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Abstract

Al-MCM-48 mesostructures with different Al contents (Si/Al = 40, 30, and 20) have been prepared with hydroxyl-exchanged c
trimethylammonium bromide as the template and a post-synthesis treatment in NH4F solution. The solid structures were analyzed by XR
N2 adsorption, DRIFT, SEM, HREM, and27Al and 29Si MAS NMR. Moreover, surface acidity was determined with the use of pyrid
(Py) and 2,6-dimethylpyridine (DMPy) as probe molecules. The catalytic activity of Al-MCM-48 materials in isopropylbenzene deal
was compared with those of the microporous H-Y and ZSM-5 zeolites and that of a commercial silica–alumina catalyst (Harsha
13 wt% alumina). For these solids, the catalytic activity was related to the tetrahedral or octahedral (probably AlO5F species) aluminum fo
nonfluorinated and fluorinated catalysts, respectively.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The importance of M41S materials in size- and sha
selective applications is well known, because they
promising catalysts for acid-catalyzed reactions in the pe
chemistry industry for the manufacture of fuels, petroche
icals, and fine chemicals[1]. This M41S family of meso-
porous molecular sieves has been classified into three
groups: a hexagonal phase, referred to as MCM-41,
an one-dimensional pore system; a cubic phase know
MCM-48, with a three-dimensional pore system; and an
stable lamellar phase (MCM-50). These materials fea
a combination of important properties, including a we
defined pore size, which can be tailored in the range
16–100 Å; long-range ordering; high thermal stability; a

* Corresponding author.
E-mail address:qo1capej@uco.es(J.M. Campelo).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.12.004
-

potential ability for isomorphous substitution. The improv
ment in structural and hydrothermal stability and in
acidity of mesostructured MCM-48 materials has beco
a major challenge in the last few years[2–13]. Some of the
approaches that have been proposed to enhance the
tural and hydrothermal stability of MCM-48 materials a
post-synthesis restructuring in salt solution[2,5], HF addi-
tion [3], post-synthesis hydrothermal treatment[4], direct
addition of NaF[5], and post-synthesis treatment in wa
[10]. In contrast, little is known about the acidity and c
alytic activity in the MCM-48 cubic phase[11–13].

Nevertheless, quite a bit of information is available on
synthesis and characterization of the mesoporous mole
sieve MCM-48[14–25]. However, to obtain the acidic mes
porous Al-MCM-48 catalyst, transformation into the NH4

form through ammonium ion exchange followed by therm
treatment at high temperatures is necessary and results
H-Al-MCM-48 form [11–13]. Therefore, both the weak an

http://www.elsevier.com/locate/jcat
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medium-strength acid sites present in MCM-48, the lac
hydrothermal stability, and the difficulties entailed in achi
ing direct acid catalysts (without ion exchange) would lim
the successful application of these materials in acid ca
sis.

On the other hand, in previous studies of M41S mater
fluorination improved the structural and hydrothermal s
bility [3,5] and the acidity and catalytic activity[26] of these
materials. Here we report on a reproducible method that
hydroxyl-exchanged cetyl-trimethylammonium bromide
synthesize Al-MCM-48 (Si/Al ratios ranging from 40 to 20
with increased acidity and catalytic activity, and on its po
synthesis treatment of samples with a NH4F solution to im-
prove the quality and acidity of the Al-MCM-48 structure

Samples were synthesized and characterized by X-ra
fraction (XRD), N2 adsorption, diffuse reflectance infrar
Fourier transform (DRIFT), scanning electron microsco
(SEM), high-resolution electron microscopy (HREM), a
27Al and29Si magic-angle spinning solid-state nuclear m
netic resonance (MAS NMR) analysis. Studies were m
of the effect of the Si/Al ratio, the degree of surfactant h
droxyl exchange, and the post-synthesis treatment in N4F
solution on phase transformation in mesoporous mater
Moreover, surface acidity was measured with the use of p
dine (Py) and 2,6-dimethylpyridine (DMPy) as probe mo
cules. The vapor-phase isopropylbenzene conversion
studied as a catalytic test as well, and activities of sam
were compared with those of microporous H-Y and ZSM
zeolites and with that of a commercial silica–alumina ca
lyst (Si235, 13 wt% alumina).

2. Experimental

2.1. Synthesis procedure

Tetraethyl orthosilicate (TEOS) and AlCl3 · 6H2O were
used as Si and Al sources, respectively, and cetyl-trime
ammonium bromide (CTMABr) was the template, with
degree of exchange of hydroxide for bromide ion of 50
40%, respectively, with the Ambersep 900-OH ion excha
resin (Acros). Al-MCM-48 samples were prepared by t
procedures: (i) They were synthesized at room tempera
according to the procedure described by Grün et al.[27],
with some variations. First of all, CTMABr/OH was add
instead of pure CTMABr. The surfactant–silica molar ra
in the gel mixture was 0.3, and the reaction time was
duced to 20 min before final filtration of the mixture. (ii) Th
as-synthesized samples obtained in (i) were suspend
300 ml of NH4F 0.1 M for 34 h. The product thus obtain
was filtered, dried at 298 K, and calcined at 823 K in air
24 h.

