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Inorganic materials may be tailored to obtain specific pore size distributions and surface structures. In
this work we present the synthesis of faujasite type amorphous aluminosilicate matrices by the sol-
gel process. One of the preparations included the use of mesitylene as a template to create additional
porosity. The powders were used to encapsulate the dyes methylene blue (MB) and malachite green
(MG). Several analysis were performed, including X-ray diffraction (XRD), small angle X-ray scattering
(SAXS), nitrogen adsorption/desorption, scanning electron microscopy (SEM), UV-vis, and diffuse reflec-
tance spectroscopy. According to the results, MB and MG were effectively trapped in the aluminosilicate

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The understanding of the adsorption processes is very impor-
tant in the design and preparation of adsorbents for specific mole-
cules [1]. Surface functionalization is also helpful to improve the
adsorption capacity and selectivity of the adsorbents by taking
advantage of specific interactions between adsorbents and adsor-
bates, the porosity and the textural properties [2-4].

The sol-gel technique can be exploited to tailor inorganic mate-
rials with specific properties such as regular cavities to perform as
molecular sieves, trapping organic molecules with commercial
value at low temperature [5-8]. Among those materials the
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aluminosilicates are particularly interesting for that purpose be-
cause they possess big pore volumes, suitable to encapsulate or-
ganic molecules [9-12].

In the present research we developed an experimental proce-
dure to obtain and characterize amorphous aluminosilicate, via
the use of alkoxides of Si, Al, and Mg and using an aqueous solution
of NaOH. This latter reagent served as a basic catalyst. Simulta-
neously the Na cations were incorporated into the matrix and then,
we used the amorphous aluminosilicate for trapping organic mol-
ecules. The dye molecules used were 4-[(4-dimethylaminophenyl)-
phenylmethyl]-N,N-dimethylaniline (malachite green, MG) and
3,7-bis(dimethylamino)phenazathionium chloride (methylene
blue, MB). Both of them are cationic species, soluble in water and
2-butanol. They also exhibit high molar extinction coefficients.
Previous studies performed by other researchers have shown that
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cationic dye molecules can be incorporated in the cavities of crys-
talline aluminosilicates, either by ion exchange or during crystalli-
zation [13-15]. As silanol has a negative charge, we believe that
the organic cations will be effectively incorporated into the silica.
Therefore, we used methylene blue (C. I. - 52 015) and malachite
green (C. I. - 42 000B), which are widely used as oxidation-
reduction agents, to stain in bacteriology and to dye silk, wool, cot-
ton, etc. [16].

The goal of this research was to synthesize amorphous alumino-
silicates by the sol-gel process, with pore volumes appropriate to
encapsulate the dyes MG and MB. According to our results when
the dyes were impregnated to the obtained materials, they could
be trapped in the internal structure of the matrix. We performed
several spectroscopic analyses that demonstrated this.

UV-vis and diffuse reflectance spectra of the dye-impregnated
adsorbents are employed to confirm the incorporation of MB an
MG into the amorphous aluminosilicate.

2. Experimental
2.1. Synthesis of the aluminosilicate

The following procedure describes the preparation to obtain 5 g
of an aluminosilicate with the typical composition of a faujasite X,
via the sol-gel process: 2.5 x 1074 mol of tetraethyl orthosilicate
(TEOS, 98 wt%, Aldrich) dissolved in 2-butanol (2-BuOH) was
slowly mixed in a round bottom flask with 1.0 x 10~ mol of mag-
nesium methoxide (MMg, 9.8 wt¥%, Aldrich) at room temperature.
9.4 x 10~> mol of aluminum tri-sec-butoxide (TsecBuAl, 97 wt%,
Aldrich) was added by dropping. An aqueous NaOH (98.5 wt%, ].
T. Baker) solution containing 1.2 x 10~* mol of NaOH was also
added by dropping. The cloudy sol gradually produced was re-
fluxed at 353 K during seven hours. The resulting suspension was
filtered by gravity and washed with 30 mL 2-BuOH. The powder
was left to dry at room temperature during 12 h and later on in
an oven at 523 K during 24 h in air atmosphere.

