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A novel route in the synthesis of AI-MCM-41 and AI-MCM-48, using tetraethoxysilane (TEOS) and sodium aluminate (NaAlOy)
as Si and Al source has been obtained. The effect of surfactant nature and the synthesis conditions such as surfactant/Si ratio and hy-
drothermal treatment time on the formed mesostructure regularity has been studied. Different methods of template removal have aso
been evaluated. The samples were characterized by X-ray diffraction, nitrogen physisorption, FT-IR, and solid-state MAS NMR spec-

troscopy.
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1. Introduction

M41S is the collective name for a family of crys
talline mesoporous molecular sieveswith aregular and well-
defined mesopore system. The M41S family is classi-
fied into severa members. MCM-41 (hexagonal structure),
MCM-48 (cubic structure), and other species [1,2]. These
materials possess uniform channels and their pore diame-
ter can be varied systematically between 1.5 and 10 nm
through the choice of surfactant as the template, auxiliary
chemicals, and reaction conditions. MCM-41 consists of
a hexagonal array of unidimensional, hexagonally shaped
pores. MCM-48 has a three-dimensional, cubic ordered
cylindrical pore system and features pore sizes similar to
those of MCM-41 when the same template is used during
synthesis, but has a smaller synthesis regime than MCM-41.
Consequently, MCM-48 has been less studied, even though
it should be more applicable as catalyst or adsorbent due to
itsthree-dimensional pore architecture [1-3]. Dueto itsreg-
ular pore structure and pore shape, MCM-41 and MCM-48
have attracted considerable interest as amodel substance for
sorption of various gases and vapors [4]. These materials
with a defined morphology are promising selective adsor-
bents in separation techniques, e.g., high performance lig-
uid chromatography (HPLC) and supercritical fluid chroma-
tography (SFC) [5,6]. Other interesting physical properties
of these materials include a highly specific surface of up to
1000 m?/g, a specific pore volume of up to 1.3 mi/g and
a high thermal stability, all of which make it suitable for
many catalytic applications. Therefore, this type of mate-
rial has potential applications as acidic catalyst for petro-
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chemical processes, in the refining industry in processes
requiring moderate acidity and involving bulky molecules,
as redox catalysts or as hosts for other chemically active
species [7—12]. The incorporation of aluminum and tran-
sition metal elements within the silica framework has been
implemented in order to increase the acidity, ion exchange
capacity and specific catalytic activity of the mesoporous
silica molecular sieves. Since the replacement of silicon by
aluminum in the framework has been reported [7,13-15], the
interest in substituted materials is growing. Tetrahedrally
coordinated aluminum ions pave the way for the creation
of Brgnsted acid sites by the thermal decomposition of am-
monium ions generating acidic protons at the AI-O(H)-Si
bridges. Brgnsted acidity, however, is an essential pre-
condition for a variety of catalytic hydrocarbon reactions.
Therefore, attempts to incorporate aluminum into tetrahe-
dral positions of the walls have been intensified [16-19].
There are many reports of synthesis and characterization
of AI-MCM-41 with different Si/Al ratios and with differ-
ent aluminaor silica sources, prepared by adding aluminum
sources prior to calcination [1-3,15,18-23]. A variety of
silica sources have been reported, including sodium silicate
and silicon alkoxides. Although the original work by Mo-
bil was performed using a synthetic precipitated silica [1,2]
and many groups now favour the use of solid fumed sil-
icas [24], tetraethoxysilane (TEOS) is actually considered
to be the most appropriate silica source for the synthesis
of MCM-41 and MCM-48 [25-28]. The most often-used
aluminum sources are sodium aluminate, aluminum sul-
phate, aluminum nitrate, pseudoboehmite, and aluminum
isopropoxide. Matsumoto et al. [29] have reported a route
in the synthesis of AI-MCM-41 by hydrolysis of a TEOS-
aluminum isopropoxide solution with ammonia as a cata-
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lyst. In this case, the hydrolysis and condensation — copoly-
merization of TEOS and AIP would proceed in the same
manner as in the presence of templating surfactant, and give
MCM-41 with incorporated aluminum. However, AlIP is
hydrolyzed more easily than TEOS [30]. Some of the alu-
minum alkoxides would polymerize themselves and, conse-
guently, the aluminum-containing species would be formed
outside the aluminosilicate network of AI-MCM-41. Re-
cently, Cesteros et al. [21] studied different factors that af -
fect the final structura integrity of the AI-MCM-41 using
8-Al203, duminum sulphate or PHF alumina as the source
of AI3t and HiSil-233 or Ludox as silica sources. They re-
ported that the use of Ludox insted of HiSil-233 produces
an improvement in the structure after calcination, especially
when PHF aluminais used as the alumina source. The sam-
ple prepared with aluminum sulphate presented the poorer
quality XRD in agreement with the results reported by other
authors who used aluminum sulphate for the preparation of
Al-MCM-41 [31]. The use of §-aluminainstead of PHF alu-
minaresultsin an improvement in the structure and a higher
amount of tetrahedral aluminum. As can be noted a large
variety of silica and aluminum sources has been reported
for AI-MCM-41 synthesis but, to our knowledge, there are
no reports on the use of TEOS and sodium aluminate to-
gether as silica and aluminum sources, respectively. On the
other hand, as the MCM-48 mesophase in the conventional
synthesis is obtained as an intermediate between the transi-
tions from a hexagonal or disordered mesophase to lamel-
lar mesophases, its formation requires narrow and specific
synthesis conditions. Several dightly differing synthesis ap-
proaches were explored, e.g., tightly capping the reaction
containers or leaving them loosely closed so as to alow for
evaporation of the ethanol formed. High quality MCM-48
could only be obtained in autoclaves [28]. Although there
are several reports on pure siliceous MCM-48 [2,28,32] we
have not found any reports about the synthesis of MCM-48
containing framework aluminum prepared with silica and
aluminum sources. In previous works, Anunziata et al. [33]
studied the synthesis, characterization and catalytic prop-
erties of Ti-MCM-41 mesoporous material with TEOS as
Si source. In the present study we describe a hovel route
to prepare aluminosilicates AI-MCM-41 and Al-MCM-48
with both well-defined morphology and high structural or-
dening, using TEOS and sodium aluminate (NaAlO;) to-
gether as silica and aluminum sources, respectively. Thein-
fluence of surfactant nature as template (dodecy! trimethyl
ammonium bromide (DTMABT) or hexadecyl trimethyl am-
monium bromide (HTMABT)) and synthesis conditionssuch
as surfactant/Si molar ratio and reaction time on the type
of mesophase formed and structure regularity also has been
studied. Solid state NMR of 2’Al nuclei was used to de-
termine the coordination environment of aluminum species
in the mesoporous framework. As it is performed in re-
cent papers, a high resolution FT-IR analysis is discussed
in this work to obtain information about the mesostructure
framework before and after template removal and identify
the presence of silanol groups associated with a character-