Samples were denoted XAl-Y or XAl-Y-F, where F refe
to NH4F post-treatment, X= 40, 30, 20, and 15 is the Si/Al
ratio in the synthesis gel, and Y= 50 and 40 is the degree
exchange (mol%) of hydroxide for bromide ion. In additio
.

s

,

for comparative purposes, the Al-41-30 (MCM-41 structu
Si/Al = 30) sample was synthesized with exactly the sa
procedure as described by Grün et al.[27]. Finally, we un-
successfully tried to synthesize the Al-MCM-48 mesoph
described by Schumacher et al.[17].

2.2. Characterization

Powder X-ray diffraction patterns were carried out wit
Siemens D-5000 diffractometer with Cu-Kα (λ = 1.518 Å),
a step size of 0.02◦, and a counting time per step of 1.2
over a range of 2◦ to 10◦.

Nitrogen physisorption was measured with an AS
2000 Micromeritics instrument model at 77 K. The samp
were first outgassed at 473 K for 24 h. The linear part of
Brunauer–Emmett–Teller (BET) equation (relative press
between 0.05 and 0.22) was used for the specific surface
determination. Pore size distribution (PSD) was calcula
with the use of the adsorption branch of the N2 physisorption
isotherms and the Barret–Joyner–Halenda (BJH) form
[28]. The cumulative pore volume (V BJH) of the mesopore
was obtained from the PSD curve.

Scanning electron micrographs were recorded wit
JEOL JSM-6300 scanning microscope, and the elem
tal composition of the calcined samples was assesse
energy-dispersive X-ray analysis (EDX) at 20 kV. The Si/Al
molar ratios of calcined MCM-48 are in close agreem
with the composition of the gel mixtures (Table 1).

HREM images were recorded in a JEOL2000-EX mic
scope operating at an accelerating voltage of 200 kV.
structural resolution of this microscope is 0.21 nm. The e
tron microscopy specimens were prepared by two diffe
procedures: (1) The particles of the samples to be inv
gated were deposited directly on 3-mm holey carbon-co
copper grids. We achieved this by dipping the grid direc
into the powder of the samples, to avoid contact with any
vent, and then blowing off the excess powder. (2) Ultrat
sections of the samples were prepared with an ultram
tome. In this case the samples were previously embedd
an epoxy resin. Sections with a thickness of 20–40 nm w
finally obtained and mounted on 3-mm holey carbon cop
grids.

HREM images were digitized from negative plates w
a KAPPA DX2 CCD camera (1380× 1028, 16 bit). Im-
age analysis was performed on digitized images with Dig
Micrograph 3.4.3. The digital diffraction patterns (DDP
shown here correspond to the log-scaled power spectru
the corresponding fast Fourier transforms (FFTs).

Thermal analysis was performed by simultaneous the
gravimetric and differential thermal analysis (ATG-DT
measurement with a Setsys 12 Setaram thermobalance.
ples were heated in air (50 ml/min) in a temperature rang
of 293–1173 K at a heating rate of 10 K min−1.

Temperature-programmed mass spectrometry (TP-
experiments were carried out in an on-line device wit
VG GAS Prolab quadrupole mass spectrometer. This
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Table 1
Structural and textural properties and composition of Al-M41S calcined samples

Sample Structure d(211)
(Å)

d(100)
(Å)

a0
a

(Å)
DBJH
(Å)

V BJH
(cm3 g−1)

SBET
(m2 g−1)

CBET
(m2 g−1)

εb

(Å)
Si/Al
EDX

40Al-50 Cubic 32 – 79 19 0.42 1469 29 16 50
30Al-50 Cubic 33 – 82 18 0.28 1328 38 17 37
20Al-50 Cubic 31 – 76 18 0.28 1419 28 16 24
15Al-50 Hexagonal – 33 38 18 0.30 1351 25 20 20
40Al-50-F Cubic 35 – 86 21 0.86 1086 51 17 40
30Al-50-F Cubic 35 – 87 22 0.87 1036 51 17 33
20Al-50-F Cubic 32 – 77 21 0.80 1070 44 15 20
15Al-50-F Hexagonal – 33 38 22 0.68 912 54 16 15
40Al-40 Cubic 33 – 81 19 0.45 1309 38 17 37
30Al-40 Hexagonal – 33 38 19 0.40 1305 33 19 36
20Al-40 Hexagonal – 35 40 21 0.75 1161 44 19 24
15Al-40 Hexagonal – 35 40 21 0.67 991 50 19 20
40Al-40-F Cubic 35 – 85 21 0.75 1042 48 17 44
30Al-40-F Hexagonal – 34 39 20 0.69 1054 49 19 32
20Al-40-F Hexagonal – 34 40 21 0.65 1016 54 19 22
15Al-40-F Hexagonal – 35 41 21 0.59 970 51 20 16
Al-41-30 Hexagonal – 34 39 22 0.77 1179 48 17 32

