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Functionalized mesoporous solids based on
magadiite and [Al]-magadiite†

Hipassia M. Moura and Heloise O. Pastore*

Novel hybrid mesoporous and functionalized materials with controllable surface area and pore dimen-

sions with functional basic sites (–NH2) were synthesized from magadiite and [Al]-magadiite as layered

silicate precursors. The variable pore structure and properties of these materials were investigated in

these solids by using different CTA+/Na+ (CTA+ = cetyltrimethylammonium cation) molar ratios in the

pre-modification step with aminopropyltriethoxysilane (APTS) and tetraethoxysilane (TEOS). Characteri-

zations were carried out by different techniques to probe the effects of the amounts of interlayer surfac-

tant in the synthesis of the pillared and/or grafted materials. The crystalline structures of magadiite and

[Al]-magadiite layers were maintained as evidenced by FT-IR and SAED and contain pillars and aminopro-

pyl groups in the interlayer space. The hybrid solids were compared to the pillared forms (H. M. Moura,

F. A. Bonk and H. O. Pastore, Eur. J. Mineral., 2012, 24, 903) and to the aminopropyl-grafted forms and

presented the properties of both solids with the CO2 adsorption capability improved considerably.

1. Introduction

Pillared materials with large surface areas and pore volumes
are interesting substrates for many applications in the field of
adsorption and catalysis. Pillared clays show a characteristic
porous structure, mainly driven by the number and size of the
pillars in the interlayer region, which are, in turn, influenced
by the cation exchange capacity of the original clay mineral,
among other factors.1

The preparation of these pillared solids involves the
polymerization of silica sources directed by a template of sur-
factants into the interlayer gallery of the clay, to afford
materials with surface areas reaching values up to 1000 m2

g−1.2–6 Often, tetraethoxysilane is the silica source, although
other silanes, such as phenyl or methyltriethoxysilane, may be
used.6,7 The surface properties of these materials can be
changed by post-synthesis methods using the reactive silanol
groups on the surface. The pre-intercalation of cetyltrimethyl-
ammonium cations (CTA+) at different concentrations and sub-
sequent pillaring by TEOS hydrolysis into magadiite interlayer
were investigated before.8 The process resulted in a meso-
porous pillared clay with significant variations in surface areas
and pore sizes and with the pore size controlled by the molar
ratio between the sodium counter-ion present in lamellar

silicates (Na+/CTA+) and the surfactant to be inserted; it is not
dependent solely on the molecular length of surfactant.

The development of inorganic hybrid nanocomposites by
alkoxysilylation with 4,4′-biphenyl-bridged alkoxysilane com-
pounds in ilerite has already been described.9 A porous
benzene–silica hybrid clay heterostructure, prepared by con-
densation of bis(triethoxysilyl)benzene and tetraethylorthosili-
cate (TEOS), has been used to prepare solids for adsorbing
volatile organic compounds.10,11 Among possible functions,
the adsorptive properties of organically modified layered
solids have been investigated extensively. Ogawa’s group has
reported the preparation of organosilylated layered silicates
with controlled microstructures and properties toward selec-
tive adsorbents.12,13 For example, the inorganic–organic hybrid
hosts bind n-alkyl alcohols in their expandable interlayer
spaces with the cooperative effects of the organophilic octyl
groups and possible hydrogen bonding. The octylsilylated
magadiites adsorb n-alkyl alcohols quantitatively to give com-
posites with layered hybrids with the controlled gallery
heights.14,15

Also, the grafting of amine groups on the surface of meso-
porous silica has been reported for modifying the hydrophobic
properties of the resulting material;16 the improvement in
adsorption of carbon dioxide has been the subject of recent
studies.17–19

In this sense, we report here the synthesis of aminopropyl-
functionalized mesoporous heterostructures in a single step
based on magadiite and [Al]-magadiite silicate with designed
pore structure, accessibility and activity, using various CTA+

concentrations during the synthesis. The presence of
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aluminum in the framework of these pillared heterostructures
can also afford interesting catalysts.

2. Experimental
2.1. Magadiite and [Al]-magadiite

These solids were synthesized as described before by Moura
et al.20 The Si/Al ratio in the final solid was determined by ICP
to be 13.6 and the Si/Al ratio on the surface is 1.0 as deter-
mined by electron spectroscopy for chemical analysis.

2.2. Cetyltrimethylammonium-magadiites

The ion exchange was performed by suspending 1.0 g of maga-
diite/[Al]-magadiite in 1 L of MiliQ water. Considering the
general formula of magadiite as Na2Si14O29·8H2O, CTA+

exchange was performed at CTA/Na molar percentages equal
to 25, 50, 75 and 100. After that, cetyltrimethylammonium
bromide was added and the mixture was kept under magnetic
stirring for 4 h. Finally, the material was washed until the end
of foaming and dried in air at room temperature. The samples
were named CTA-magaX/CTA-[Al]-magaX (where X corresponds
to the real CTA/Na molar percentage confirmed by carbon,
hydrogen and nitrogen elemental analyses, CHN).

2.3. Synthesis of the hybrid materials

A solution of pre-hydrolyzed TEOS in ethanol was added to the
CTA+-magadiite suspensions (1 wt%) as reported for pillared
materials.2 After 2 h of reaction, a solution of pre-hydrolyzed
APTS in ethanol (for 1 h) was added to the mixture and main-
tained under stirring for another hour. The mixture was trans-
ferred to a stainless steel autoclave lined with Teflon for the
hydrothermal treatment for 66 h at 100 °C. The TEOS : APTS
molar ratio was equal to 1. The solids were washed, dried and
named HYB-magaX and HYB-[Al]-magaX for materials derived
from magadiite and [Al]-magadiite, respectively, and X corres-
ponds to the CTA/Na molar percentage on the starting
magadiite.

