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Abstract

A highly ordered large pore mesoporous silica molecular sieve SBA-3, SBA-15, Al-SBA-15, and SBA-1, were developed and characterized
by XRD, BET, FTIR, SEM, and NMR-MAS. The catalytic materials were synthesized using different raw materials and operation conditions.
These materials contain a regular arrangement of uniform channels with diameters between 1.8 and 10 nm, high specific surface area and high
specific pore volume. The designed methods were effective for the synthesis, presenting each mesostructured materials, patterns of XRD and other
characteristics corresponding to the reported ones in literature. The new route employed to synthesize Al-SBA-15, generates a catalyst with only
aluminum in tetrahedral form, according to the data of 27Al NMR-MAS. However, several reports indicated that the coordination of the Al atoms
changes below the Si/Al ratio of 45, presenting peaks corresponding to penta and hexa-coordinated aluminum, which are absent in our samples
(Si/Al = 50 and 33).
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Various MMS (mesoporous molecular sieves), i.e., SBA,
HMS, and MSU have been synthesized using super molecu-
lar groups (self-assembly of surfactants, with copolymers of
low and/or high molecular weight) or blocks [1]. The MMS
that in addition, showed microporous in their structure can be
separated in three [2]: (1) MMS (P 6m) synthesized with the
copolymer blocks as groups, i.e., SBA-15 synthesized with
PPO20PEO70PPO20 as groups [3–6] or silica type with ethyl-
ene polystyrene-Co-poly (oxide) [7]. The micro-pores forma-
tion is due to the partial obstruction of the PEO chains into
the silica walls during the synthesis. This structure coexists
with the mesoporous structure. (2) MMS (cubic) synthesized
under acidic conditions: SBA-1, SBA-6, and SBA-16 [8]. Bi-
modal distribution of the pores is a characteristically structure
of these samples. (3) MCM-41 synthesized by hydrothermal or
sol–gel method [9,10] with micro-pores formation due to the
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partial rupture of the silica wall. The mesoporous molecular
sieves like SBA-1 and SBA-3 were synthesized at room tem-
perature under acidic conditions [11]. The method was similar
to SBA-15, except a low molecular weight quaternary alquil-
ammonium template was used (i.e., QTA+). SBA-3 (pore di-
ameter >3 nm), SBA-1 (pore diameter >2 nm), can contain
some micro-pores, too [12,13]. However, the micro-porosity is
higher than SBA-15 [3], but with similar thermal and hydrother-
mal resistance. For that reason the development of this mate-
rial is interesting for the application in high temperature cat-
alytic processes, reactivation with oxygen and redox deposition
of metals at nano-metric scale. SBA-15 possesses big tubular
channels up to 30 nm de diameter [14,15]. As SBA-15 pos-
sesses the greater thickness of the pores walls, the hydrother-
mal stability is much higher than MCM-41 [14]. Although
some studies of the incorporation of Al [16,17] and Ti [18] in
SBA-15, as active species, were performed, the information is
limited about the use of SBA-15 as host for the catalytic ac-
tive specie. Anyway, this material presents a high potential in
catalytic applications. Moreover, it application as sensors and
nano-reactors due to its three-dimensional mesostructure (3-D)
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was developed, recently [19,20]. Pure siliceous materials have
electrically neutral framework and consequently no Brönsted
acidity. However, it is very difficult to prepare SBA-15 contain-
ing heteroatoms in the framework because of the strong acidic
synthesis conditions. Recently, many efforts have been made
to incorporate Al, Ti, and V into the framework of SBA-15, by
post-synthesis grafting procedures [17,21,22] and direct synthe-
sis [23,24]. The post-synthesis method always needs a complex
experimental condition and the metal oxides tend to appear in
the channels or external surface of the catalysts, which would
block the channels [25]. Yue et al. tried to incorporate alu-
minum directly into the framework of SBA-15 through direct
synthesis, but the product contains extra framework aluminum
species and post-synthetic method is necessary to remove the
extra framework aluminum [23].

In this work we report our first results of the development of
SBA-3, SBA-15, Al-SBA-15, and SBA-1 mesoporous catalytic
materials, characterized by XRD, BET, FTIR, SEM, and NMR-
MAS.