istic band at 960 cm~1. Moreover, the effect of different
post-synthesis treatments for template removal on reticular
contraction, structure stability and regularity has been ex-
amined.

2. Experimental

The aluminum-containing mesoporous materials (Al-
MCM-41 and Al-MCM-48) were prepared asfollows: First-
ly, TEOS (Aldrich, 98%) and NaAlO, (Johnson
Matthey) were vigorously mixed for 30 min. Then, 25 wt%
solution of DTMABr or HTMABT (Aldrich, 99%) in ethanol
was dropped under tirring at room temperature.  Tet-
ramethylammonium hydroxide 20 wt% agueous solution
(TMAOH) (Merck) was added to the resultant solution and
stirring was continued for 5 h. Then, TMAOH and wa-
ter were further dropped to the milky solution. The mix-
ture was heated at 80 °C for 30 min to remove ethanol used
in solution and produced in the hydrolysis of TEOS. The
pH of the resultant gel was 11.5. This gel was heated in
a static teflon-covered reactor under autogenous pressure at
100°C for 6-17 days. The final solid reaction product was
extracted from the autoclave, filtered, washed with distilled
water and dried at 60 °C overnight (as-synthesized MCM).
The molar composition of the gels subjected to hydrother-
mal synthesis was as follows. Si/Al = 20, TMAOH/S =
0.3, surfactant/Si = 0.15-0.6, water/Si = 60. Different
post-synthesis treatments were evaluated to remove the tem-
plate: (1) Desorption of template under nitrogen atmosphere
(5 ml/min) at 500°C for 6 h and then calcination in air
at 500°C for 6 h. (2) Temperature-programmed desorp-
tion (TPD) of template (heating rate of 1°C/min and N>
flow of 5 ml/min) to 500°C also maintaining this temper-
ature for 6 h and further calcination in air at 500°C for 6 h.
(3) Temperature-programmed desorption of template (heat-
ing rate of 1°C/min and N2 flow of 5 ml/min) to 500°C
maintai ning thistemperaturefor 6 h and further temperature-
programmed calcination (heating rate of 1°C/min and air
flow of 5 ml/min) to 500°C aso maintaining this temper-
ature for 6 h. For the studies of temperature programming
an INSTRELEC programmer was employed, which allows
one to change the heat slope. The sodium form of the Al-
MCM was characterized by XRD, FT-IR, nitrogen adsorp-
tion and solid state MAS NMR spectroscopy. X-ray powder
diffraction patterns were collected in air at room tempera-
ture on a Rigaku diffractometer using Cu K, radiation of
wavelength 0.15418 nm. Diffraction data were recorded be-
tween 20 = 1° and 10° at an interval of 0.01°. A scanning
speed of 2°/min was used. The repetition distance of the
pores was obtained by the Bragg law using the position of
the first X-ray diffraction line. The lattice parameter ag of
the hexagonal unit cell can be calculated by ag = (2/4/3)
d100. The pore diameter may be calculated from this value
by subtracting 1.0 nm, which is an approximate value for
the pore wall thickness usually found in MCM synthesized
inasimilar procedure. Adsorption—desorption isothermsfor
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nitrogen, pore size distribution and BET surface area were
obtained using a Micromeritics ASAP 2000 instrument. In-
frared analysis of the samples was recorded on a JASCO
5300 FT-IR spectrometer either on KBr pellets or on self-
supported wafers. The FT-IR spectrain the lattice vibration
region were performed using KBr 0.05% wafer technique.
In order to determine if the synthesized materials (Na-Al-
MCM) contain Si—OH groups, well-defined FT-IR spectrain
OH vibration region were made. The samples were pressed
into self-supporting wafers (~8 mg/cm?), placed in a ther-
mostatized cell with CaF, windows connected to a vacuum
line and evacuated for 8 h at 400°C. Solid state NMR ex-
periment was carried out on a Bruker MSL300 spectrom-
eter opertating at a resonance frequency of 78.2 MHz for
2TAl. We used a commercial (Bruker) MAS 300WB CP1H-
BBWH.VTN-BL4 probe with 4 mm o.d. zirconia rotors.
The sample was spun at the magic angle at arate of 5 kHz.
Experiments were carried out at ambient probe temperature
(ca. 297 K). The 2’Al spectrum was recorded using direct
polarization with pulses of 2 us duration and a relaxation
delay of 2 s. Aluminum chemical shifts are quoted with re-
spect to 1 M aluminum nitrate solution.