Pillarization and grafting processes were performed accord-
ing to Zhu et al.21 and Wang et al.,22 respectively, and are
detailed in the ESI.†

2.4. Characterization

Confirmation of the formation of desired materials was made
by X-ray diffraction (XRD), transmission electron microscopy
with selected area electron diffraction (TEM-SAED), field emis-
sion scanning electron microscopy (FE SEM), elemental ana-
lyses of carbon, hydrogen, nitrogen, sodium and aluminum,
Fourier-transform infrared spectroscopy (FTIR), solid-state
nuclear magnetic resonance and porosity measurements. The
details are described in the ESI.†

3. Results and discussion

To obtain solids with grafted functional groups and with
designed porosity from lamellar materials, the preparation
involves, in general, three more steps after the introduction of
the surfactant molecules: (i) the introduction of the pillaring
agent which is responsible for the growth of interlamellar
pillars, and (ii) the calcination process to obtain the pillared
layered solid and, later, (iii) the grafting of the desired
functional groups on the surface of this mesoporous
solid. The pillarization of siliceous magadiite, to produce
PILC-magadiites (Scheme 1), was shown by us in a previous
publication.2

The results discussed here show the preparation of amino-
propyl-functionalized mesoporous heterostructures in a single
pot based on layered silicate (Scheme 1, HYB-magadiite), i.e.,
the solids show characteristics of pillared layered silicates
(Scheme 1, PILC-magadiite) and at the same time the
properties of aminopropyl-grafted structures (Scheme 1,
γ-magadiite).

3.1. γ-Magadiite: another part of the final hybrid

After demonstrating the effect of pillarization on the magadiite
properties and in order to prove the individual features of each
of the magadiite modifications, the surfaces of magadiite and

Scheme 1 Pictorial representation of magadiite as a precursor to pil-
lared, grafted and functionalized mesoporous heterostructures (PILC-,
γ- and HYB-magadiites, respectively).
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[Al]-magadiite were functionalized with γ-aminopropyl
pending groups to understand the effect of the organo-
functionalization alone, without pillaring influences.

After the CTA+ exchange process (Fig. 1, curves b), con-
firmed by CHN analyses (See Table S1†), a 1.6 nm increase (in
relation to Na-magadiite, curves a in Fig. 1) in the interlayer
space was observed in all the samples (Fig. 1b shows the rep-
resentative XRD of the lowest CTA concentration; for other
values of the CTA/Na molar ratio see Fig. S1†). The basal
spacing observed is close to the value expected on the basis of
the molecular length of the surfactant with an interdigitated
chain23 at a 67.2° inclination in relation to the lamella (for
details, see Fig. S2†), implying that basal spacing does not
depend on the CTA/Na molar ratio in these cases.

The effect of the γ-aminopropyl groups on the long range
order of the materials was examined by the X-ray diffracto-
grams of CTA+-magadiite and CTA+-[Al]-magadiite. Fig. 1A
and B show that the peaks in the range of 22–30° 2θ exhibit
a significant decrease in intensity, indicating the loss of
layer coherence. However, it is observed that the γ-magadiite
solids (Fig. 1A, curves c–f ) have a peak in the region of
2.3° 2θ (3.8 nm), indicating a basal spacing slightly larger
than that observed for CTA+-magadiite, probably needed to
accommodate the pendant chains in the free space (Fig. 1A,
curve b). A less evident situation occurs for [Al]-magadiite
(Fig. 1B).

3.1.1. The organic part of γ-aminopropyl-magadiite and
γ-aminopropyl-[Al]-magadiite. The characteristic vibrations of
the magadiite and [Al]-magadiite structure can be observed in
curves a in Fig. 2A and B. The bands between 1300 and
950 cm−1 are assigned to the antisymmetric stretching of the
bonds on Si–O–Si moieties and symmetric stretching of Si–O−

groups, respectively. Bands related to Si–O–Si stretching

appear together at 821 and 789 cm−1. The stretchings of
Si–O–Si single and double rings present in the lamellar struc-
ture of magadiite are observed at 620 and 575 cm−1.24 Charac-
teristic bands of organic groups are observed for CTA-
magadiites and CTA-[Al]-magadiites (Fig. 2A and B, curves b):
the C–H stretching between 3000 and 2800 cm−1 as well as
the bands at 1475 cm−1, assigned to the C–H deformation
of methyl groups present in the polar head of the surfactant
(–N(CH3)3 group), confirm the CTA+ introduction into the
magadiite interlayer space.

One can observe in the spectra of Fig. 2c–f (frames A and B
for γ-magaX and γ-[Al]-magaX, respectively) an enlargement of
the bands between 3000 and 2700 cm−1 (in relation to curves
c) for the grafted samples due to the bands corresponding to
the NH2 groups that appear in the region of 3120 cm−1, regard-
less of the concentration of CTA+ present in the precursor. The
band at 1380–1384 cm−1 in all samples (with various intensi-
ties) is assigned to the symmetric O–C–O stretching of
ammonium carbamate formed by reaction of the pending
groups with CO2 from air.

