mt-
MPTES, due to the presence of organic (propyl) chains in the silane
between the montmorillonite layers. The second stage of degradation
(200-600 °C), evaluated at 45.60 %, corresponds to the decomposition
temperature range of the grafted silane on the silicate layer [12]. The
final stage of degradation (600-750 °C) shows a mass loss of 2.80 %,
attributed to the dehydroxylation of the aluminosilicate sheets (Table 3).

According to Fig. 6, the thermogram of Mt-G-TMTDAC (1 5 ckc) shows
three stages of degradation: the first at 30-200 °C, the second at
200-600 °C, and the third at 600-750 °C, with mass losses estimated at
2.60 %, 63.30 %, and 4.13 %, respectively. The 2.60 % mass loss
observed in the first stage is lower than the 6.65 % indicated for Mt-
MPTES. This decrease is due to an increase in the hydrophobic nature

dyy,= 27.58 A

(d)
dyy,= 25.084
(c)
dy,= 18034
(b)
dyy= 14.22R

(@)

— T T T T T T T T

T
9 10 11 12 13 14 15 16 17
260()

Fig. 2. (a) Diffractograms of Mt, (b) Mt-TMTDACq scgc), (¢) Mt-TMTDAC; ocecy (d) Mt-TMTDAC 1 s5cEc)-
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Table 3
Results of TGA: Mt TGA, Mt-MPTES and Mt-G-TMTDAC 5ckc)-
Mt Mt- Mt-G-
MPTES TMTDAC scEc)
1st variation 30 — 200 30 - 200 30 -200 °C
< <
Mass loss (%) 9.05 6.65 2.60
2nd variation - 200-600 200 - 600 °C
<
Mass loss (%) - 45.60 63.30
3rd variation 600 — 600 - 750 600 — 750 °C
750 °C °C
Mass loss (%) 2.31 2.80 4.13
Total as a % of physisorbed and 11.36 9.40 6.73

chemisorbed water content

of the material, caused by the presence of apolar alkyl chains of
TMTDAC in the interlamellar space of Maghnite. The second stage, with
an estimated 63.30 % mass loss, is mainly attributed to the degradation
of alkylammonium and silane. The interval 600-750 °C displays a mass
loss of 4.13 %, attributed to the dehydroxylation of the aluminosilicate
sheets. Table 3 presents the total water loss percentage for the three
types of samples: Mt = 11.36 %, Mt-MPTES = 9.40 %, and Mt-G-
TMTDAC (1.5 CEC) = 6.73 %. This indicates that the hydrophobicity
increases in the order: Mt < Mt-MPTES < Mt-G-TMTDAC (1.5 CEQ),
confirming the success of the grafting and intercalation reactions.

4. Conclusion

In this study, the interlayer surfaces of Maghnite were successfully
grafted with MPTES. This finding is supported by the appearance on the
FTIR spectrum of the thiol function (SH) band at 2569 cm’! and the -CH,
bands at 2954 cm™ and 2854 cm™l. The condensation of hydrolyzed
silane molecules and existing silanol groups at the surfaces of adjacent
Maghnite layers formed a bridge, which fixed the basal distance value of
Mt-MPTES at 21.47 A despite TMTDAC intercalation at various con-
centrations. This phenomenon could lead to the developing of a new
material with reactive organic group immobilization and controlled
swelling properties.

The three ATG analyses showed a reduction in water loss rates each
time the Maghnite was subjected to grafting and intercalation. These
processes respectively enhance the hydrophobic character, which can be
explained by the presence of silane and alkylammonium between the
clay layers, thus confirming the success of these reactions. A grafted
montmorillonite with a silane, featuring a blocked basal spacing (dgo1),
offers unique possibilities due to its enhanced properties, such as its use
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as a water purifier. The functional groups introduced by the grafted
silane can specifically interact with pollutants, such as heavy metals
(lead, mercury), by forming chemical complexes. Organic substances
(such as pesticides or pharmaceuticals) can be trapped through hydro-
phobic interactions or specific bonding. The blocked basal spacing en-
sures good accessibility of pollutants to the internal surface, allowing for
a high and sustained adsorption capacity. This blocking can also prevent
the loss of intercalated substances, ensuring long-term efficiency. The
chemical modifications introduced by the silane can be tailored to target
specific pollutants (for example, by grafting acidic groups to capture
metal cations or amine groups for anions).
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