2. Experimental

2.1. Synthesis

1. SBA-15 was synthesized using 15-Crown-15 (PEO15,
Aldrich) as a co-polymer mono block and cetylpyridinium bro-
mide, BDH 95% (Mw = 402.47) as surfactant. 15-Crown-15
(8 g) was added to an acid solution (50 ml of 37% HCl, in
200 ml of distilled water) at 50 ◦C for 6 h. A homogeneous
solution was obtained; 17.5 g of TEOS at 50 ◦C with vigorous
agitation were added, until complete hydrolysis (10 h) to final
pH of 1. Finally, the surfactant (1.5 g) was added with con-
tinuous agitation at 0 ◦C, forming a dense gel in 30 min and
pH 1.5, aging it at 90 ◦C during 72 h. The final product was fil-
tered, washed and dried at 100 ◦C for 10 h. After, SBA-15 was
immersed in ethanol reflux for 6 h, to extract the co-polymer
block and the surfactant. Sample was filtered and washed with
distilled water and dried at 100 ◦C and calcined at 550 ◦C in air
for 6 h. A white powder, SBA-15 was obtained. In absence of
cetylpyridinium bromide, SBA-15 is not obtained. To obtain the
Al-SBA-15 the procedure was similar, at the moment of the ad-
dition of surfactant, 1.2–2.2 g of sodium aluminate was added,
regulating the pH with HCl. The final Si/Al ratios were (a) 50
and (b) 33.

2. SBA-3 was prepared using cetyltrimethyl-ammonium
bromide (CTMABr, Aldrich) and TEOS, Aldrich, el 98%, as
a template and Si source, respectively. An aqueous solution of
HCl (37%) was added in order to control the pH of the reac-
tion system. 2 g of CTMABr and 40 ml de HCl (el 37%) were
dissolved in 100 ml of water. TEOS (10 ml) was added drop-
ping to the acidic solution of CTMABr with vigorous stirring
at 30 ◦C. After 2 h, the white precipitated (SBA-3 mother) was
aged at room temperature for 12 h. The sample was filtered and
dried for 12 h at 100 ◦C. SBA-3 was immersed in ethanol reflux
for 6 h, in order to extract the surfactant; after that, the sam-
ple was filtered and washed with distilled water. After drying
it, SBA-3 was calcined at 550 ◦C in air for 8 h. The heating rate
was 2 ◦C/min from 100 to 550 ◦C.

3. SBA-1 was synthesized using cetyltriethyl-ammonium
bromide (CTEABr, Aldrich) as surfactant, distilled water and
HCl, mixed to obtain a homogeneous system. This solution was
cooled until 0 ◦C and stirred for 60 min. TEOS (Aldrich 98%)
was added at 0 ◦C, under vigorous stirring. The molar com-
position of the reaction mixture was 0.11CTEABr, 1.2TEOS,
18HCl, 200H2O. The mixture reacted at 0 ◦C under static con-
ditions for 10 h. The resulting precipitated was filtered and
washed with acetone, to facilitate the surfactant extraction. It
was dried at 100 ◦C during 8 h, and calcined in air at 600 ◦C for
6 h, with a slope of 2 ◦C/min starting from 100 ◦C.

2.2. Characterization

The structure regularity of the samples was determined by
XRD. JASCO 5300 FTIR spectrometer was used. The finger-
print of the samples were obtained using wafers of SBA in
KBr. Acidity (for Al-SBA-15) was determined by FTIR of pyri-
dine. A thermostatized cell with CaF2 windows, warmed up to
400 ◦C and 4.2 × 10−2 Torr during 2 h was employed. Pyri-
dine was adsorbed (5 Torr) at 25 ◦C for 10 h, and desorbed for
1 h at different temperatures and 10−3 Torr. The size and shape
of the crystals were determined by SEM in a PHILIPS-SEM
501B. BET results were performed in ASAP 2010 equipment.
27Al MAS NMR spectra were recorded at room temperature on
a Bruker MSL-300 spectrometer with a resonance frequency
of 78.21 MHz. The magnetic field was 7.05 Torr. The spin
rate of the sample was 4.0 kHz and the number of scans was
4000–5000. The pulse lengths were adjusted to 4.6 µs with a
repetition time of 500 ms. The sweep width was 29477 Hz,
AlCl3·6H2O was used as a reference.