2.2. In situ trapping of the dyes

The incorporation of a 1.0mol% solution of the dyes
4-[(4-dimethylaminophenyl)-phenylmethyl]-N,N-dimethylaniline
(malachite green, MG) or 3,7-bis(dimethylamino)phenazathioni-
um chloride (methylene blue, MB) in 2-BuOH was done separately,
right after adding the NaOH solution to the reacting mixture (see
above paragraph). The molecular structure of the dyes can be seen
in Fig. 1. The drying temperature of the gels obtained was chosen
to be lower than the decomposition temperature of the dyes in or-
der to corroborate that the dyes were effectively trapped in the
aluminosilicate matrix. In this way, the drying temperature was
443 K, knowing that the decomposition temperatures for MG and
MB are 465 and 463 K, respectively.

2.3. Incorporation of an organic template into the matrix

1,3,5-Trimethylbenzene (mesitylene ME, 98 wt%, Aldrich) was
incorporated to the reacting mixture in order to create additional
porosity in the final solid and intending to enhance the encapsula-
tion of the dyes; see Fig. 2 [17]. The mesitylene content was
10.0 wt%. The gel obtained was left to dry, first at room tempera-
ture (293 K) and later on during 24 h in air atmosphere at 443 K.
In this case the dye trapping was done spreading a small amount
of the modified aluminosilicate as a dry powder over a solution
containing the dye in a concentration 3.5 x 10~% M, while stirring
at room temperature.
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Fig. 1. Molecular structure and size of the dyes: (a) 44-[(4-dimethylaminophenyl)-
phenylmethyl]-N,N-dimethylaniline (malachite green) and (b) 3,7-bis(dimethyl-
amino)phenazathionium chloride (methylene blue). The sizes were estimated using
the program GaussView?2.0.
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Fig. 2. Molecular structure and size of 1,3,5-trimethylbenzene (mesitylene)
estimated with the program GaussView2.0.

2.4. Characterization

The X-ray diffraction patterns were obtained using a siemens
D500 diffractometer with CuKo: radiation (4 =1.5406 A) and a dif-
fracted beam monochromator. Compounds were identified in the
conventional way using the JCPDS files.

Radial distribution functions were obtained from X-ray diffrac-
tion patterns measured with a molybdenum anode tube, only in
this way it was possible to reach the required high values of the
angular parameter. These diffractograms were the input data for
the radiale program [18].

Small angle X-ray scattering (SAXS) experiments were per-
formed using a Kratky camera coupled to a copper anode tube
whose K-o radiation was selected with a nickel filter. The colli-
mated X-ray beam was linear and corresponded to an ‘infinitely
high’ beam. The SAXS data, collected with a proportional linear
counter, were processed with the ITP program [19-22] where the
angular parameter, h in A™!, is defined as h = (4nsin0)/4, where 0
and /2 are the scattering angle and the X-ray wavelength, respec-
tively. Measurement time was 9 min in order to obtain acceptable
statistic results.

The shape of the scattering objects was estimated from the Kra-
tky plot; i.e. h%I(h) vs h. From this plot it is possible to assess if the
shape is fibrillar or globular. If the Kratky curve presents a broad
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peak, the scattering objects most probably present a globular con-
formation whereas if the curve approximates a plateau the parti-
cles most probably are fibril-like objects [23,24]. Once the shape
is known it is possible to calculate the distance distribution func-
tions [21]. Still, the LogI(h) vs Logh plot provides the fractal
dimension [25-27].

The sample X was analyzed in a quantachrome autosorb auto-
mated gas sorption system to obtain the nitrogen adsorption iso-
therm at 77.4 K. The specific surface area was estimated with the
Brunauer-Emmett-Teller (BET) model and the pore size distribu-
tion was evaluated with the BJH model. All samples were out-
gassed at 573 K for 1 h prior to analysis.

A Leica Stereoscan 440, scanning electron microscope (SEM)
was used. The samples had to be previously covered with a layer
of gold in order to prevent charge problems. Only two samples
(XMEMB and XME) were studied with this technique.

UV-vis spectra were obtained on a Lambda 40 Spectrometer
using 2-butanol as solvent. The diffuse reflectance measurements
were done using the labsphere RSA-PE-20 accessory. In this latter
case the samples were diluted with BaSO, before the study. In all
cases the spectra were recorded in the 400-800 nm region.