The grafting process is accompanied by the loss of a part of
the CTA+ cations as proposed by Ogawa et al.25 In this model
(Fig. 3), the free silanol groups react with the organoalkoxy-
silane (in the case of Fig. 3, APTS) to form grafted silyl groups
in the interlayer space with the generation of methanol (1).
Methanol reacts with the neighboring silanol groups to form
alkoxy groups and water (2). In (3), the generated water
can interact with CTA+OSiu sites to regenerate a silanol
group. (4) The free silanol groups formed in step 3 react with
the organoalkoxysilane as in step 1. After this process, a
covalent bond is formed between the organoalkoxysilane and
magadiite25 and a large part of the CTA+ is eliminated from
the solid.

Fig. 4 shows the 13C CP-MAS NMR spectra for the γ-amino-
propyl-magadiite and γ-aminopropyl-[Al]-magadiite. The solids
clearly present 13C chemical shifts relative to aminopropyl
groups linked to the layered material at 11, 24 and 44 ppm
regions, corresponding respectively to the carbon attached
directly to the silicon atom, the central carbon aminopropyl
group and the carbon attached to nitrogen.26 Although a part
of the CTA+ is lost in the process of grafting, the presence of
residual cation is observed in the final material, in different
conformations, when compared to the precursors CTA+-maga-
diites (Fig. 4A and B, curves a). A resonance appears at
128 ppm for γ-[Al]-maga63 and γ-[Al]-maga99 assigned to CvC
bonds,27 coming from 1-hexadecene,28 a product from the
Hoffman degradation of CTA+.

When aminopropyl groups are added to the solid, carbon
resonances are broader and slightly shifted with respect to
those of CTA-magadiite precursors. This suggests that the
carbon atoms of CTA are anisotropically distributed in
different environments.29 Detailed information regarding the
structure and dynamics of the CTA+ molecules in magadiite
samples were obtained recently by Pastore et al.30 Surfactant
molecules may assume mixed conformations because of the
balance among several effects: attractive forces between the

Fig. 1 X-ray diffractograms of functionalized magadiite (A): (a) maga-
diite; (b) CTA-maga28; (c) γ-maga28; (d) γ-maga61; (e) γ-maga88; and
(f ) γ-maga100. (B) X-ray diffractograms of functionalized [Al]-maga-
diites: (a) [Al]-magadiite; (b) CTA-[Al]-maga39; (c) γ-[Al]-maga39; (d)
γ-[Al]-maga63; (e) γ-[Al]-maga72; and (f ) γ-[Al]-maga99.
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heads of alkylammonium cations (CTA+ and APTS) and the
silicate surface, repulsive forces between the alkyl chains and
the silicate surface and van der Waals interactions between
alkyl chains.

A peak at 164 ppm, assigned to the carbamate formation
(already observed on FTIR), is present in the materials, indicat-
ing their possible use as a CO2 scavenger.

3.2. The hybrids HYB-magadiite and HYB-[Al]-magadiite

The knowledge of the effects of SiO2-pillaring
2 and γ-amino-

propyl grafting on magadiite and [Al]-magadiite allows envisa-
ging the effect of the simultaneous changes in the solids,
discussed in the next sections.

3.2.1. Order at long distances. Regardless of the presence
or absence of aluminum in the framework, the peak at 2.8° 2θ,
assigned to the basal spacing of CTA-magadiite,8 is not
observed after modification with TEOS and APTS (Fig. 5A and
B, curves b to e); it is substituted by a peak at higher angles
(from 5.70° to 6.40° 2θ for magadiite and from 4.98 to 6.24° 2θ
for [Al]-magadiite) as the CTA/Na molar ratio increases in the
precursor (Table S2†), coherent with the CTA+ elimination
from the interlayer space during pillar growth, already
commented.

During the process of synthesis of the hybrid material,
curves b–e from Fig. 5A and B show that the turbostratic effect
and loss of lamella coherence, already present in CTA-maga28
and CTA-[Al]-maga39 (curves a, Fig. 5), become more accentu-
ated after the pillaring/functionalization process as commen-
ted before for γ-magaX and γ-[Al]-magaX. The XRD of these
samples shows an amorphous halo in the range of 22–30° 2θ
still keeping a weak signal at 26° 2θ from the lamella structure.
In the case of the hybrids HYB-magaX and HYB-[Al]-magaX,

Fig. 2 FT-IR spectra of aminopropyl grafted (A) magadiite: (a) magadiite; (b) CTA-maga28; (c) γ-maga28; (d) γ-maga61; (e) γ-maga88; and (f )
γ-maga100. And (B) [Al]-magadiites: (a) [Al]-magadiite; (b) CTA-[Al]-maga39; (c) γ-[Al]-maga39; (d) γ-[Al]-maga63; (e) γ-[Al]-maga72; and (f) γ-[Al]-
maga99.

Fig. 3 Grafting of organoalkoxysilane (APTS) to the interlamellar sur-
faces of magadiite. Adapted from Ogawa et al.25
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the disorganization and the formation of the halo are much
more pronounced than in the case of γ-magaX and γ-[Al]-
magaX (compare Fig. 1 and 5).

These differences indicate that the formation of the pillars
affects the layered material in two ways: causing disorgani-
zation and increasing the turbostratic effect and introducing a
portion of amorphous silica as pillars. The fact that the first
intense peak of swollen samples was not observed is due to
the fact that the diffraction object is very small to the X-rays;
therefore poor diffraction is observed. SAED (Fig. 6B) confirms
that the crystallinity of the magadiite lamella is preserved with
the appearance of two clear diffraction patterns, one slightly

shifted from the other. If one considers the lamella stacking as
occurring in the c direction, these patterns seem to indicate
that the layers shifted by the introduction of pillars in the a, b
or a and b directions. That is the reason for the absence of
X-ray diffraction signals.