2.3. Catalytic activity

The catalytic decomposition of 2-propanol was used as a test
reaction for the study of the acidity of SBA-15 and Al-SBA-15.
A fixed bed tubular glass reactor working at atmospheric pres-
sure was used, with a catalyst charge of 30 mg without dilution
(0.2–0.3 mm particle size). Samples were pretreated at 200 ◦C
in a N2 flow for 3 h (60 ml/min). 2-propanol l was fed into the
reactor by flowing N2. None of the samples showed diffusion
restrictions. The reaction products were analyzed by an on-line
gas chromatograph provided with a FID detector and a fused
silica capillary column.

3. Results and discussion

3.1. XRD and BET

The XRD patterns and BET results are shown in Table 1 and
Figs. 1–3. The results are in agreement with literature data for
materials synthesized by conventional methods [2,3,7].

Crystalline structure: the XRD patterns of the samples are
shown in Figs. 1, 2, and 3, SBA-1, SBA-3, and SBA-15, respec-
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Table 1
Textural and structural properties of the calcined samples

Sample a0
a

(nm)
Si/Al Area

(m2/g)
Pore volume
(ml/g)

Diameterb

pore (nm)
Wall thicknessc

(nm)

SBA-1d 2.4 – 1520 0.71 2.4 –
SBA-3 3.6 – 1430 0.98 2.6 1.0
SBA-15 10.0 – 1040 1.38 8.9 1.1
Al-SBA-15(a) 11.3 50 1020 1.32 9.1 2.2
Al-SBA-15(b) 11.7 32 960 1.26 9.3 2.4

a Hexagonal: a0 = 2d100/
√

3.
b D ∼= 4V/A.
c E = a0 − D (according Ref. [30]).
d Cubic: a0 = √

5d210-cage diameter = 4.3, determined by using the equa-
tion of Dme = a0(6εme/πν)1/3. Dme: the cage diameter of a cubic unit cell of
length a0, εme: volume fraction of a regular cavity and ν (ν = 8, for the SBA-1)
is the number of cavities present in the unit cell [31].

Fig. 1. XRD pattern of SBA-1. XRD patterns of as-synthesized SBA-1 meso-
porous silica at 0 ◦C (samples a and c) and 20 ◦C (sample b), for synthesis mo-
lar composition: 0.11CTEABr, 1.2TEOS, 18HCl, 200H2O (samples a and b);
0.09CTEABr:1.5TEOS:9HCl:125H2O (sample c).

tively. The pattern diffraction peaks confirm a high crystallinity
(or long-range order structure in all samples).

In Fig. 1, we can observe signals at 2.3◦, 2.6◦, and 3◦
(2θ ), corresponding at 200, 210, and 211 (hkl) index reflec-
tions based on the SBA-1 mesoporous silica of Pm3n cubic
mesostructure, as was reported in literature for pure cubic
SBA-1, but in this case, using another synthesis way [10,26].
Thus, according the surfactant used in the preparation of
SBA-1 (CTEABr), the lower reaction temperature and the ra-
tio of surfactant/Si, we obtain a pure cubic phase of SBA-1
at very short reaction time using different Si source and pH
value, compared with a recent work of Man-Chien Chao
et al. [26]. The mesoporous materials formation was explained
in terms of self-assembly surfactants in a solution to guide
the formation of the inorganic precursor via condensation re-
actions.
Fig. 2. XRD pattern of SBA-3.

Fig. 3. XRD pattern of: SBA-15; Al-SBA-15a; and Al-SBA-15b.

Reports were made [27] in which shown that the morphol-
ogy was easier to control under acid conditions because the in-
teraction between the surfactant and silica framework is weaker
than the alkaline route.

Large head-group surfactants such as Cn TABr (n = 12, 14,
16, 18) favors the SBA-1 cubic Pm3n phase, It is well known
that liquid crystal phases of surfactants, are heavily dependent
on temperature. The kinetics of the hydrolysis of TEOS fol-
lowed by condensation/polymerization is also highly dependent
on temperature. The temperature of the reaction system there-
fore would be a key factor in determining the structure and mor-
phology of mesoporous materials [27,28]. In conclusion, as a
function of experimental results showed in Fig. 1, the structural
mesophases order gradually decreases with the temperature in-
creases or the ratio CTEABr/Si decreases. This aspect may be
underlined.