3. Results
3.1. X-ray diffraction (XRD)

Three conventional X-ray diffraction patterns are compared in
Fig. 3. This figure has the purpose of showing that although an
incipient crystalline structure is observed in sample X (Fig. 3(a)),
as shown by the weak peak al 12° (20), this aluminosilicate is
not crystalline as it presents a broad peak from 10° to 40° (26).
The sample XMEMG (Fig. 3(b)) did not show the weak peak located
at 12° in Fig. 3(a). No crystalline compounds could be identified.
The X-ray diffraction pattern of crystalline MG is included for com-
parison purposes (see Fig. 3(c)).
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Fig. 3. X-ray diffraction patterns: (a) pure amorphous aluminosilicate dried at
523 K (sample X), (b) sample X prepared using mesitylene to create additional
porosity and later on impregnated with malachite green. The sample was dried at
443 K (sample XMEMG), and (c) malachite green (MG).

3.2. Radial distribution functions (RDF)

The radial distribution functions were determined to find out
if there was some short range order. In Fig. 4(a) (Sample X dried
at 523 K) the first peak appears at a radial distance of 0.17 nm
and the second at r=0.23 nm. These two distances correspond
to T-O and O-0O bonds, respectively [28,29], where T is a Si or
Al atom in the tetrahedral building unit of the aluminosilicate.
It has to be emphasized that the distance Mg-0 is 0.21 nm and
therefore it is included in the peak at 0.23. The third peak,
appearing at a radial distance of 0.34 nm, can be attributed to a
T-T distance. This distance defines the average angle between
adjacent tetrahedra which we estimated to be ca. 180°; see
Fig. 5(a). Thus, the material is constituted by chains of SiO,4 tetra-
hedra. The second neighbors T-0, T-T, and O-0 produce the fol-
lowing peaks at 0.44 and 0.50 nm. These peaks differ from those
reported by other authors for amorphous SiO, [30]: Si-O =0.16,
0-0=0.27, and Si-Si = 0.32 nm. The distance Mg-0 is the same
as the distance O-0 and therefore Mg is incorporated to the alu-
minosilicate matrix.

When the previous radial distribution function is compared to
sample XMG (see Fig. 4(b)), the first neighbor distances are repro-
duced, as expected. They correspond to the tetrahedra which are
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Fig. 4. Radial distribution function results of samples dried in air 24 h: (a)
amorphous aluminosilicate (sample X) dried at 523 K, (b) sample impregnated
with malachite green (sample XMG) dried at 443 K, (c) sample prepared using
mesitylene, and later on impregnated with malachite green (sample XMEMG) dried
at 443 K, (d) sample prepared using mesitylene (sample XME) dried at 523 K, (e)
aluminosilicate impregnated with methylene blue (sample XMB) dried at 443 K, (f)
sample prepared using mesitylene impregnated with methylene blue (sample
XMEMB) dried at 543 K, (g) malachite green (MG), and (h) methylene blue (MB).
The accuracy of the calculations was 1 x 1072,
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Fig. 5. Schematization of T-O-T (T: Si, Al) angles calculated between adjacent
tetrahedral, from information derived from the radial distribution function results:
(a) 180°, (b) 154°, and (c) 140°.

not altered by the dye incorporation. Furthermore, the T-T peak at
0.34 nm is not shifted, showing that the angle between the tetrahe-
dra is not modified. The only difference is that the second neighbor
peaks at 0.44 and 0.5 nm are no more resolved and constitute a sin-
gle peak at 0.47 nm which can also be attributed to MG. Indeed,
crystalline MG has a peak at 0.45 nm (see Fig. 4(g)). Hence, the
0.47 nm peak is the result of the combination of the MG peak
and those of the support. Thus, the dye molecules are, to a very
low extent, dispersed in the aluminosilicate. Note that the radial
distribution function of the dye presents well defined and intense
peaks even at radial distances of 1.0 nm showing that the com-
pound is crystalline. The distances due to the dye molecule do
not alter the short range order (distances less than 0.3 nm) as they
are similar to the T-O and O-0 bonds, so, if they are present they
are not resolved. From these results we conclude then, that the dye
molecules are occluded in the interstitial cavities of the aluminosil-
icate matrix.