3.2.2. The molecular structure of the hybrids: FTIR and
NMR. The mesoporous hybrids, also evaluated by FTIR
(Fig. S3A and B,† curves a), show the characteristic vibrations
of the magadiite structure between 1300 and 400 cm−1

described before for CTA-magadiite.2

After hybrid formation, curves b–e on Fig. S3A and B† show
that the bands related to the double rings characteristic of the

Fig. 5 X-ray diffractograms of hybrid materials derived from magadiite (A): (a) CTA-maga28; (b) HYB-maga28; (c) HYB-maga61; (d) HYB-maga88;
and (e) HYB-maga100. (B) X-ray diffractograms of hybrid materials derived from [Al]-magadiites: (a) CTA-[Al]-maga39; (b) HYB-[Al]-maga39; (c)
HYB-[Al]-maga63; (d) HYB-[Al]-maga72; and (e) HYB-[Al]-maga99.

Fig. 4 13C{1H} CP MAS NMR spectra of aminopropyl grafted (A) magadiite: (a) CTA-maga28, (b) γ-maga28, (c) γ-maga61, (d) γ-maga88 and (e)
γ-maga100. (B) [Al]-magadiites: (a) CTA-[Al]-maga39, (b) γ-[Al]-maga39, (c) γ-[Al]-maga63, (d) γ-[Al]-maga72 and (e) γ-[Al]-maga99.
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lamella crystal structure of the material in 577 and 618 cm−1

are preserved. Despite the decrease of the relative intensity of
these bands with the modifications, their presence in the
hybrids indicates that the structure of the magadiite lamella
was preserved. The comparison of Fig. 2 and Fig. S3† shows
that the preservation of the bands due to the double rings
typical of the magadiite structure is more important in
γ-magaX and γ-[Al]-magaX than in HYB-magaX and HYB-[Al]-
magaX probably because of the presence of amorphous pillars
in the material and the decrease of the relative amount of crys-
talline solid.

Fig. S3A and B† also show a weak band in all hybrids (with
various intensities) at 1382 cm−1 assigned to the symmetric
stretching O–C–O due to the formation of ammonium carba-
mate, as commented for the grafted γ-magaX and γ-[Al]-
magaX. The hybrid materials also display the loss of CTA+

upon pillaring/functionalizing/grafting process in the same
way as shown for the grafted materials (Fig. 3).

Local order in such hybrid solids was also evaluated by
nuclear magnetic resonance of 29Si nucleus. The curves in

Fig. 7A and B show the 29Si NMR spectra of the silicates after
insertion of TEOS and APTS. Besides the presence of sites Q3

and Q4 typical of magadiite pillared with TEOS, in the region
of −90 to −100 ppm,2 signals of T2 and T3 sites (region of
−60 ppm) were observed, indicating the insertion not only of
TEOS but also the aminopropyl group in the lamellar struc-
ture, showing the formation of a hybrid. There is a tendency of
the percentage of T sites to increase in relation to Q sites when
the CTA+ concentration in the solid precursor is higher
(Table S3† shows the SiT/SiQ ratios of the hybrid materials and
also their unit cell). That is, according to the mechanism in
Fig. 3, CTA+OSiu sites on the magadiite surface are more
available in the presence of larger amounts of CTA+ in the pre-
cursor, allowing higher degrees of incorporation of functional
groups.

The 13C NMR spectra of these hybrids present chemical
shifts relative to the aminopropyl groups (Fig. S4†) already
observed in γ-magaX and γ-[Al]-magaX exclusively. During the
synthesis of these hybrids derived from magadiite and [Al]-
magadiite, the 27Al NMR spectra (Fig. 8) show the maintenance
of signals at 53 and 6 ppm regions assigned to species of
aluminum in tetrahedral and octahedral coordination,
respectively.30

The scanning electron microscopy images of both maga-
diite and [Al]-magadiite hybrid materials synthesized are
similar to clays as already observed for aminopropyl-modified
magnesium–phyllosilicates26 (Fig. S5† presents only HYB-[Al]-
magaX due to the similarities to HYB-magaX).

In summary, compared with the published features of
pillared magadiites,8 it is observed that TEOS (or TEOS and
APTS) produces firm enough silica-pillars to prop the
expanded gallery after the removal of surfactants. In this step,
the X-ray diffractogram shows that the signals in the region of
22–30° 2θ are substituted by an amorphous halo, typical of dis-
organized material. In spite of this disorganization, the
lamella or small groups of lamellas have their crystallinity

Fig. 7 29Si NMR spectra of hybrid materials derivated from magadiite (A): (a) Na-magadiite; (b) HYB-maga28; (c) HYB-maga61; (d) HYB-maga88;
and (e) HYB-maga100. (B) 29Si NMR spectra of hybrid materials derivated from [Al]-magadiites: (a) Na-[Al]-magadiite; (b) HYB-[Al]-maga39; (c)
HYB-[Al]-maga63; (d) HYB-[Al]-maga72; and (e) HYB-[Al]-maga99.