a Cubic and hexagonal unit cell calculated asa0 = d211
√

6 anda0 = 2d100/
√

3, respectively.
b Wall thickness of cubic and hexagonal structure calculated asε = (a0/3.092) − (DBJH/2) andε = a0 − DBJH, respectively.
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vice consisted of a microcatalytic reactor with an on-l
MS detector and an open-air connection. The reactor w
vertically mounted 80-mm-long stainless-steel tube with
inside diameter of 4 mm. The as-made sample (ca. 40
was placed between two layers of quartz wool. The vert
reactor was surrounded by a well-insulated jacked heate
in ATG-DTA, the experimental conditions were as follow
heating rate, 10 K/min, in the temperature range 323–873
flow rate (air), 50 ml/min. The mass spectrometer was op
ated in the multiple ion monitoring (MIM) mode.

27Al (pulse 1 µs; recycle delay: 0.3 s) and29Si (pulse:
6 µs; recycle delay: 600 s) MAS NMR spectra were recor
on a Bruker ACP-400 multinuclear spectrometer at 104
and 79.45 MHz, respectively. The chemical shifts are gi
in ppm from Al(H2O)6

3+ and tetramethylsilane as extern
standard references for Al and Si, respectively.

DRIFT spectra were recorded on a Bomem MB series
strument equipped with an “environmental chamber” (Sp
tra Tech, P/N 0030-100) placed in the diffuse reflecta
attachment (Spectra Tech, Collector). The resolution
8 cm−1, and 256 scans were averaged to obtain spectra i
4000–400 cm−1 range. Single-beam spectra were measu
with the spectra of KBr or of as-synthesized Al-MCM-4
acquired at the same temperature as the sample. Cal
samples were dried at 423 K for 24 h, mixed with KBr
15 wt%, placed in an environmental chamber cell with
20 ml min−1 flow of nitrogen, heated to 573 K, and held
this temperature for 1 h before spectrum measurement.

2.3. Surface acidity

Surface acidity was measured in a dynamic mode w
a previously described pulse chromatographic techniqu
volving gas-phase (573 K) adsorption of Py (sum of Br
sted and Lewis acid sites) and DMPy (Brönsted sites
probe molecules[29]. Very small volumes of solutes wer
d

injected to approach the conditions of gas chromatogra
linearity.

The experimental procedure used for temperature-p
rammed desorption of pyridine (Py-TPD) has already b
described[30]. The apparatus used for Py adsorption/des
tion was basically a gas chromatograph. This was mod
with an empty column, placed before the catalyst tube
connected directly to the detector, so that the eluted b
was recorded directly and peak retardation occurred onl
the catalyst. The catalyst tube was made of 100 mm× 4 mm
s.s. tube containing about 50 mg of catalyst packed betw
quartz wool plugs. Pure N2 at a flow rate of 50 ml min−1 was
used as the carrier gas. Before adsorption experiments
started, we pretreated the catalyst in situ by passing pur2
at a flow rate of 50 ml min−1 and heating the catalyst from
323 to 723 K at 10 K min−1; the temperature was main
tained at 723 K for 10 min. After catalyst pretreatment,
temperature was lowered to 373 K, at which point the
sorption experiment was carried out. Py-TPD experime
were performed in the 323–973 K range after saturatio
the sample, followed by purging in N2 at 373 K for 1 h.
Desorption was measured with a flame ionization dete
(FID).

Temperature-programmed desorption of pyridine–m
spectrometry (Py-TPD/MS) experiments were carried ou
the on-line device described in section2.2 for TP-MS ex-
periments. The same Py-TPD experimental conditions w
used.

2.4. Catalytic testing

Catalytic testing of cumene cracking was performed w
a tubular stainless-steel, continuous-flow mixed-bed
croreactor (6 mm i.d.) surrounded by an electric heater.
iron-constantan thermocouple was placed in the middl
the catalyst bed, and the unit was operated at atmosp
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pressure. The substrate was delivered at a set flow rate
a Gilson 307 Piston-Pump system and was vaporized be
it was passed through the catalyst bed in the presence
flow of nitrogen carrier gas (3 L h−1). The catalyst charge
(W ) were small, usually ca. 0.1 g. These were held by qu
wool at almost the center of the reactor; the reaction tem
ature was 673 K. Standard catalyst pretreatment was ca
out in situ at 673 K for 1 h under a stream of high-pur
nitrogen before the reaction. To prevent any condensa
of reactants or products, all connections were heate
490 K. Blank runs at 673 K showed that under the exp
imental conditions used in this study, thermal effects co
be negligible. The reaction products, characterized by
chromatography–mass spectrometry, were propene and
zene and small amounts ofα-methylstyrene.