3. Resultsand discussion
3.1. AI-MCM-41 using DTMABr as template

Al-MCM-41 samples prepared in this study using
DTMABr as template are detailed in table 1. These as-
synthesized materialswere maintained under N2 atmosphere
(5 ml/min) at 500°C for 6 h to remove the template and
then calcined in air at 500°C for 6 h (post-synthesis treat-
ment 1).

X-ray diffraction patternsof the ssmplesare shownin fig-
ure 1 (a) and (b). The Bragg peaks can be indexed as hkl
reflections of a hexagonal lattice. This diffraction patternis
originated from theregular hexagonal array of uniform chan-
nels, characteristic of MCM-41. For the calcined samples,
a sharp peak ascribed to the (100) reflection of the hexago-
nal structure of the mesoporeswas observed at 26 = 2.66°—
2.70°, corresponding to digop = 3.32—3.27 nm. Besides the
strong peak, weak ones ascribed to (110) and (200) reflec-
tionsat 260 = 4.7° and 5.4°, d = 1.88 and 1.64 nm, respec-
tively, were observed. The number of well-defined peaks
and their relative intensity represent the relative regularity
of the MCM-41 structure. Then, the clear peaks shown in
figure 1 (a) and (b) indicate that the long-range order struc-

Table 1
Characteristics of AI-MCM-41 prepared by using of DTMABFr as template

Sample Synthesis  Surf/Si 20 (100) digpp ag Surface area
time (days) ) (m) (m)  (m?/g)

| calcined 10 060 266 332 384 1504

Il as-synthesized 17 0.60 254 348 4.02 746

Il calcined 17 060 267 331 382 1598

111 calcined 10 0.45 270 327 3.78 1633

IV calcined 6 0.45 270 327 3.78 1445

ture was achieved [1,2], and the regular mesoporous struc-
turewas retained after theintroduction of aluminum. No dif-
fraction peaks of other aluminum compounds, such as crys-
talline alumina and aluminum oxyhydroxide species, were
observed. Generally, the FWHH (full width at half-height)
of the XRD peaks represents the order of the solid, suggest-
ing that the sample with the narrower FWHH is more or-
dered. Although mesostructure was formed for the calcined
sample |, when the synthesis time increased the FWHH of
the XRD peak around 26109 decreased and the separation of
(110) and (200) diffractions became larger to discriminate
the hexagonal structure indicating the increasing regularity
with synthesistime. After 17 daysthe pattern typical of the
hexagonal structure became prominent (calcined samplell).
Moreover, it iswell known that surfactant/Si molar ratioisa
critical variable in the formation of liquid-crystal templated
M41S materials. We observed that the product synthesized
with lower template/Si ratio (0.45) had a higher regularity.
For this surfactant/Si ratio, we found 10 days hydrothermal
treatment is appropiate for the synthesis of MCM-41 with a
distinct hexagonal structure (calcined sample I11); athough
6 days hydrothermal treatment was also enough (calcined
sample IV), the intensity of peaks was lower than for sam-
ple I11. Furthermore, as can be seen in sample 1, the (100)
Bragg reflection increases sharply in intensity upon removal
of the dodecyltrimethylammonium ion template. The d10o
value decreases from 4.02 to 3.82 nm indicating a lattice
contraction upon calcination of 4.98% as is commonly ob-
served, owing to the removal of the surfactant template from
the channels, in agreement with the condensation of silanol
(SIOH) groupsin the walls. All the samples were stable on
calcinationin air at 500°C.

