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Abstract

Incorporation of high aluminum contents into the silica framework of SBA-15 was achieved by treating SBA-15 with an aquedAdiH
solution at room temperature under alkaline conditions. Characterization by powder X-ray diffraction (XR&Jsdtption—desorption,
transmission electron microscopy (TEM), FTIR, and multinuclear solid-state NMR measurements was carried out to evaluate the efficiency
of this alumination method” Al magic angle spinning (MAS):H/2’Al TRAnsfer of Population in DOuble Resonance (TRAPDOR) NMR,
and cumene cracking measurements demonstrated that the aluminated SBA-15 materials contained exclusively tetrahedrally coordinat
aluminum and exhibited well-developed Brgnsted acidity. A high level of framework aluminum substitution, up to an Si/Al ratio near 5,
without any significant loss in the textural properties of SBA-15, was achieved via the present post-synthesi¥Frod#s NMR was
helpful in gaining more insights into the mechanism of the present alumination process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction material. Unlike MCM-41 and MCM-48 mesostructures,
which are assembled under basic conditions, the SBA-15
The discovery of ordered mesoporous molecular sievesmesostructure requires a strongly acidic reaction condition
has stimulated extensive research due to the potential usdor assembly, which is not very favorable for the direct
of these materials as versatile catalysts for the conversionincorporation of aluminum into the SBA-15 framework. This
of large moleculeq1,2]. In particular, incorporation of is because aluminum sources exist only in the cationic form
aluminum into mesoporous materials is of tremendous under such acidic conditions, rather than their corresponding
interest as it gives rise to materials with Brgnsted acidity. oxo species, and therefore cannot be easily introduced into
Extensive efforts have been devoted for maximizing the the mesoporous walls via a condensation process with silicon
amount of aluminum that can be tetrahedrally incorporated species. Up to now, only a few studies on the direct synthesis
into mesoporous silicas such as MCM-41 via direct synthesis of aluminum-containing SBA-15 (designated as Al-SBA-15)
and post-synthesis methofs-7]. SBA-15, a mesoporous have been reportefB—10]. For example, Yue et al. have
material synthesized with the triblock copolymer Pluronic synthesized Al-SBA-15 by changing the synthesis condition
P123 as the surfactant under strongly acidic conditions, from a strongly acidic condition (pH <0) to a pH value of 1.5
exhibits a larger pore size and a thicker pore wall than the [8]. However, such aluminum incorporation was not efficient
M41S materials. The improved hydrothermal and thermal because a large proportion of extra framework aluminum
stability of SBA-15 make it a more promising catalytic species was observed BJAl NMR. More recently, a more
effective direct synthesis method, so called “pH adjusting

* Corresponding author. Tel.: +886 3 4275054; fax: +886 3 4227664. ~ Mmethod”[9], has been reported. The pH adjusting method
E-mail addresshmkao@cc.ncu.edu.tw (H.-M. Kao). involves a two-step approach, in which the conventional low
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pH of the sol-gel reaction was adjusted up to neutral (pH 7.5) 2. Experimental
for further crystallization. Compared to other direct synthesis
methods, the pH adjusting method could introduce more Al 2.1. Post-synthesis alumination of SBA-15
into mesoporous silicas. However, the synthesis procedures
were relatively complicated. Later, Li et al. made use of this ~ The pure silica SBA-15 material, denoted as Si-SBA-15,
method combined with a hydrolysis-controlled approach was synthesized according to a previously published proce-
to prepare AI-SBA-15 with the Si/Al ratios in the range of dure[2]. Typically, 4.0 g of Pluronic P123, EfQPO7oEO;o,
22-53[10]. triblock copolymer was dissolved in 30 g of distilled water.
Recently, a novel method using preformed zeolitic nan- A 2M HCI (120 g) solution was slowly added into the so-
ocluster precursors for the incorporation of heteroatoms into lution. Then, 8.50 g of tetraethyl orthosilicate (TEOS) was
the mesoporous silica synthesized in strongly acidic media added, and the resulting mixture was stirred for 20 h at room
has been reported by Xiao and co-workirg] and Liu and temperature. The mixture was then kept af@0n an oil
Pinnavaia[12]. The aluminum atom was first incorporated bath for 1 day. The solid product was filtered, washed with
into the framework of the preformed zeolitic nanoclusters water, and dried in an oven. The Si-SBA-15 sample obtained
and then directly introduced into the mesostructure through was then calcined at 56€ for 8 h to remove the organic
the assembly with the surfactant. Although the materials ob- templates.
tained showed high catalytic activity, the aluminum content  Alumination of SBA-15 was conducted at room temper-
in these materials was still relatively low. When the Si/Alra- ature by stirring 0.5¢g of calcined Si-SBA-15 with 3.0M
tio in the initial gel for MAS-9 was 40, for example, the Si/Al  NH4OHaq) to achieve a pH value of 9.3 in the solution. A
ratio was only 89 in the final produft1]. 0.02 M aqueous (Nk)sAlFg solution with various volumes
As described above, the direct synthesis of AI-SBA-15 was then dropwisely added over a period of 1-3h. The re-
is difficult and often not stoichiometric. In addition, it often  sulting solution was kept at room temperature for 18 h with
requires specialized synthesis conditions and complicatedconstant stirring. The solid product was filtered, washed with
procedures. From this viewpoint, therefore, the development cold water, and dried in an oven at 120 overnight. These
of a simple post-synthesis method for the alumination of the aluminated samples were labeledxa&l-SBA-15, wherex
mesoporous silicas that are synthesized under strongly acidiaepresents the Si/Al ratio corresponding to the chemical sto-
conditions becomes an appealing alternate choice. In com-ichiometric composition in the post-synthesis mixtures.
parison to MCM-41 and MCM-48, however, relatively few
post-synthesis alumination methods for SBA-15 have been2.2. Characterization
reported in the literatur§l3—15] Most of post-synthesis
methods involve the use of aluminum isopropoxide, Elemental compositions of th&-Al-SBA-15 samples
Al(CH3)3 and AICk as the aluminum sources, and thus have were determined by inductively coupled plasma—atomic
to be carried out in non-aqueous media in order to avoid emission spectroscopy (ICP—AES). Small-angle powder
the undesirable effect of water. Another disadvantage of X-ray diffraction (XRD) patterns were collected on Wiggler-
these post-synthesis methods is that the ordered mesostrucA beamline £=0.1326 nm) at the National Synchrotron
tures are sometimes severely destroyed, especially at highRadiation Research Center in Taiwan (1.85GeV and
aluminum loadings. Moreover, not all the aluminum atoms 200 mA). N, adsorption—desorption measurements were
introduced are located in four-coordinated environments. carried out on a Micromeritics ASAP 2010 system at 77K
A significant amount of extra framework aluminum species with samples outgassed at 18D under high vacuum
in the products is usually observed. By using different alu- for 1 day. The Brunauer-Emmett—Teller (BET) specific
minum sources, Luan et al. concluded that the alumination surface area was evaluated using the adsorption data in
method using an aqueous sodium aluminate was the most relative pressure range from 0.04 to 0.2. The total pore
effective[14]. However, only the sample with an Si/Al ratio volume was estimated from the amount adsorbed at a
of 20 was made with sodium aluminate as the aluminum relative pressure of about 0.99. The pore size distribution