3. Results and discussion

3.1. XRD experiments

Powder XRD patterns of the resultant materials obtai
with CTMABr/OH 50% ion exchanged after calcination a
shown inFig. 1. The XRD patterns for samples XAl-50 an
XAl-50-F with X = 40–20 showed diffraction peaks (21
and (200) similar to the characteristic diffraction pattern
the cubic member of the M41S family, MCM-48[31,32].
HREM confirmed the identity of the samples (see belo
t

-

Furthermore, the value of the ratiod220/d211 obtained, rang
ing from 0.85 to 0.90, has been described as characte
of cubic symmetry[12,25]. However, for materials obtaine
with CTMABr/OH 40% ion exchanged, we found that t
predominant product was the hexagonal phase MCM-41Ta-
ble 1). So for these series exclusively 40Al-40 and 40Al-4
F samples showed MCM-48 structure. These results sug
that both the degree of the hydroxide for bromide ion
change and the Si/Al molar ratio in the synthesis gel dete
mined the final mesostructure in our synthesis procedur

The intensity of the XRD patterns increased for XAl-
F, with respect to XAl-Y samples, indicating an increase
the structural order of the cubic or hexagonal network w
the NH4F post-synthesis treatment, according to results
viously reported for Si-MCM-41[33] and Si-MCM-48[5]
when NaF was used. Moreover, thed211 line is used to cal
culate the unit cell parametera0 = d{hk l}(h2 + k2 + l2)1/2.
All cubic XAl-Y and XAl-Y-F samples showed similar cu
bic unit cell parameters ranging from ca. 77 to ca. 87.
pore wall thickness was calculated according to the form
ε = (a0/3.092) − (DBJH/2) [34]. Likewise, the unit cell ex
pands with the NH4F post-synthesis treatment for Al-MCM
48, whereas it remained almost unchanged for Al-MCM
materials (Table 1).

On the other hand, Nur et al.[35] have demonstrate
that, in a mixture of hexagonal-cubic phases, the presen
MCM-48 at a certain level could not be identified by XR
because of very weak reflections. However, complemen
Fig. 1. XRD patterns of (A) XAl-50 and (B) XAl-50-F samples.
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HREM studies demonstrated the absence of local MCM
mesophase in our MCM-41 materials.

3.2. Surface and textural properties

The isotherms were of type IV, corresponding to me
porous solids (Fig. 2). As the relative pressure increas
(p/p0 > 0.2), the isotherms exhibited sharp inflections ch
acteristic of capillary condensation within mesopores, wh
occurred atp/p0 = 0.2 and 0.35. In any case, the sha
ness of this step suggested an uniform size pore sy
and provided evidence of the high quality of the samp
Furthermore, a change was noticed between curves fo
for fluorinated samples and those for nonfluorinated s
ples, as depicted inFig. 2. First of all, the slope of the
adsorption isotherm in the 0.35 to 0.8 partial pressure
gion for XAl-Y-F samples was comparatively greater th
that for XAl-Y samples. This indicated that the particle s
and particle aggregation probably differed between the
batches of samples[36]. Thus the change in the hystere
loop in the 0.35 to 0.6 partial pressure region was ass
ated with framework mesoporosity, whereas the hyster
loop at high partial pressure (p/p0 > 0.8) was indicative
of textural mesoporosity and/or macroporosity. Therefo
the absence of a loop for nonfluorinated samples sugge
that these materials possessed pores in the lower mes
 e

range[37,38], whereas the sharp increase in nitrogen upt
at high pressure (p/p0 > 0.9) in both batches of sample
was indicative of a significant amount of interparticle me
porosity.

Pore size distributions (PSDs) were obtained from the
sorption data by means of the Barret–Joyner–Halenda (B
method. The cumulative pore volume (V BJH) was calcu-
lated in the width range of 15–400 Å. The BET surface a
(SBET), mesopore diameter (DBJH), and cumulative pore
volume (V BJH) of aluminosilicate M41S samples are su
marized inTable 1. Note that the Al-MCM-48 obtained b
direct synthesis possesses a lower unit cell parameter
pore diameter than Al-MCM-48 obtained by NH4F post-
synthesis treatment. Consequently, the wall thicknesse
all Al-MCM-48 samples were similar (ca. 16 Å). So, in co
trast to the effect of NaF post-synthesis treatment descr
for Si-MCM-41 and Si-MCM-48[5,33], NH4F could not be
expected to improve the hydrothermal stability of our A
MCM-48 samples.

3.3. SEM and HREM experiments

Scanning electron microscopy images inFig. 3 show
nonagglomerated particles, and, as can be expected
the synthesis procedure used, the particle morphology
spherical for all XAl-Y and XAl-Y-F materials, according t
Fig. 2. Nitrogen adsorption–desorption isotherms and pore size distributions of (A) 20Al-50 and (B) 20Al-50-F samples.

Fig. 3. SEM micrographs of 40Al-40 sample at different resolutions.
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Fig. 4. HREM images of 40Al-50 sample. (a) and (b) on the ultramic
tomized and (c) powdered specimen.

the results of Grün et al. for mesoporous MCM-41[27] and
MCM-48 [17] materials. Thus NH4F treatment did not affec
the particle morphology of Al-MCM-48 samples.