As another method to confirm the highly ordered MCM-
41 structure, nitrogen physisorption was carried out for all
calcined samples. Adsorption on MCM-41 materias at
low relative pressures (p/po < 0.3) is accounted for by
monolayer adsorption of nitrogen on the walls of the meso-
pores. As the relative pressure increases (p/po > 0.3),
the isotherms exhibit sharp inflections characteristic of cap-
illary condensation within uniform mesopores, where the
p/po position of the inflection point is related to the di-
ameter of the mesopore. All calcined samples showed
type IV adsorption—desorption isotherms according to the
IUPAC recommendation, exhibiting the shape characteris-
tic of MCM-41 uniform mesoporous materials [21,22,29].
For p/po between 0.3 and 0.4, a sharp inflection in the
isotherms could be observed, indicating the mentionated
capillary condensation within uniformly sized mesopores.
The sharpness of this step in nitrogen adsorption reflectsrel-
ative uniformity of the pore size. All the samples showed
a narrow uniform pore-size distribution revealing the effec-
tiveness of the synthesis procedure. Calcined sample 11 ex-
hibited the narrowest pore size distribution according to the
highest long-range order whereas calcined sample | showed
dlightly broader pore size distribution according to a less
long-range order. The near coincidence of the two branches
of the isotherms can be ascribed to the similar high degree
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Figure 1. (a) X-ray diffraction patterns of AI-MCM-41 synthesized with DTMABr (samples | and I1). (b) X-ray diffraction patterns of Al-MCM-41
synthesized with DTMABr (samples 111 and V).

of spontaneity (reversibility) of the adsorption—desorption
processes.

Solid-state NMR was used to investigate the local envi-
ronment of aluminum species after calcining. 2’Al NMR
may be used to distinguish between tetrahedral and octahe-
dral aluminum coordination to establish the degree of au-
minum substitution (tetrahedral sites) in the silica frame-
work. Figure 2 shows the 2’ Al solid-state MAS NMR spec-
tra of the calcined samples | and I11. These spectra exhibit
two peaks with shifts of 53 + 2 and 0 + 2 ppm. The sig-
nal at 53 + 2 ppm could be assigned to tetrahedrally coor-
dinated framework aluminum (Tg4-Al), which was observed
in auminosilicate zeolites [34]. Thesignal at 0 + 2 ppm as-
signed to octahedrally coordinated (Onh-Al) non-framework
aluminum [34] would be extra-framework species formed
intrinsically during hydrothermal crystallization and/or by

Sample | Sample llI
”WWW \/KW
300 200 100 0  -100 -200 300 200 100 O 100 -200
8 (ppm) 8 (ppm)

Figure 2. 27Al-MAS NMR spectra of calcined sample | and calcined sam-
plelll.
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Figure 3. FT-IR spectrain the 400-3400 cm~1 range of AI-MCM-41 sam-
ples: (a) as-synthesized sample |l and (b) calcined samplelll.

dealumination during calcination. Various authors reported
that calcination of the as-synthesized AI-MCM-41to remove
the template led to the appearance of octahedrally coordi-
nated extra-framework aluminum species [23,29,35]. As
suming that the concentration of the tetrahedral and octa-
hedral aluminum are proportional to their respective reso-
nances intensities, it can be observed that the peak intensity
at 53 &+ 2 ppm is much higher than the peak at 0 4+ 2 ppm
for both samples, indicating that the aluminum was incor-
porated mainly with tetrahedral coordination in the frame-
work of MCM-41 prepared by the present synthesis proce-
dure, even when a low structural regularity was shown for
sample |. Theratio of aluminum in the tetrahedral to that of
auminum in the octahedral environment (Alq/Alon), calcu-
lated as aratio of each peak area, was approximately 1/0.26
for sample I11. Thisresult isin agreement with some litera-
ture reports [22,29,36] but is in contrast with the results of
other authors [21,23], who found that in MCM-41 samples
prepared with different aluminum sources the predominant
peak was octahedral except for that sample prepared with
aluminum sulphate. So, 2’ Al NMR data of our samples sug-
gest that not only aluminum sulphate as Al source permits
the incorporation of Al in the tetrahedral framework posi-
tion [21,37].