Comparing the sample XMG to XMEMG (see Fig. 4(b) and (c),
respectively) the differences between them is that the sample
corresponding to the latter one had been prepared using mesyti-
lene as a template. Fig. 4(c) presents the same two peaks as
Fig. 4(b), which were attributed to T-O and O-O distances pres-
ent in the TO,4 tetrahedron. The following peaks in Fig. 4(c) are
found at 0.33, 0.39, and 0.48 nm. Hence the T-T peak is shifted
to a lower value (being now 0.33) showing that the angle be-
tween tetrahedra has been lowered and is now ca. 152°; see
Fig. 5(b). The structure has become denser or is affected by some
other compound whose distances superimpose onto those of the
aluminosilicate. The 0.39 and 0.48 nm peaks can be correlated to
the radial distribution function of the crystalline MG dye
(Fig. 4(g)) which presents peaks at 0.37 and 0.45 nm. Therefore,
the dye could form crystalline agglomerates into the aluminosil-
icate matrix whose size could be larger than 2.0 nm in diameter
as the crystalline dye peak at a radius of 0.85 nm is present in
Fig. 4(c).

In Fig. 4(d) (sample XME) the results obtained for the amor-
phous aluminosilicate where mesytilene was used as a template
to enhance the porosity in the matrix can be seen. The sample
turned out to be brownish after drying in air for 24 h at 523 K.
The appearance can be attributed to organic residues from mesyti-
lene. As in Fig. 4(c), the first two peaks, up to r = 0.3 nm reproduce
the order found in the original aluminosilicate. The third and
fourth maxima are located at r=0.32 and 0.38 nm. Again the ma-
trix structure is either distorted to an angle of ca. 140° (see
Fig. 5(c)) or the bonds of residual mesytilene are superimposed,
or both. The T-O and T-T second neighbors, are now 0.43 and
0.49 nm.

The radial distribution function in Fig. 4(e) (sample XMB)
exhibits as main features peaks at 0.35 nm and 0.55 nm that can-
not be attributed to MB (Fig. 4(h)). Although these peaks were al-
ready found in Fig. 4(a) (sample X, the matrix) they are much
more intense. Then, most probably they are also due to bonds be-
tween the dye molecule and the matrix in a very strong interac-
tion. Intense peaks at 0.85 and 0.96 in Fig. 4(e) were not found in
the matrix nor in the crystalline MB. The radial distribution func-
tion of Fig. 4(f) (sample XMEMB) is similar to the curve of pure
aluminosilicate up to r=0.33 nm. At 0.41 nm, a clearly defined
peak appears which can be attributed to the MB molecule trapped
in the matrix; see Fig. 4(h). According to these results the amor-
phous network is distorted due to the presence of other com-
pounds such as organic residues derived from mesytilene. The
peak at 0.49 nm is the unresolved distance due to (Si, Al)-O and
(Si, Al)-(Si, Al), second neighbors, but it can also be assigned to
methylene blue; see Fig. 4(h). The peaks present in MB up to
r=0.72 nm appear in this sample. Again, small crystalline dye
clusters are occluded in the matrix.

3.3. Small angle X-ray scattering (SAXS)

The aluminosilicate used as matrix presents a fractal dimension
of 2.9 (figure not shown here) The Kratky plot is typical of a lamel-
lar shape as in all the other samples. The scattering objects in this
case are pores as they are altered by the dye adsorption. The corre-
sponding size distribution of sample X presented in Fig. 6(a) is
broad and the maxima are located at r=9.9 and 11.1 nm. The
MG affects the fractal dimension whose value was reduced to
2.5. The corresponding size distribution turns out to be monomo-
dal with a maximum at 7.5 nm in sample XMG; see Fig. 6(b). We
assume that the dye molecules, fill the large and the small matrix
pores. Indeed, the dye molecule sizes are between 0.7 and 1.4 nm;
see Fig. 1. As a consequence the resulting pore size distribution is
now centered at a radius of 7.5 nm.