The surfactant packing parameter, g, given by g = V/(a0l),
where V is the total volume of the surfactant chain, a0 is the
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effective head group area at the organic–inorganic interface,
and l is the surfactant chain length, is considered to be a useful
molecular structure-directing index to characterize the geome-
try of the mesophase products, and can be used to rationalize
the above XRD results. At low synthesis temperatures, e.g., at
0 and 20 ◦C, the large head group surfactant CTEABr effec-
tively stabilizes a more curved surface (g < 1/3) for the for-
mation of cubic SBA-1. With increasing the synthesis tempera-
ture, however, the conformational disorder due to the surfactant
tail motion increases the effective surfactant volume, leading
to a corresponding increase in the g value. This situation re-
sults in a phase change from cubic to hexagonal mesophase
(1/3 < g < 1/2).

When the synthesis temperature is superior to 20 ◦C, the
surfactant exhibits a hexagonal adjustment SBA-3 [26], the
low hydrolysis of the TEOS gives as result a more flexible
silica network and a selection of hexagonal phase SBA-3 hap-
pens to 30 ◦C. Therefore, the phase determination into cubic
SBA-1 or hexagonal SBA-3 is also influenced by the charge
density matching between the silicate and surfactant micelles.
The usual synthesis of SBA-1 is based on the S+X−I+ path-
way, where S+ denotes the cationic surfactant, X− the acid
anion, and I+ the inorganic (silica) species, under strongly
acidic conditions and low synthesis temperatures, but longer
reaction time [29], than we employed in this work with high
successfully.

The Miller indexes 100, 200 and 210 corresponding to 2.3◦,
4.3◦, and 5.2◦ (2θ ) for hexagonal SBA-3 [10] can be observed
in Fig. 2. In the case of SBA-15, the main signal appears at 1.2◦
(2θ ) and shifts to lower angles with the incorporation of Al to
0.9◦ (2θ ) for sample Al-SBA-15, with higher content of Al (see
Table 1), as we expected, comparing with literature data [2,3].

3.2. FTIR

FTIR of Si-SBA-15 and Al-SBA-15 (Fig. 4) shows bands at
1069 cm−1 (T–O asymmetric stretching) and 800 cm−1 (T–O
symmetric stretching). The bands are due to TO4 vibrations
(T = Si, Al), assigned to the bending Al–O–Si, that indicate
the incorporation of Al into SBA-15 [32,33]. Only one signal
at 3740 cm−1 due to terminal Si–OH is observed in the case of
SBA-15; a new band at 3630 cm−1 appears in Al-SBA-15, in-
creasing from sample (a) to (b), assigned to Brönsted sites due
Si3–O–Al–OH. SBA-3 shows only a band at 3647 cm−1, due
to terminal silanol. A band at 3720 cm−1 for SBA-1 indicates a
weaker acid site compared with SBA-3 and SBA-15.

Various works determine the density and strength of acid
sites of different AlSBA-15 by temperature-programmed-de-
sorption (TPD) of ammonia [34,35] or pyridine [36], without
differentiating Brönsted to Lewis sites. Recently, acidic prop-
erties of Al-SBA-15 materials prepared by post-synthesis alu-
mination mesoporous silica, were determined by FTIR of Pyri-
dine [37,38]. In our case, using FTIR of preadsorbed and des-
orbed pyridine at different temperatures (as it were indicated
in Section 2) we distinguish the presence of both sites, those
that, in addition, are in correspondence with the later results
of 27Al NMR-MAS showed in the next section. Thus, the to-
Fig. 4. FTIR of Si-SBA-15 and Al-SBA-15.

tal acidity of sample (a) was 0.200, 0.178, and 0.1 mmol/g;
for sample (b): 0.298, 0.210, and 0.185 mmol/g of Py retained
at 250, 350, 400 ◦C, respectively. The Brönsted/Lewis ratio for
the samples are: 12, 19, and 28 for sample a; 8, 12 and 13 for
sample b, at 250, 350, and 400 ◦C respectively, see Figs. 5a
and 5b.

3.3. SEM

The size and shape of the samples indicate good morphol-
ogy of the crystals, without other phases, and typical of these
materials. The pictures are shown in Figs. 6a–6c.

As shown in Fig. 6, separated almost spherical or spheroid
crystals but have glass-like disorder in the walls observed for
SBA-1 sample. The particle size of the siliceous SBA-1 was
1.5–2.2 µm in diameter, whereas for SBA-3 the crystal form is
almost spherulitic with lower crystal size (0.8–1.3 µm). SBA-15
images reveal that it consists of many rope-like domains with
relatively uniform sizes of 1.5–2 µm, which are aggregated into
wheat-like macrostructures (rod-like primary particles aggre-
gate to form micron-sized fibers).