A FT-IR study of the synthesized samples alowed us
to identify characteristic bands of the mesoporous frame-
work of AI-MCM-41 before and after template removal.
Theinfrared spectra of the as-synthesized and calcined sam-
ple Il in the region of 400-3400 cm~1 is shown in fig-
ure 3. As can be seen, the as-synthesized sample exhibits
absorption bands around 2924, 2854, and 1489 cm~! corre-
sponding to asymmetric and symmetric C—H stretching and
C—H bending vibrations of the surfactant molecules. Such
bands disappear for the calcined sample indicating the total
removal of organic material during calcination. Moreover,

Wave numbers (cm 1)

Figure 4. FT-IR spectra in the 400-1400 cm—1 range of AI-MCM-41 sam-
ples: (a) amorphous sample, (b) calcined sample I, () as-synthesized sam-
plell, (d) cacined samplell, and (€) calcined samplelll.

absorption bands at 16201650 cm~* are caused by defor-
mational vibrations of adsorbed water molecules [38]. The
framework vibrations region of the infrared spectra (400—
1400 cm~1), named the fingerprint zone of the material, is
shown in figure 4 for the amorphous sample, as-synthesized
sample |l and calcined samples I, Il, and I1I. The absorp-
tion bands at 1060 and 1223 cm~! in as-synthesized sam-
ple Il are due to internal and external asymmetric S—O
stretching modes. They are shifted to higher frequencies
(1080 and 1229 cm~1, respectively) in calcined sample 1.
The bands at 790 and 450 cm~1 (as-synthesized sample 1)
are assigned to symmetric Si—O stretching and tetrahedral
Si—O bending modes, respectively, and also are dightly
shifted to higher frequencies under calcination. Such pos-
itive shifts in frequencies would reflect the formation of
new Si-O-Si and Si—O-Al bridges during calcination due
to an increased network cross-linking [27] and would be
accounting for the lattice contraction and structural stabi-
lization that Al-MCM-41 undergoes upon calcination. The
decreased relationship between the relative intensity of the
450/790 cm~1 bands may be taken as further evidence of
the mentioned increased network cross-linking after calci-
nation. Moreover, the band assigned to the external asym-
metric Si—O stretching mode is smoothed after calcination
according to characteristic spectra of the MCM-41 struc-
ture [39,40]. In figure 4, we can observe a sharp band at
960 cm~1 for all calcined AI-MCM-41 samples except for
the amorphous sample. Several authors have taken FT-IR
bands appearing around 960 cm~1 in silica-based matrices
containing transition metal species as evidence for the iso-
morphous substitution of Si atoms by heteroatoms because
the band was absent in pure silicates [41-44]. Neverthe-
less, this band aready has been observed for crushed sil-
ica, silica gels and various high-silica zeolites with a high
concentration of defects (e.g., ZSM-34, ZSM-39) [41-51].
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In a recent paper, Zhao et al. [36] informed that a parent
siliceous MCM-41 sample showed two peaks at 810 and
980 cm attributed to the symmetrical stretching vibration
of S—O-Si and S—OH groups, respectively. A Ti-MCM-
41 sample also showed the absorption peak at 810 cm™1,
whereas the 980 cm~1 peak disappeared and a new peak
at about 946 cm~1 appeared. This band is explained to be
due to the formation of Ti—-O-Si bridges while the disap-
pearance of the peak at 980 cm~! is explained to be due
to the replacement of Si—OH groups by Ti ligands. Perez
Pariente et al. have observed two weak bands at 999 and
970 cm~1 in Beta zeolites with a high Si/Al ratio for which
the presence of ahigh concentration of Si—O~ defects exists
and they assigned them to the stretching vibration of Si—-O~
groups [52]. Recently, Camblor et al. have attributed this
band in a Ti-loaded Beta zeolite to Si—-OH defects, the con-
centration of which increases with the incorporation of Ti in
the framework position [53]. Dzwigaj et al. have assigned
this band at 960 cm~1 to the presence of vacant T-sites as-
sociated with silanol groups generated upon dealuminating
in acid medium of the Beta framework [54]. Then, the as-
signment of such aband at 960 cm~? to the stretching vibra-
tion of Si—O vibrators belonging to uncoupled tetrahedral
[SiO4] with a hydroxyl would be more consistent with its
appearance in MCM-41 containing aluminum in the frame-
work position. In the case of the as-synthesized AI-MCM-
41 (1), two bands appear at 960 and 910 cm~2. Since for
the as-synthesized sample, either CTA* and/or HT can act
as counterions for Si—-O~ defect groups, the bands at 960
and 910 cm~1 can be ascribed to the stretching vibration of
S—-O-R (R = H*, CTA™) groups. Upon calcination, only
one IR band ascribed to Si—-OH appears at 960 cm~—1 [51].
Therefore, we have observed that the relationship between
therelativeintensity of the 960/800 cm~ bandsis higher for
the materials with higher structural regularity (higher inten-
sity of the (100) Bragg reflection). This feature could be as-
sociated with an increase of the typical regular arrangement
of the straight one-dimensional and hexagonally shaped
channels for MCM-41 and of structural defects caused by
the incorporation of Al in the framework. Infrared spec-
tra of calcined samples I, Il, and Il after heating in vac-
uum (10~° Torr) at 400°C for 8 h in the 39000-3300 cm™*
range (figure 5) exhibit a band at 3740 cm~! indicating the
presence of non-acidic silanol (S—OH) groups[23,54]. The
Si—OH groups concentration is obtained taking account the
weight of self-supported wafers. According to the above
suggestions samples |1 and 111, which possess more intense
(100) Bragg peaks, contain more silanol groups (960 cm™1)
than samplel.