Fig. 6 (A) Transmission electron microscopy (TEM) and (B) selected
area electron diffraction (SAED) of calcined HYB-maga28.
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preserved, as shown by both FTIR and SAED/TEM. 29Si NMR
allowed us to conclude that the organic groups are bound
to the solid as proposed by the presence of T sites along with
Q3 and Q4.

3.2.3. General effects on porosity. The success of the pil-
laring process is confirmed by significant variations in the
surface area and pore size. Fig. 9 shows that adsorption and
surface area of magadiite and [Al]-magadiite are very low,
typical of layered solids. The N2 adsorption–desorption iso-
therms of the non-calcined HYB-maga28 and HYB-[Al]-maga39
solids are shown and compared to the grafted and pillared
forms in Fig. 9 while the data on surface area, pore volume
and pore size of these hybrids are shown in Table S4.†

The HYB-magadiites and HYB-[Al]-magadiites display an
increase in porosity and in the surface area (values between
49–61 and 38–60 m2 g−1, respectively) when compared to the
starting material (25 m2 g−1 for magadiite and 32 m2 g−1 for

[Al]-magadiite) better envisaged in Fig. S6.† This is probably
due to the fact that TEOS, as the pillaring precursor, is con-
verted to silica pillars and forms the rigid intercalated porous
structure as in the case of pillared magadiite8 and [Al]-maga-
diite. The surface area is not as large as in the case of pillared
solids (512 m2 g−1 for PILC-maga28 and 641 m2 g−1 for PILC-
[Al]-maga39), probably due to the fact the organic groups still
populate the pores in HYB-magadiites and in HYB-[Al]-maga-
diites, but it is similar to the amino-grafted materials
(Table S4,† 74 m2 g−1 for γ-maga28 and 67 m2 g−1 for γ-[Al]-
maga39), indicating that HYB-magaX and HYB-[Al]-magaX are
pillared and grafted solids, obtained in a single step synthesis.

At this point, the effects of simultaneous SiO2-pillaring and
of γ-aminopropyl-grafting on magadiite and on [Al]-magadiite
confirmed that the surface properties of layered silicates can
be designed by controlling the degree of silylation/
pillarization.

3.2.4. Interlayer pillar growth: a factual 3D structure.
PILCs present, in general, lower structural regularity than zeo-
lites, but are more organized than other important classes of
adsorbent materials. Therefore, the lack of a zeolitic-type,
precise, regular structure cannot be regarded as a disadvantage
for PILC applications as adsorbents. As a matter of fact, par-
ticular attention is devoted also to the potentialities of PILCs
as selective adsorbents of natural and biogas components,
such as carbon dioxide, methane, ethane, and nitrogen. While
the gallery heights of the CTA+-intercalated solids can usually
be known with high accuracy from X-ray diffraction, the
knowledge of the volume between the pillars poses more
difficulties.31

The use of particular organic molecules, such as surfac-
tants, in the pillaring solution to act as a swelling agent has
been studied before.32 It involves the introduction of an
organic molecule into the interlayer space along with the pil-
laring species. The organic molecule, of known shape and
size, can later be removed by calcination to leave a more
regular pore structure. By investigating how such organic

Fig. 9 N2 adsorption–desorption isotherms of non-calcined modified magadiite (A) and [Al]-magadiite (B). (Isotherms are displaced by 148 cm3 g−1

to HYB-maga28/[Al]-maga39, 50 cm3 g−1 to γ-maga28/γ-[Al]-maga39 and 187 cm3 g−1 to PILC-maga28/[Al]-maga39.)

Fig. 8 27Al NMR spectra of hybrid materials derived from [Al]-maga-
diites: (a) Na-[Al]-magadiite, (b) HYB-[Al]-maga39, (c) HYB-[Al]-maga63,
(d) HYB-[Al]-maga72 and (e) HYB-[Al]-maga99.
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molecules affect the pillaring process, specific pore sizes can
be designed. Michot and Pinnavaia33 incorporated a non-ionic
surfactant of general formula C12–14H25–29O(CH2CH2O)5 into
the usual Al-pillaring solution. The resulting PILC had a more
uniform micropore distribution and a sharper and more sym-
metrical 001 reflection compared to the one prepared without
a surfactant. The basal spacing (15.3 Å) was, however, smaller
than the procedure effected in the absence of a surfactant
(17.8 Å); this was attributed to the surfactant limiting the con-
densation of Al13 units within the interlayer space. The surface
area (305 m2 g−1) was also slightly larger than the conventional
PILC (279 m2 g−1) and the solid was found to contain more
mesopores.

Using 3-aminopropyltrimethoxysilane (APTS) and 2-(2-tri-
chlorosilylethyl)pyridine (TCSEP) as pillaring agents, Fetter
and others34 produced two different pillared clays with good
thermal stability. The microporous volume of TCSEP-PILC was
0.15 cm3 g−1 and 0.186 cm3 g−1 for APTS-PILC. These Si-
pillared clays show a small number of weakly acidic sites and
some strongly acidic sites retaining ammonia up to 723 K,
which are most likely localized on the clay lamella.

One of the main questions posed when an interlayer pil-
lared lamellar material is presented concerns the real compo-
sition of phases, pillaring and lamella, and bonding between
them at the molecular scale. Due to the heterogeneous nature
of the reactions, the possibility of having a physical mixture of
the unchanged layered material and an amorphous phase
derived from the pillaring reactants has to be always taken into
account. The fact that the amorphous pillars are generally in a
much larger concentration does not make the assessment any
easier. In the present case, the fact that the layered material is
a crystalline silica (or aluminosilicate) and the pillars are
amorphous silica does not represent the best possible situ-
ation in terms of characterization.