Fig. 4shows HREM images that are representative of
40Al-50 sample. The first two, (a) and (b), were recorded
the ultramicrotomized specimen; (c) was obtained dire
from the powdered specimen.

The spatial distribution of the pore structure, in proj
tion, is clearly revealed in these images. Digital diffract
patterns obtained on selected regions, shown as insets,
cate in all cases a square pattern of dots, which is cha
i-
-

teristic of the [1 0 0] projection of MCM-48. The diffractio
spots in these DDPs correspond to a 2.8-nm distance
cording to these results, the sample would present a
MCM-48 structure.

3.4. Thermogravimetric and differential thermal analysis
results

The results of thermogravimetric (ATG) analysis and d
ferential thermal analysis (DTA) of the 30Al-50-F and 30A
50 samples are shown inFigs. 5A and B, respectively. Fur
thermore, all Al-M41S samples showed similar results
ATG-DTA analysis[12,39]. Four steps can be observed
Fig. 5. The first step, centered at ca. 368 K, is associated
physically adsorbed water, constituting about 5% we
loss. The second part of the ATG curve, at ca. 438–57
reflects thermal removal of the template, contributes to
23% weight loss, and is attributed to the release of CTMA
in two ways: (i) desorption and decomposition (Hoffma
elimination reaction), corroborated by an endothermic p
in DTA centered at ca. 523 K, and bands at ca. 450–587
the TP-MS spectrum for 1-hexadecene and trimethylam
profiles (Fig. 5C); and (ii) oxidation (peak at ca. 526 K
the TP-MS spectrum for H2O and CO2 profiles,Fig. 5C).
The third part, at 573–673 K, is attributed to the decom
sition and oxidation of the remaining template, as confirm
by the TP-MS experiment and an exothermic effect in
DTA curve (ca. 9% weigh loss). The step in the ATG cu
at 673–973 K may be attributed to the combustion of
remaining carbon species and water loss due to dehydr
lation of SiOH groups. Again, these results were confirm
by TP-MS spectra (Fig. 5C).

Temperature-programmed MS spectra consisting of
m/z signals 18 (H2O), 43 (1-hexadecene), 44 (CO2), and 58
(trimethylamine) of as-synthesized catalysts were obta
to corroborate the information about the thermal treatm
of the Al-M41S catalysts (Fig. 5C).

3.5. 27Al and29Si MAS NMR experiments

In very good agreement with29Si MAS NMR reported
in the literature for Al-M41S materials[15], the29Si MAS
NMR spectra for Al-MCM-48 samples here obtained w
also very broad, so that the peak corresponding to Si(nAl)
units were poorly resolved and deconvolution was furt
complicated by the presence of a peak at ca.−102 ppm
[(Si(SiO)3OH units] [15], regardless of the synthesis proc
dure. However, it was clear that the peak at ca.−110 ppm
from Si(SiO)4 and/or Si(OSi)3OAl units (Q4) sites[40] in-
creased its relative intensity in the fluorinated samples,
noting an increase in the number ofQ4 sites (Fig. 6).

27Al MAS NMR spectra for the hydrated calcined XAl-
samples (Fig. 7) gave a resonance from four coordinate
at ca. 53 ppm, indicating that the Al is incorporated into
framework. However, the27Al MAS NMR spectra for XAl-
Y-F samples were different, exhibiting a low-intensity line
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Fig. 5. ATG-DTA profiles of as-made (A) 30Al-50-F and (B) 30Al-50 samples, and TP-MS spectra of as-made (C) 30Al-50 sample.
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ca. 53 ppm from four-coordinate aluminum (Alt) and an in-
tense line at ca. 0 ppm from six-coordinated aluminum (Ao).
These results imply aluminum extraction from the me
porous aluminosilicate network in our MCM-48 materia
during the NH4F treatment in the synthesis procedure (
These results are in good agreement with those describe
Xu et al.[26] for Al-MCM-41 materials.

3.6. Diffuse reflectance infrared Fourier transform
measurements

The diffuse reflectance infrared Fourier transform (DR
spectra of the as-synthesized and calcined Al-MCM
samples showed typical infrared absorption bands of
CTMABr and of M41S materials, respectively (Fig. 8)
[14,15].
y

In the hydroxyl stretching vibration region (4000–25
cm−1), the hydroxyl groups associated with extrafram
work aluminum species (band at ca. 3690 cm−1) for as-
synthesized samples are noteworthy[41]. In addition to this,
the band at 3693 cm−1 shifted to 3680 cm−1 when the sam
ples were treated with NH4F (Figs. 8a and b). This sug
gests that the nature of the Al environment changed du
treatment with NH4F. The absorption bands at 1036 a
1171 cm−1 were due to the asymmetrical stretching vib
tions of Si–O–Si bridges.