©

(b)

(a)

3600 3400

Wave numbers (cm_l)
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Figure 5. FT-IR spectra of the hydroxy region of AI-MCM-41 samples:
(a) calcined sample I, (b) calcined sample |1, and (c) calcined sample 1.

3.2. AI-MCM-41 and AlI-MCM-48 using HTMABr as
template

Al-MCM samples prepared in this study using HTMABr
as template are detailed in table 2. All the samples were
hydrothermally treated for 10 days. The data presented in
this table correspond to the as-synthesized materials heated
to 500°C at a rate of 1°C/min under N2 flow (5 ml/min),
kept at this temperature for 6 h to remove the template and
further calcined to 500°C at a rate of 1°C/min under air
flow (5 ml/min) and kept at this temperature for 6 h (post-
synthesis treatment 3).

X-ray diffraction patterns of the samples presented in ta-
ble 2 are shown in figure 6. As can be seen, when HTMABr
is employed astemplate under the same synthesis conditions
used for synthesis of samplelll (table 1), ahigh quality cubic
structure appears (sample V). We obtained an XRD pattern
for sample V with the diffraction peaks (211) and (220) at
2.46 and 2.82 nm, similar to characteristic diffraction pat-
tern of the cubic member of the M41S family, MCM-48,
reported by several authors[1-3,55]. On the other hand, we
have also observed that the structure was transformed from
cubic into hexagonal with decreasing surf./Si ratio (sam-
ple VI). Beck et al. [1,2] prepared MCM-41 and MCM-48
by varying the surfactant to silicon mole ratio. They found
that the predominant product appeared to be the hexago-
nal phase, MCM-41, at a C16H33(CH3)3N™/Si ratio of less
than 1 and as this ratio increased beyond 1, a cubic phase

Table 2
Characteristics of AI-MCM-48 and Al-MCM-41 prepared with HTMABr as template
Sample Surf/Si Structure 26 (100) 26 (211) d@aoo) d11) Surface area
®) ®) (hm)  (nm) (m?/g)
V calcined?® 0.45 Cubic - 2.46 - 359 1558
VI calcined® 0.3 Hexagonal 2.19 - 4.03 - 1149

@ Post-synthesis treatment 3.
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(MCM-48) could be produced. They aso observed that the
microscopy and diffraction results for MCM-41 was strik-
ingly similar to those obtained from surfactant/water liquid
crystal or micellar phases and proposed aliquid crystal tem-
plating (LCT) mechanism for the formation of the M41S
materials. This model suggests that the rod-like micelle of
surfactant in the water—surfactant liquid phase is piled and
silicate addition orders the subsequent silicate-encased mi-
celles. Koyano and Tatsumi [56,57] observed for the synthe-
sis of titanium-containing MCM that the structure wastrans-
formed from hexagonal into cubic with increasing concen-
tration of the surfactant, in good agreement with the effect
of concentration on the formation of a liquid-crystal phase
for the HTMA system [58]. Monnier et al. [3] dissented
from the mechanism proposed by Beck and coworkers with
regard to its insufficient interpretation for establishing the
mechanistic understanding needed for better control of the
synthesis process. The resemblance, in shape and size, of
the surfactant—silicate mesostructure with the corresponding
water—surfactant liquid-crystal phaseindicatesthat the inter-
actions responsible for these morphologies are of a similar
nature. The governing role of the head-group area (A) inthe
selection of a particular mesophase has already been recog-
nized in water—surfactant systems: the favored mesophaseis
that which permits A to be closest to its optimal value A,
while maintaining favorable packing of the hydrophobic sur-
factant chain [59]. Monnier et al. suggest that in surfactant—
silicate systems, the value of Ag isstrongly affected by elec-
trostatic interactions between the silicate and surfactant mi-
celle species. This “charge density matching” establishes a
link between the chemical composition and structure of the
silicate wall and the formation of a particular structure. The
existence of the cubic mesophase is strongly supportive of
the important role of such interactions in the formation of