The main physical technique to tell about bonding between
these two phases, the 29Si-NMR, is not adapted to the case
where one phase is crystalline and the other is amorphous of
essentially the same composition. Therefore, several chemical
tests were performed in order to get more insight into the
nature of the solids prepared in this work and the interaction
of the phases that compose them.

To better envisage the proposed interlayer pillarization,
sample HYB-maga28 was compared to a solid that is com-
posed of an amorphous silica phase mechanically mixed with
crystalline CTA-magadiite. First, TEOS and APTS, the pillaring
agents, were pre-hydrolyzed exactly as performed in the syn-
thesis of HYB-maga28. The solid obtained was named “hydro-
lyzed TEOS + APTS”. Then, hydrolyzed TEOS + APTS and CTA-
maga28, in the same molar ratio as for the preparation
of HYB-maga28, were thoroughly mixed in a mortar and
named MIX.

Fig. 10 presents the XRD of these solids. Na-magadiite (a),
CTA-maga28 (b) and H-magadiite (c) were also plotted for com-
parison. The hydrolyzed TEOS + APTS (curve d) is a typical
amorphous solid. When this solid is mixed with CTA-maga28
(curve b), yielding MIX (curve e), one obtains a physical

mixture: the signals of both CTA-maga28 and of hydrolyzed
TEOS + APTS are clearly observed, and no variation in either
position or relative intensity can be indicated. Even the small
intensity signal around 50° 2θ due to CTA-maga28 can be
observed in MIX (Fig. 10, curve e).

These observations help clarify the features observed in a
physical mixture of CTA-maga28 and an amorphous silica
phase. Curve f in Fig. 10 displays the powder X-ray diffracto-
grams of the silica-pillared aminopropyl-grafted magadiite.
The differences between curves f and e, of the MIX, are clear.
The crystalline counterpart seems to be of lower importance
than in the physical mixture. Moreover, it seems to be the
profile of H-magadiite (curve c), not of CTA- or Na-magadiite.
The fact that the peak at 2.8° 2θ in CTA-magadiite disappears
upon pillarization and not upon physical mixing is revealing:
it indicates that the difference between HYB-maga28 and MIX
is that, in the first case, the pillarization reaction occurs in the
same interlayer space where the CTA+ is located and not in the
interlayer spaces where CTA+ has not ion exchanged Na+. In
these spaces, however, grafting might have occurred because
one obtains the H-magadiite profile, and not Na-magadiite.

The second aspect is that in order that the silica precursors
arrive at the interlayer spaces and do not generate a separated
silica phase, it is necessary that the species in reaction have
the dimensions of small oligomers at maximum. To begin this
part of the investigation, the pillaring solution composed of
hydrolyzed TEOS and APTS was investigated by 29Si liquid state
NMR (Fig. 11). It is worth remembering that this solution is
exactly the one that gets in contact with CTA-maga28 for pillar-
ing. Species at −88.5 and −81.7 ppm are assigned to Q2 in
linear and in cyclic trimers (Q2

Δ),
35 respectively. Two reson-

ances around −53 ppm are assigned to (NH2(CH2)3)Si(OSi)-
(OH)2 from T sites and a peak at −45 ppm corresponds to the
chemical shift of Si in liquid APTS, thus indicating the pres-
ence of free silylating molecules in the solution.36 Free TEOS
was not observed in solution probably because it hydrolyses
first. That is, when the crystalline CTA-maga28 is added to the

Fig. 10 X-ray diffractograms of (a) Na-magadiite, (b) CTA-maga28, (c)
H-magadiite, (d) hydrolyzed TEOS + APTS, (e) mixture of hydrolyzed
TEOS + APTS and CTA-maga28 (MIX) and (f ) HYB-maga28.
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synthesis, the Si species are not completely polymerized; thus,
these species are able to migrate to the interlayer space of CTA-
magadiite and condense there.

The 29Si NMR of the solids (Fig. 12) can be analyzed from
two points of view. Hydrolyzed TEOS + APTS (curve b) and
MIX-sample (curve d) both show signals at around −90 ppm
and a reasonably more intense Q3 peak at ca. −99 ppm, indi-
cating highly depolymerized, hydroxylated silica surfaces.
These conclusions are supported by the Q3 + Q2/Qtotal ratios,
and these two compounds present the highest values among
the samples tested. The 4% difference of Q3 + Q2/Qtotal

between CTA-maga28 (curve a) and HYB-maga28 (curve c) can
be assigned to the amorphous silica pillars in HYB-maga28.
Also, the presence of Q4 sites, typical of CTA-maga28 at
−114 ppm (curve a), is much more evident in the case of the
mixed amorphous and crystalline phases (curve d) than in the
case of HYB-maga28 (curve c). In other words, a simple mecha-
nical mixture of amorphous pillars and crystalline magadiite

(curve d) does not disturb the magadiite framework as it does
when the pillar is linked to the lamella (curve c): the peak
corresponding to Q4 is less pronounced.

At this point it is possible to conclude that HYB-maga28 is
indeed an individual material in itself; it is not the mixture of
CTA-magadiite and amorphous hydrolyzed TEOS + APTS or
CTA-magadiite tactoids surrounded by amorphous silica. To
further support these conclusions, the porosity of these
materials was examined.