Calcined Al-MCM-48 samples showed a sharp band
3737 cm−1 arising from isolated Si–OH groups and a bro
band at ca. 3500 cm−1 assigned to water and/or bridge
hydroxyl groups (Figs. 8c and d). However, there was n
infrared band in the spectra that could be attributed to
lated Al(OH) aluminum species. The DRIFT spectra in
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Fig. 6.29Si MAS NMR spectra of (A) 30Al-50, (B) 30Al-50-F, (C) 20Al-5
(D) 20Al-50-F samples.

Fig. 7.27Al MAS NMR spectra of (A) 20Al-50 and (B) 20Al-50-F sample

2500–400 cm−1 region contained bands at ca. 1036 a
1171 cm−1 (asymmetrical) and 803 cm−1 (symmetrical),
due to Si–O stretching typical of M41S materials (Figs. 8c
and d)[14,15].

3.7. Acid properties

Py and DMPy adsorption at 573 K was used to mea
the Lewis and Brönsted acid sites on M41S materials,
Fig. 8. DRIFT spectra of (a) as-made 20Al-50-F, (b) as-made 20Al
(c) 20Al-50-F, and (d) 20Al-50 samples, measured at 373 K against
reference.

suming that DMPy is selectively adsorbed on Brönsted
sites and Py is adsorbed on both Brönsted and Lewis
sites[42].

Fluorinated M41S catalysts clearly increased Bröns
acidity compared with nonfluorinated catalysts, wher
Lewis acidity (difference between Py and DMPy adso
tion) remained almost unchanged (Table 2). These results
were similar to those reported by our group[42] for amor-
phous AlPO4–Al2O3 catalysts and by Rodriguez et al.[43]
for Al2O3 and were related to the F− ion substitution for
both Al–OH and P–OH hydroxyl groups and Al–OH grou
respectively. Likewise, Xu et al.[26] modified Al-MCM-41
with ammonium fluoride, and they demonstrated the for
tion of Si–F and extraframework Al(O5F) species. In this
way, when the F− ion is substituted for both Al–OH an
Si–OH groups in the Al-MCM-48 sample, the number
Brönsted acid sites decreases. So, the increase in Brö
acidity has to be understood as an increase in the streng
the remaining OH groups.

On the other hand, a great increase in the total acidit
samples obtained with the use of CTMABr/OH (XAl-Y)
noticeable with respect to that obtained with CTMABr (A
41-30) as the template. Finally, as can be expected, the
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Table 2
Surface acid density and contributions to the total area for Py-TPD pro
of Al-M41S and commercial zeolites catalysts

Catalyst Titration at 573 K Py-TPD (area %)

Py
(µmol m−2)

DMPy
(µmol m−2)

∼ 460 K ∼ 550 K ∼ 700 K ∼ 930 K

40Al-50 0.09 0.05 56 14 19 11
30Al-50 0.16 0.11 36 16 31 17
20Al-50 0.17 0.07 42 14 26 18
15Al-50 0.18 0.06 20 16 47 17

40Al-50-F 0.14 0.10 58 14 16 12
30Al-50-F 0.19 0.11 45 8 29 18
20Al-50-F 0.23 0.12 39 10 32 19
15Al-50-F 0.30 0.21 26 12 41 22

40Al-40 0.13 0.03 57 5 22 16
30Al-40 0.14 0.06 61 8 18 12
20Al-40 0.11 0.04 47 7 29 17
15Al-40 0.17 0.04 32 10 41 17

40Al-40-F 0.12 0.07 35 9 34 23
30Al-40-F 0.17 0.09 42 8 30 20
20Al-40-F 0.19 0.10 31 14 35 20
15Al-40-F 0.23 0.10 22 10 49 19

Al-41-30 0.11 – 19 36 31 14
ZSM5-30 – – 14 20 47 19
HY-5.2 0.49 – 22 18 38 22

acidity increased as the aluminum content increased fo
of our M41S samples (Table 2).

Figs. 9 and 10show the DRIFT spectra for the Py a
sorbed on XAl-50 and XAl-50-F samples, in the region
1700–1400 cm−1, subjected to different thermal treatmen
in the range 373–423 K. All aluminosilicate M41S cataly
exhibited several peaks due to Lewis-bonded Py (1618
1453 cm−1) and Py bonded on Brönsted acid sites (1640
1543 cm−1) and a band at 1492 cm−1 attributed to Py asso
ciated with both Lewis and Brönsted acid sites[42].

Furthermore, the spectra for adsorbed Py (Figs. 9 and 10)
indicated an increased contribution of Brönsted acid site
fluorinated M41S materials, confirming results obtained
the pulse chromatographic technique (see above). More
the desorption of Py at increasing temperatures results i
removal of both Brönsted-bound and Lewis-bound Py.