The fractal dimension and pore shape of sample XMEMG are the
same as in the previous sample. The incorporation of mesitylene
gives as a result a shoulder at 10.8 nm in Fig. 6(c). Apparently,
residual mesitylene inhibits the adsorption of malachite green into
the largest pores and facilitates the diffusion into the smaller pores
of the matrix.

The sample XME corresponding to Fig. 6(d) exhibits a fractal
dimension of 2.2 and also a lamellar pore shape. The correspond-
ing pore size distribution presents a maximum at r=2.1 nm and a
secondary maximum at 4.5 nm. Pores are filled and a two modal
pore size distribution is produced. The mesitylene molecules have
been completely eliminated from the matrix, as the sample was
dried at a higher temperature (523 K), compared to Fig. 6(c)
(443 K). The corresponding fractal dimension value of the impreg-
nated matrix (sample XMB) is 2.3; see Fig. 6(e). The maxima in
the pore size distribution are at 1.8, 3.9, 6.6, and 9.9 nm. Appar-
ently, the MB molecules occupy mainly the largest cavities, which
was expected. The pore shape and pore size distribution in
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Fig. 6. Pore size distribution calculated from SAXS measurements of samples dried
in air 24 h: (a) X (523 K), (b) XMG (443 K), (c) XMEMG (443 K), (d) XME (523 K), (e)
XMB (443 K), and (f) XMEMB (443 K).

Fig. 6(f) (sample XMEMB) reproduces the values reported for the
previous sample (Fig. 4(d)).

3.4. Nitrogen physisorption

Fig. 7(a) shows the nitrogen adsorption-desorption isotherm of
the sample X. The shape corresponds to a type IV isotherm accord-
ing to the IUPAC classification [31,32]. The hysteresis loop can be
attributed to the presence of open pores where no condensation
is evident; therefore ink bottle shaped pores have to be discarded.
According to these results the pore size varies between 5 and 9 nm
diameter (see Fig. 7(b)). The corresponding surface area was
170.1 £ 1.4 m?/g.
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Fig. 7. (a) Nitrogen adsorption/desorption isotherm of sample X at 77.4 K, (b) BJH
pore size distribution.

3.5. Scanning electron microscopy (SEM)

In order to understand the mesitylene effect the samples XME
and XMEMB were studied by SEM. Fig. 8 compares the correspond-
ing micrographs. The particles are more ordered and similarly ori-
ented in the XMEMB sample (Fig. 8(b) and (d)), where pores are
lamellar. The observed lamellar shape of pores determined by SAXS
at a nanometer scale is then confirmed by SEM. Still, both samples
present very large and dense agglomerates beyond the SAXS
resolution.

3.6. Diffuse reflectance and UV-vis spectroscopy

The experimental UV-vis spectrum of a MB 3.9 x 10~* M solu-
tion is shown in Fig. 9(a). A strong band appears at 652 nm and a
shoulder at 603 nm, both corresponding to MB as a monomer. In
the diffuse reflectance spectrum of X impregnated with MB (figure
not shown here) a wide band appears at 611 nm. This band is as-
signed to the formation of the so-called H-aggregates (dimers, tri-
mers, and oligomers) [33].

The UV-vis spectrum of a MG 3.9 x 10~* M solution appears in
Fig. 9(b). A strong band appears at 622 nm and a shoulder at
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Fig. 8. Scanning electron microscopy (SEM) results of samples magnified 2.5 K: (a) XME (523 K) and (b) XMEMB (443 K). Samples (c) XME (523 K) and (d) XMEMB (443 K)

were magnified 5 K.
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Fig. 9. (a) UV-vis spectrum of a MB 3.9 x 10~* mol solution, (b) UV-vis spectrum of
a MG 3.9 x 10~ mol solution.

557 nm. A weak band also appears at 429 nm. The corresponding
diffuse reflectance spectrum of X impregnated with MG solution
gave as a result a spectrum (not shown here) where a single band
appears at 617 nm. Foster in Ref. [34] attributed this result to the
formation of deprotonated MG dimers deposited on the surface
of the solid.