Comparing the N2 adsorption/desorption properties of the
solids from Fig. 13, one observes that magadiite (Fig. 13A and
A′) presents a large pore size distribution in the range of
15–22 nm assigned to pores formed from aggregation of par-
ticles, the secondary pore system. The same is observed for
CTA-maga28: a secondary large pore system due to aggregation
of particles. This indicates that ion exchange with CTA+ does
not alter the particles enough to create a new arrangement of
aggregation. However, in CTA-maga28 a new mesopore system
appears in the range from 5 to 10 nm, the highest density
around 5.99 nm that did not exist in magadiite. The mesopore
system in the sample is the space where pillars will be built.
A small population of pores appears at 10.5 nm and another
one at 15.0 nm.

When the CTA-maga28 is physically mixed with the amino-
propyl modified amorphous silica (Fig. 13, curves C and C′),
what one observes is an unspecific uprising of the baseline in
the range from 3.6 to 15.0 nm. The maxima observed in this
situation are 4.85 and 6.80 nm, these contributions have to
come from the amorphous material. One important feature is
that the secondary pore system at high P/P0 observed in maga-
diite and CTA-maga28 is not observed in the MIX-sample
(Fig. 13C′). If HYB-maga28 were simply a mixture as the
MIX-sample, the profile in Fig. 13D′ would be the same as
Fig. 13C′, and it is not. In Fig. 13D′, the structural mesopore
system appears at 4.88 nm with a tail extending up to ca.
10.0 nm. In this case, narrower pores are formed in compari-
son to the pores observed in CTA-maga28, meaning that less
space is available for N2 after the introduction of APTS-functio-
nalized pillars. However, HYB-maga28 does show a certain
degree of porosity (∼4–13 nm) due to the access of N2 to the
interlayer space. One has to remember that 26% of the total
silicon bears a pending group (see Table S3†).

In broad terms, the general profile of HYB-maga28 is
similar to CTA-maga28: one mesopore system peaking between
4 and 6 nm tailing until 10 nm. Aggregation pores are observed
at around 20 nm. The system observed at 10.5 nm in CTA-
maga28 probably generates another pore system in HYB-
maga28 at 11.4 nm. Calcination of HYB-maga28 (Fig. 13E′)
freezes two mesopore systems, both displaying a distribution
of pore sizes around 5.0 and 8.5 nm.

3.3. Improved CO2 adsorption capacity

There are several studies on the adsorption of carbon dioxide
on γ-aminopropyl groups grafted on porous silicate surfaces;
therefore, the HYB-solids were investigated in order to evaluate
the effects of their porosity on CO2 adsorption properties. To

Fig. 12 29Si HPDEC NMR spectra of (a) CTA-maga28, (b) hydrolyzed
TEOS + APTS, (c) HYB-maga28 and (d) mixture of hydrolyzed TEOS +
APTS and CTA-maga28 (MIX).

Fig. 11 29Si liquid state NMR of the pillaring solution containing TEOS +
APTS. The signal due to the glass tube appears at a region lower than
−100 ppm.
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Fig. 13 N2 adsorption/desorption isotherms of (A) Na-magadiite, (B) CTA-maga28, (C) mixture of hydrolyzed TEOS + APTS and CTA-maga28 (MIX),
(D) HYB-maga28 and (E) calcined HYB-maga28 and their respectively pore size distribution (’).
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demonstrate the improved properties of the hybrid materials
in relation to the pillared8 and to the aminopropyl-grafted
magadiites shown here, after a dehydration step, the solids
were exposed to the CO2/He (5%) atmosphere at 50 °C (pre-
viously determined as the best adsorption temperature) and
the desorption curves are shown in Fig. 14.

The solids HYB-maga28 and HYB-[Al]-maga39 displayed a
significant improvement in carbon dioxide efficiency when
compared to the γ-maga28 and γ-[Al]-maga39. The increase
was ca. 60%: from 0.37 to 0.60 CO2/N for HYB-maga28 and
from 0.46 to 0.65 CO2/N for HYB-[Al]-maga39 (Table S5†). The
low CO2 adsorption by γ-maga28 and γ-[Al]-maga39 is the
result of the closeness of the lamella brought forth by the
dehydration process, hindering the CO2 diffusion to the
anchoring sites in the pending groups. In the case of HYB-
maga28 and HYB-[Al]-maga39, lamellas are firmly separated
from each other due to the presence of pillars between them
and, thus, cannot collapse. As a result, the CO2 access to the
–NH2 groups in these materials is more effective, i.e., the HYB-
magaX and HYB-[Al]-magaX can make use of the amino
groups functionality to adsorb CO2 and hence the increase in
CO2/N ratios observed.

For the hybrid materials, the efficiency is higher than 0.5,
the value predicted by the stoichiometry of the alkylcarbamate
formation. This is probably due to CO2 simultaneous adsorp-
tion to –NH2 and surface SiOH groups,37 which increases the
efficiency to values above 0.5 and was already observed for
amino-functionalized talcs.38

Aminopropyl-modified silicas absorb CO2 as mainly propyl-
ammonium propylcarbamate (Scheme 2, species A), propylcar-
bamic acid (Scheme 2, species B), and propylammonium
silylpropylcarbamate (Scheme 2, species C). As proposed by
Weitz et al.,31 if the propylamine group density is high
enough, ammonium carbamate ion pairs are the main species
observed (species A in Scheme 2). The more isolated amino-
propyl groups tend to form propylcarbamic acid, preferentially
(species B in Scheme 2). This species interacts with the surface
OH groups, if they exist in a large number, to produce a stable
surface-bound carbamate and release water molecules (species C

in Scheme 2); these species increase the efficiency for the
materials to values above 0.5.