Typical examples of Py-TPD results for Al-MCM-4
samples are shown inFig. 11. The Py desorption trace wa
deconvoluted with the use of a Gaussian function, with te
perature as a variant. Experimental data, the results o
convolution and the theoretical spectrum obtained by s
ming the individual peaks (standard deviations< 6%) of
samples 20Al-50 and 20Al-50-F, are shown inFigs. 11A
and B, respectively. Analogous spectra were obtained
all Al-MCM-48 and Al-MCM-41 samples. The first pea
around 460 K, was attributed to weak acid sites, and the
peak at about 550 K was attributable to medium acid s
whereas the next two peaks (around 700 and 930 K, res
tively) were assumed to be due to strong acid sites (Brön
and Lewis). As shown inTable 2, the peak centered at c
460 K decreased in contribution (area %), whereas the p
centered at ca. 700 K increased as the aluminum con
increased for all Al-M41S catalysts. So, the total acidity
came stronger as the aluminum content increased, regar
of the synthesis method. Moreover, TPD profiles acqu
for H-Y and H-ZSM-5 zeolites were similar to those o
tained for Al-M41S materials with Si/Al � 20. On the other
hand, acidity trends were also confirmed by the isopro
benzene conversion test (see below).
F:
or 1 h
Fig. 9. DRIFT of adsorbed pyridine (1700–1400 cm−1) over (A) XAl-50: (a) 40Al-50, (b) 30Al-50, (c) 20Al-50, and (d) 15Al-50; and (B) XAl-50-
(a′) 40Al-50-F, (b′) 30Al-50-F, (c′) 20Al-50-F, and (d′) 15Al-50-F catalysts, which were treated at 423 K for 1 h under nitrogen, after adsorption of Py f
and desorption at 373 K for another hour.
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after
lly for 1 h
Fig. 10. DRIFT of adsorbed pyridine (1700–1400 cm−1) of (A) 30Al-50 and (B) 30Al-50-F materials which were treated at 373 K under nitrogen,
adsorption of Py, for 1 h (a, a′). Then, the temperature was increased to 473 K and the catalyst remained, in the nitrogen stream, at 423 K additiona
(b, b′). Then, the temperature was increased to 473 K, the catalyst remaining at that temperature for 1 h (c, c′).

Fig. 11. Py-TPD profiles of (A) 20Al-50 and (B) 20Al-50-F and Py-TPD/MS spectra of (C) 20Al-50 and (D) 20Al-50-F materials.
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The transformation of Py conversion to simpler co
pounds by cracking was excluded by Py-TPD/MS exp
ments (Figs. 11C and D). Thus, inFigs. 11C and D, ions 79
and 52, and 79 and 50, respectively, have a distorted in
sity with a decreased relative intensity for ions 52 and
against 79. It can be concluded from this that the MS sig
of these ions comes from an ion source of the MS spectr
eter and in any case from Py cracking. Furthermore, we
aware of the retardation in Py desorption and different p
file shapes in the Py-TPD/FID and Py-TPD/MS results. T
arose from the capillary and bypass inlet system in the
TPD/MS experiment.

3.8. Catalytic activity experiments

In the absence of diffusion effects, cracking convers
data (XT) are fitted to a first-order rate equation

ln
[
1/(1− XT)

] = k(W/F),

whereW is the catalyst weight andF is the feed rate. Cal
culations were performed only to compare the reactivitie
the different catalysts and were not intended to determ
the detailed rate equations. All values were reproducibl
within about 8%. The initial reaction rate constants (k), XT,
and reaction selectivity for cracking (SCK) are collected in
Table 3.

Benzene and propene were always the main reac
products found in catalytic test reactions of isopropylb
zene conversion on our Al-M41S catalysts. As shown
Table 3, the degree of the surfactant hydroxyl exchan
in the synthesis gel and/or NH4F post-synthesis treatme
did not exert a remarkable effect on activity and selectiv
for cracking in isopropylbenzene conversion over these
M41S catalysts. However, those catalysts with Si/Al � 20
showed the highest conversion levels for this reaction, wh
is in agreement with the acid strength for these samples

On the other hand, the NH4F treatment has led to a
enhancement of Brönsted acid sites, when compared
Lewis sites (as can be seen from the acid properties of s
ples), and a change was also found in the aluminum e
ronment due to the fluorination treatment (it is evident fr
27Al MAS NMR and DRIFT data that the nature of the ac
ity of XAl-Y is different from that of XAl-Y-F). This has
recently been reported by our group for Al-MCM-41 synth
sized in a similar way[39]. Indeed, rather than the total aci
ity, probably an acidity of a particular strength and type w
responsible for isopropylbenzene conversion on Al-M4
catalysts.