4. Discussion
The matrix is a flexible network of silicon tetrahedra linearly

assembled forming layers. Between the layers, two dimensional
pores are found which are accessible to gases. This reasoning is

supported by the Nj-isotherm results. Then, clusters of dye mole-
cules can be storaged. When a template is used, the angle between
tetrahedra is modified as can be seen in Fig. 5. Considering that MB
molecules are rigid structures, they could interact with the surface
matrix through one end (if the molecules were lying parallel to the
surface matrix, the fractal dimension would not be significantly al-
tered), and the interaction zone is localized. These results agree
with those of the UV-vis and diffuse reflectance studies. Instead,
MG molecules can be considered as flexible structures, having an
electric charge more homogeneously distributed. The resulting
contact surface could be large, and the resulting interaction be-
tween MG and the matrix could be weaker. Summarizing, the
interaction between MB and the matrix is stronger compared to
the interaction between MG and the matrix. Such interaction is re-
vealed by the changes in the fractal dimension. Such results have
to be discussed considering the main features of the matrix first
and then the size and shape of the cationic molecules. The layers
of the matrix may be described as weakly cross-linked chains in
two dimensions. Then, two types of surface could be present, the
planar and the edge surfaces.

Dye molecules are small enough to occupy the pores as it was
concluded from the pore size distributions from SAXS. It has to
be emphasized that the dye impregnation was made on the matrix
containing organic residues. MG occupies smaller pores than MB as
the small pores present in the pore size distribution of sample X
disappear in the first case with impregnation and only large pores
are observed. Both molecules have similar approximate sizes but
their shape is different; MG can be said to be globular and MB
seems to be an elongated cylinder. The different location of the
molecules in the various pores cannot be explained just as a result
of a sterical effect. There is an effective electronic interaction be-
tween the pore walls and the molecule. In some cases dye mole-
cules may agglomerate to constitute large entities which could
not enter into the matrix pores.

MG diffuses better into the pores and reaches the bottom of the
smaller ones whereas MB is anchored in the large pores; i.e., it does
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not diffuse as its electric charge is located at the end of the linear
molecule (MB). In MG the same charge can be delocalized through-
out the molecule; see Fig. 1. It may also be interesting to refer here
to the adsorption phenomena observed in other lamellar com-
pounds, such as clays. In these minerals the adsorption on pore
edges is often reported [35]. The adsorption on the broken edges
can occur through a ligand exchange mechanism. The adsorbed
species displace OH- from the surface and form partly covalent
bonds with the structural cations. Such mechanism could explain
that MB does not diffuse and is retained in the pore mouths where
broken edges are found.

It is not possible to distinguish in the radial distribution func-
tion results the Si-O and Al-O distances, nor to determine the alu-
minum location. Hence it is not clear if aluminum is segregated or
if it is homogeneously distributed in the solid. This remark is cru-
cial as aluminosilicates, strong solid acids [36] have been reported
to show a high ability for the sorption of basic dyes [37]. In a pre-
vious work [38] on adsorption of Basic Blue 41 on clays it was re-
ported that the mechanism behind the dye adsorption involves the
formation of H-aggregates of the dye on bentonite and montmoril-
lonite. Time-dependent absorbance spectra revealed the presence
of various dye species in montmorillonite. If molecules interact
with each other, small clusters larger than 7.0 nm may be formed.
These agglomerates cannot enter into the matrix mesoporous net-
work. Hence, in our study two kinds of interaction could occur. On
the one hand, isolated dye molecules enter into the matrix porous
lattice interacting with acid centers and on the other, molecules
interacting with each other constitute micelles which are weakly
adsorbed on pore mouths. Thus, as MB molecule does not pene-
trate the matrix at the same extent as the MG does, MB molecules
associate much more than MG molecules.

5. Conclusions

We developed a procedure to obtain faujasite type amorphous
aluminosilicates by the sol-gel process. The porous structures
were designed ad hoc to host the cationic dyes methylene blue
(MB) and malachite green (MG). The porous structure was also
modified in some cases using mesitylene as a template. The incor-
poration of the template gave as a result a distortion in the T-O-T
angle as it was demonstrated by calculations from the radial distri-
bution results.

We found important differences in the impregnation between
MB and MG that can be attributed to sterical and charge distribu-
tion effects of these molecules. According to the results MG has a
larger affinity to the matrix and can be easily incorporated. These
findings can be used to contribute to the design of porous solids
to clean contaminated streams with residual dyes coming out from
industries.
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