Table 1 shows the surface areas measured by N2 adsorption
at low temperatures and the estimated values of the surface
area occupied by the pending groups on these solids. The cal-
culation of surface occupation by the pending groups (3rd

column in Table 1) is only approximately 10% of the total area;
therefore low amine densities were obtained and neighbouring
amine groups are not frequent.

Regardless of the presence of aminopropyl groups, the
insertion of aluminum into the magadiite layers generates
Bronsted and Lewis acid sites. CO2 can interact with the
heteroatom, in a Lewis acid–base type interaction by a mecha-
nism similar to that proposed by Weitz et al.,39 and produce
mono and bidentated carbonates. Solids capable of this type
of interaction display increased CO2 adsorption.

4. Conclusions

The intercalation of different concentrations of CTA+ cations
and subsequent pillaring by TEOS and APTS hydrolysis into
magadiite and [Al]-magadiite interlayer space resulted in a
mesoporous material with significant variation in surface

Fig. 14 Temperature-programmed of CO2 desorption on (a) γ-maga28,
(b) HYB-maga28, (c) γ-[Al]-maga39 and (d) HYB-[Al]-maga39. (Curves c
and d are displaced from a and b by 50 mV.)

Scheme 2 Schematic representation of the CO2 adsorption on amino-
propyl-modified solids.

Table 1 Calculated occupied surface area by –NH2 groups

–NH2 group
content
(mmol g−1)

Surface
area
(m2 g−1)

Occupied
surface
areaa (m2 g−1)

γ-maga28 0.276 74 7.5
γ-[Al]-maga39 0.232 67 6.3
HYB-maga28 0.220 61 5.9
HYB-[Al]-maga39 0.196 60 5.3

a = (–NH2 content) × (Avogadro’s constant) × (NH2 polar head area).
NH2 polar head area was estimated as 0.045 nm2 per molecule using
Gaussian View 5.0.
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areas and pore sizes and containing functional aminopropyl
groups.

The magadiite and [Al]-magadiite basic sheets are main-
tained as evidenced by FT-IR. The pillaring process caused a
loss of coherence of the pillaring of magadiite layers in such a
manner as to cause the disappearance of the diffractions due
to interaction with X-rays. The electron diffraction, however,
detected the crystalline hybrid, in the XRD-amorphous solid,
where the lamellas were slightly shifted one from the other,
confirming the FTIR short distance organization.

Aminopropyl-grafted structures, γ-magaX and γ-[Al]-magaX,
have –NH2 pending groups available for CO2 capture but
showed discrete values in adsorption due to the closeness of
the lamella after the dehydration process. On the other hand,
in SiO2-pillared silicates, pillars between the lamella avoid
their collapse and are responsible for larger surface areas and
accessible pores, but the CO2 adsorption is restricted to the
SiOH groups. According to these results, the effects of simul-
taneous SiO2-pillaring and γ-aminopropyl grafting on maga-
diite and [Al]-magadiite were combined, generating the hybrid
solids (HYB-magaX and HYB-[Al]-magaX) which possess the
pores and pillars properties of the pillared solids and the CO2

improved adsorption properties from aminopropyl-grafted
magadiite and [Al]-magadiite (ca. 60%).

The knowledge of the effects of SiO2-pillaring and grafting
on layered silicates allows envisaging the effect of the simul-
taneous changes in the solids. Using magadiite and [Al]-maga-
diite, aminopropyl-functionalized mesoporous heterostructures
with designed pore structure, accessibility and activity can be
obtained in a single step synthesis, as reported in the present
work. These hybrid materials consisted of magadiite and [Al]-
magadiite pillared with TEOS–APTES 1 : 1 (HYB-magadiites
and HYB-[Al]-magadiites) and display an increase in porosity
and in the surface area (values between 49–61 and 38–60 m2 g−1,
respectively) when compared to the starting material (25 m2

g−1 for magadiite and 32 m2 g−1 for [Al]-magadiite). The
surface area is not as large as in the case of SiO2-pillared
solids (512 m2 g−1 for magadiite and 641 m2 g−1 for [Al]-maga-
diite), probably due to the fact that the organic groups popu-
late the pores, but it is similar to the amino-grafted materials
(74 m2 g−1 for aminopropyl-grafted magadiite and 67 m2 g−1

for NH2-grafted-[Al]-magadiite), indicating that the hybrids
proposed are simultaneously pillared and grafted solids and
not a simple mixture of crystalline and amorphous phases.

All these results point to the same situation: magadiite and
[Al]-magadiite can be pillared giving pores with variable
volumes by careful control of the CTA/Na molar ratios in the
initial swelling step. The processes of grafting aminopropyl
groups directly to the lamella (γ-maga and γ-[Al]-maga) or of
pillaring with TEOS only (PILC-maga and PILC-[Al]-maga)
produce materials that are not good CO2 adsorbents either
because the lamella are very close after dehydration (the
γ-maga and γ-[Al]-maga) or because they do not have the func-
tional groups (the PILC-maga and PILC-[Al]-maga). The pillar-
ing process by the mixture of TEOS and APTS causes the loss
of coherence of the lamella; however, the CO2 capacity

increases considerably, indicating that the pillars are really
capable of keeping the lamella apart, increasing the access of
the CO2 molecules to the interlayer space.
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