Sample V
any
‘@
c
[
<
T T T T
0 2 4 6 8 10
2 theta (°)

surfactant—silicate mesostructures. They proposed a model
for mesostructure synthesis, which explained known experi-
mental dataasfollows: First, multidentate binding of silicate
oligomersisformed, which has sufficiently high charge den-
sity to permit a lamellar surfactant configuration. Second,
the polymerization of the silicate at the surfactant—silicate
interface takes place and brings about a diminution of charge
density of thelarger silicate polyanions, so that Ag increases.
Such diminution of charge density alows the system to in-
crease the average head-group area of the surfactant assem-
bly (A) by adopting a particular mesostructure according
to charge density matching criteria. The synthesis mecha-
nism could begin with the hydrolysis and condensation of
TEOS [29]. First, the hydrolysis reaction would replace
akoxide groups of TEOS with hydroxyl groups. Second,
a proton of the hydroxyl groups would be removed by hy-
droxyl anionto givesilicate anion. Subsequent condensation
reactions of terminal silanol ester or silanol groups with sil-
icate anion or aluminate (or silicate—aluminate polyanion in
the polymerization process) would produce siloxane bonds.
When templating surfactant is present in this system, the in-
teraction between the surfactant molecules and the silicate
or aluminosilicate polyanions would result in the formation
of hexagonal or cubic mesopore arrays by the mechanism
proposed by Monnier et al. [3]. This model could account
for the formation of the cubic phase as the surfactant na-
ture changes from DTMA into HTMA in the same reac-
tion conditions. Such change would involve a variation of
both the average head group area and the ionic strength in-
ducing liquid crystal phase changes to maintain favorable
packing of the hydrophobic surfactant chains. Moreover, the
transformation from cubic structure into hexagonal struc-
ture by changing the surfactant to silicate ratio also sup-
ports the above mechanism since this variation in reactant

Sample VI

Intensity

o 2 4 6 8 10
2 theta ()

Figure 6. X-ray diffraction patterns of AI-MCM-48 and Al-MCM-41 synthesized with HTMABr (samples V and VI).
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Figure 7. 2Al-MAS NMR spectra of calcined sample V (Al-MCM-48) and
calcined sample VI (Al-MCM-41).

composition changes both the surfactant concentration and
the ionic strength, either of which can induce liquid crys-
tal phase changes. On the other hand, although the hexag-
onal mesostructure materials obtained with HTMABr ex-
hibited less regularity than those obtained with DTMABr
under similar reaction conditions, we can observ that digo
spacing and consequently pore diameter increased with in-
creasing the surfactant chain length, asis expected (tables 1
and 2).

Nitrogen adsorption—desorption isotherms of calcined
samples V (MCM-48) and VI (MCM-41) reveal dlight dif-
ferences between these mesoporous supports. Both materi-
as exhibit type-1V isotherms. However the capillary con-
densation occurs in a more narrow range in MCM-48 than
in MCM-41, indicating the existence of more uniform pores
in the cubic MCM-48 [28].

As can be seen in NMR spectra of calcined sample V
(post-synthesis treatment 3) and calcined sample VI (post-
synthesis treatment 3) (figure 7), the peak intensity at 53 +
2 ppm is much higher than the peak at 0 + 2 ppm for both
samples, indicating that a large portion of the attached au-
minum was tetrahedrally coordinated.

XRD patterns of cubic sample V (figure 8): (a) as
synthesized, (b) sample (a) after template desorption un-
der N2 flow (5 ml/min) at 500°C for 6 h, and (c) sam-
ple (a) after template-thermal-programmed desorption with
heating rate of 1°C/min up to 500°C and maintaining of
this temperature for 6 h under N2 flow (5 ml/min), show
that the template removal produced a reticular contraction
which was minor when the thermal-programmed desorption
procedure was used. So, this originated a lattice contraction
of 2.4% in contrast to procedure without temperature pro-
gram, which produced a lattice contraction of 3.48%. XRD
patterns of cubic sample V (figure 9): (a) after template-
thermal -programmed desorption and subsequent cal cination
in air atmosphere at 500°C for 6 h (post-synthesis treat-
ment 2) and (b) after template-thermal-programmed de-
sorption and subsequent thermal-programmed calcination
with heating rate of 1°C/min up to 500°C and maintain-
ing of this temperature for 6 h under air flow (5 ml/min)
(post-synthesis treatment 3), indicate again that the calci-
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Figure 8. XRD patterns of AI-MCM-48: (a) as-synthesized sample V,

(b) sample (a) after template desorption under N, flow at 500°C, and

(c) sample (a) after template-thermal-programmed desorption up to 500 °C
under N flow.
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— (a):d,,,=3.52 nm
d,,=3.11 nm

Intensity

o 2 4 6 8 10
2 theta (°)

Figure 9. XRD patterns of AI-MCM-48: (a) sample V after post-synthesis
treatment 2 and (b) sample V after post-synthesis treatment 3.
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Figure 10. XRD patterns of AI-MCM-41: (a) as-synthesized sample VI,

(b) sample (a) after template desorption under N, flow at 500°C, and

(c) sample (a) after template-thermal-programmed desorption up to 500°C
under N> flow.