3.4. NMR-MAS

27Al NMR-MAS results of the Al-SBA-15 samples are
shown in Figs. 7a and 7b. Two peaks at 53 and 0 ppm were ob-
served in sample b, although it’s very lower. The chemical shift
of 27Al NMR-MAS at 53 ppm can be assigned to aluminum in
tetrahedral form, in which the aluminum is incorporated into the
siliceous wall. The chemical shift at 0 ppm is usually assigned
to octahedral extra framework aluminum. Though, the incorpo-
ration efficiency decreases with the increase of the concentra-
tion of aluminum species, most Al exist in a tetrahedral envi-
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Fig. 5. FTIR spectra for the pyridine-adsorbed at room temperature and 10−3

Torr on Al-SBA-15a and Al-SBA-15b and desorbed at 250, 350, and 400 ◦C at
10−3 Torr for 1 h.

ronment. It is widely accepted that the coordination status of
Al is directly related to its acidity. The hydroxyl groups linked
to Al in tetrahedral coordination will produce Brönsted acidic
sites, and by dehydroxylation at higher temperature, would give
rise to Lewis sites, while octahedrally-coordinated aluminum
does not impart Brönsted acidity. Thus, the procedure employed
to synthesize Al-SBA-15 by a new route, generates a catalyst
with aluminum only in tetrahedral form. However, in recent re-
port [22–24], indicated that the coordination of the Al atoms
is changed below the nSi/nAl ratio of 45. Al-SBA-15 (Si/Al =
7 or 23) shows a sharp peak centered around 53 ppm and two
small peaks centered around 7 ppm and 22 ppm. The peaks cor-
responding to 22 and 7 ppm are attributed to penta- and hexa-
coordinated aluminum which might have formed by leaching
during calcination.

3.5. Catalytic activity

Isopropanol conversion and 1-butene isomerization are of-
ten applied as catalytic tests to obtain the effective catalytic
(a)

(b)

(c)

Fig. 6. SEM microphotographs of (a) SBA-1, (b) SBA-3, and (c) SBA-15.
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(a)

(b)

Fig. 7. (a) 27Al MAS NMR spectra of Al-SBA-15a. (b) 27Al MAS NMR spec-
tra of Al-SBA-15b.

properties of acid centers. Thus, in the isopropanol conversion,
catalysts can be classified according to their degree of acidity in
dehydration or the dehydrogenation of propene or acetone, re-
spectively. The dehydration of isopropanol to propylene takes
place on acid sites, whereas dehyrogenation to acetone is ac-
complished on redox or basic sites.

The conversions obtained at different temperatures are com-
piled in Fig. 8. Whilst Si-SBA-15 is not active in this reac-
tion (at 200 ◦C, 2.1% conversion), the aluminum-containing
SBA-15, exhibits very high conversion at this temperature
(100% conversion). When the reaction is carried out at a lower
temperature (175 ◦C), different conversions appear for these
materials as a function of the aluminum content. The conver-
sion is higher for the Al-32-SBA-15 at all reaction temper-
ature. For higher Al contents an increase in the conversion
takes place. The selectivity was close to 100% for propene
for all the Alx-SBA-15 materials at any reaction tempera-
ture.
Fig. 8. Catalytic activity of Si and Al-SBA-15 for 2-propanol. Al-SBA-15a:
(Si/Al = 50); Al-SBA-15b: (Si/Al = 32); Si-SBA-15.

4. Conclusions

SBA-1, SBA-3, and SBA-15 and Al-SBA-15, were devel-
oped successfully. The designed methods were effective for
the synthesis. The materials have good structural and textural
properties. SBA-1 showed only cubic phase. SBA-15 was pre-
pared employing two surfactants cetylpyridinium bromide and
a co-polymer mono block, 15-Crown-15. Al-SBA-15 does not
contain extra framework aluminum species as was indicated
by NMR-MAS. The catalytic properties of Al-SBA-15 for
2-propanol dehydration, indicated that acid center are only the
active sites within the Al-SBA-15 mesostructure. Is noticeable
the increasing in the wall thickness in the case of Al-SBA-15
compared to SBA-15, conferring to the material a higher ther-
mal and hydrothermal resistance.
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