However, the catalytic activity of XAl-Y-F may be a
tributed to extraframework aluminum species (poss
AlO5F species), whereas for XAl-Y it should be ascribed
structural aluminum. Therefore, it is not very clear whet
this fluoridation could be accompanied by an increase
the catalytic activity in the Al-MCM-48 samples, althoug
a significant increase in catalytic activity has been repo
when fluorination takes place[32]. Thus, the values show
in Table 3could suggest that in terms of catalytic convers
level, XAl-Y and XAl-Y-F materials were close to comme
cial H-Y, although a greater catalytic conversion level w
found in isopropylbenzene cracking for H-ZSM-5. When
commercial silica–alumina catalyst (Si235, 13 wt% Al2O3)
and the aluminosilicate Al-41-30 synthesized by a differ
Table 3
Isopropylbenzene conversion (XT, mol%), reaction rate constant (k, mol g−1 s−1), selectivity to cracking (SCK, mol%) and deactivation rate (D = XT(4 h) −
XT(20 h)/XT(4 h) × 100) over Al-MCM-48 and commercial silica–alumina and zeolites catalystsa

Catalyst 4 h on stream 12 h on stream 20 h on stream D

XT k × 106 SCK
c XT k × 106 SCK XT k × 106 SCK (%)

40Al-50 17.6 21.1 98.4 15.1 18.0 98.5 13.4 16.0 98.8 24
30Al-50 12.6 14.7 97.8 9.6 11.4 98.2 8.4 10.0 98.1 33
20Al-50 23.9 28.5 100.0 19.7 23.5 99.5 18.0 21.5 99.4 25
15Al-50 23.8 28.4 98.7 19.4 23.2 98.8 16.6 19.8 99.4 30
40Al-50-F 12.7 15.2 96.0 10.5 12.5 97.1 9.6 11.5 97.3 24
30Al-50-F 18.6 22.2 99.5 15.1 18.0 99.5 13.6 16.1 99.5 27
20Al-50-F 23.7 28.2 98.3 19.6 23.4 100.0 17.9 21.3 100.0 24
20Al-50-Fb 45.0 53.8 99.6 35.6 42.5 99.5 32.2 38.5 99.3 28
15Al-50-F 18.9 22.5 99.3 14.9 19.3 99.4 13.4 15.9 99.6 29
40Al-40 13.5 16.1 98.1 11.9 14.2 98.1 11.4 13.7 98.6 16
30Al-40 15.2 18.1 98.9 14.7 17.5 98.6 12.7 15.2 99.0 16
20Al-40 13.9 16.6 98.4 11.0 13.1 98.1 10.0 12.0 98.5 28
15Al-40 14.0 16.7 98.1 13.1 15.6 98.2 11.6 13.8 98.6 17
40Al-40-F 9.3 11.1 100.0 8.4 10.0 100.0 6.0 7.2 100.0 35
30Al-40-F 9.3 11.1 100.0 7.8 9.4 98.7 7.5 9.0 98.7 19
20Al-40-F 17.8 21.1 99.7 14.5 17.3 98.3 13.0 15.5 98.3 27
15Al-40-F 22.9 27.3 98.8 20.2 24.1 98.8 18.1 21.6 100.0 21
Al-41-30 10.3 12.4 98.7 8.3 9.9 98.5 6.6 8.1 98.2 36
Si235 8.6 10.2 91.4 6.4 7.6 90.7 4.1 5.0 87.5 52
HY-5.2 19.2 22.9 95.7 13.0 15.5 95.2 10.5 13.2 94.0 45
ZSM5-30 40.0 61.0 98.3 32.4 46.8 98.6 25.4 35.0 97.3 37

a T = 673 K.
b T = 723 K,F = 1.19× 10−5 mol s−1, WHSV = 51.7 h−1.
c Difference to 100 mol% corresponds toα-methylstyrene.
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procedure were compared, XAl-Y and XAl-Y-F catalys
showed better catalytic activity. In any case, selectivities
cracking remained almost constant for the whole proc
Finally, a slight deactivation was noticed along with tim
on stream (25–30% after 16 h) for both batches of s
ples, whereas a stronger deactivation (40–50%) was fo
for Al-41-30 and commercial H-Y, H-ZSM-5 (at a simila
conversion level, sample 20Al-50-F at 723 K), and Si2
catalysts.

4. Conclusions

Variables in the synthesis procedure, such as the S/Al
ratio and degree of the surfactant hydroxyl exchange, w
critical for obtaining the MCM-48 structure instead
MCM-41. Nonfluorinated and fluorinated Al-M41S mat
rials were strong acid catalysts. The post-treatment in N4F
solution led to Al-MCM-48 with an improved degree of o
dering and analogous general acid properties, althou
promoted an enhancement of Brönsted acidity. However
local structure of extraframework aluminum in fluorinat
samples was of octahedrally coordinated aluminum (pro
bly due to AlO5F species), implying that this new aluminu
was in fact responsible for the acidity and the catalytic
tivity in the isopropylbenzene cracking reaction of the
fluorinated materials, whereas, in nonfluorinated samp
this could be attributed to tetrahedral framework aluminu

Al-M41S catalysts showed remarkably high activity
the isopropylbenzene cracking reaction, higher than tha
the Al-41-30 sample, commercial H-Y zeolite, and Si2
catalysts. Furthermore, our samples suffered lower de
vation with time on stream than the Al-41-30 sample, co
mercial H-Y, ZSM-5 zeolites, and Si235 catalysts.
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