nation with temperature program and airflow promoted a
more minor lattice contraction (minor d spacing diminu-
tion) than the other proceeding. Furthermore, as can be
seen in figures 8 and 9, both template thermal-programmed
desorption and thermal-programmed calcination favored
the most highly ordered mesostructure. XRD patterns of
hexagonal sample VI: (a) as-synthesized, (b) sample (a)
after template desorption under N2 flow (5 ml/min) at
500°C for 6 h, and (c) sample (a) after template-thermal-
programmed desorption with heating rate of 1°C/min up
to 500°C and maintaining of this temperature for 6 h un-
der N2 flow (5 ml/min) shown in figure 10 and XRD
patterns of hexagonal sample VI: (a) after post-synthesis
treatment 2 and (b) after post-synthesis treatment 3 shown
in figure 11, suggest that both the template removal us-
ing hexadecyltrimethylammonium thermal -programmed de-
sorption and the thermal-programmed calcination of the
cubic samples produced also minor lattice contractions in
the mesostructure framework and long-range ordered struc-
ture.

The infrared spectra of the samples. (a) as-synthesized
sample V, (b) sample (a) after post-synthesis treatment 3,
(c) as-synthesized sample VI, and (d) sample (c) after
post-synthesis treatment 3, in the fingerprint region of
material (400-1400 cm™1) (figure 12), present the same
absorption bands characteristic of the MCM-structure
observed for samples synthesized with DTMABr. The as-
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Figure 11. XRD patterns of AI-MCM-41: (a) sample V| after post-synthesis
treatment 2 and (b) sample VI after post-synthesis treatment 3.

signment of these bands is according to that given for fig-
ure 3 and the positive shifts in frequencies of bands as-
signed to S—O stretching and bending modes upon cal-
cination were also observed. As can be seen, there are
no differences between the MCM-41 and MCM-48 spec-
trum; then FT-IR analysis is unable to discriminate the

(d)

()

(b
(a)

1600 500

Wave numbers (cm ™)

Figure 12. FT-IR spectra in the 400-1400 cm~1 range of Al-MCM-48

and Al-MCM-41 samples: (a) as-synthesized sample V, (b) sample (a) after

post-synthesis treatment 3, (¢) as-synthesized sample V1, and (d) sample (c)
after post-synthesis treatment 3.
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Figure 13. FT-IR spectra in the 400-3400 cm~1 range of AI-MCM-48

samples: (a) sample V after template desorption at 500°C under N> flow,

(b) sample V after template-thermal-programmed desorption up to 500°C

under N flow, (c) sample V &fter post-synthesis treatment 2, and (d) sam-
pleV after post-synthesis treatment 3.

hexagonal structure from the cubic one. In addition, re-
markabl e differences between the MCM-41 spectra obtained
with DTMABr and HTMABr were not noted. Figure 13
shows the infrared spectra of the following samples in the
3400-400 cm~1 range: (a) sample V after template desorp-
tion at 500°C for 6 h under N2 flow, (b) sample V after
template-thermal-programmed desorption with heating rate
of 1°C/min up to 500°C and maintaining of this temper-
ature for 6 h, under Nz flow, (c) sample V after template-
thermal-programmed desorption and calcination in air at
500°C (post-synthesis treatment 2), and (d) sample V af-
ter template-thermal-programmed desorption and thermal-
programmed calcination up to 500 °C under air flow (post-
synthesis treatment 3). No shifts in frequencies of bands
were observed between the samples subjected to different
thermal treatments and the absorption bands due to surfac-
tant molecules did not appear in either of the spectra indi-
cating the total removal of the template under all the thermal
treatments.

4. Conclusions

Al-MCM-41 and Al-MCM-48 molecular sieves with a
Si/Al ratio of 20 can be prepared by hydrothermal synthesis
using NaAlO, and TEOS as aluminum and silica sources,
respectively. This route of synthesis enabled us to access
mesoporous materials with high regularity and the particu-
lar mesostructure was intimately linked to the surfactant na-
ture (DTMABr or HTMABT) and the synthesis conditions
such as the hydrothermal treatment time and template/Si ra-
tio. MCM-41 obtained with DTMABTr showed well-defined
diffraction patterns and its regularity increased with increas-
ing synthesis time and decreasing surfactant/S ratio. A cu-
bic phase appeared when HTMABr was used instead of

DTMABT under the same reaction conditionsand it is trans-
formed into a hexagonal one by decreasing the surfactant/Si
ratio. Such transformations can be explained through both
the formation of aliquid crystal phase for the surfactant sys-
temsand the Monnier et al. [ 3] model for the synthesis of the
M41S materials. The aluminum atom was tetrahedrally in-
corporated into the silica framework mesoporous structure.
A FT-IR study allowed us to obtain information about the
mesostructure framework before and after template removal
and identify the presence of silanol groups associated with
a characteristic band at 960 cm~1. Thus, template thermal-
programmed desorption and thermal-programmed calcina-
tion procedures alowed us to achieve the smallest lattice
contraction after the surfactant elimination.
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