source. was obtained from the analysis of the adsorption branch
Herein, we presentan easy and efficient post-synthesis alu-of the isotherm by the Barrett—Joyner—Halenda (BJH)
mination method for SBA-15 using an aqueous @\4AIFg method. Transmission electron microscopic (TEM) images

solution as the aluminum source. This alumination method were taken from ultrathin sections'90 nm) of epoxy resin-
was first reported by Chang et al. for the incorporation 8fAl  embedded samples using a Philips Tecnai G2 F20 FEG-TEM
into the high silica ZSM-5 frameworK.6]. The Al-SBA-15 instrument.

material thus obtained exhibits a high framework aluminum  27Al magic angle spinning (MAS) NMR spectra were
content (up to a bulk Si/Al ratio near 5), good structural in- recorded on a Bruker DSX-300 spectrometer equipped with a
tegrity, and well-developed Brgnsted acidity. To the best of 4 mm MAS probe with a resonance frequency of 78.17 MHz
our knowledge, such a high level of Al substitution, without for 2’Al nucleus. In order to favor a symmetric environment
any significant loss in the textural properties of SBA-15, has around the aluminum nucleus, all samples were hydrated
not been reported so far by post-synthesis methods. under atmospheric moisture conditions before acquiring the
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spectrum. All2’Al MAS NMR spectra were obtained with ~ as the carrier gas and a catalyst loading of 100 mg. The cat-
small flip angles of approximately 1&nd with arecycle de-  alyst was pre-treated in flowing nitrogen at 5@for 1.5h

lay of 15.19F MAS NMR spectra were acquired on a Varian and the cumene cracking reaction was performed at @00
Infinityplus-400 with a resonance frequency of 376.31 MHz Cumene was introduced by passing nitrogen through liquid
for 19F nucleus. Ar/2 pulse of 4.5us, a recycle delay of ~ cumene at25C. The partial pressure of cumene was 4.6 Torr.
15s and a spinning speed of 20 kHz were used to acquireThe weight hourly space velocity (WHSV) was maintained
the spectrum using a 3.2 mm probe. A Hahn echo sequenceat 1.21T%. The products were analyzed by an on-line gas
was used for refocusing the magnetization lost in the dead chromatographic system equipped with a flame ionization
time and the signal distorted by the probe. The samples for detector. Cumene conversions were measured after 0.5h on
19F MAS NMR measurements were obtained by washing the stream at 300C.

aluminated samples with cold water (0.5 g/100 mL). ¥#e

and?’Al chemical shifts were externally referenced to CEClI ) ]

and Al(H0)s%* at 0.0 ppm, respectively. 3. Results and discussion

For 1H/2’Al TRAnsfer of Population in DOuble Reso- .
nance (TRAPDOR) NMR experimerits/], a spin echo pulse 3.1. Elemental analysis and XRD
was applied to théH channel with simultaneous irradiation
of aluminum (on-resonance) during the first period of evolu-
tion time (r). An 2’Al irradiation field of 50 kHz was used.
The sample was dehydrated at 3@for 12 h under vacuum
and packed into a ZrProtor in a glove box under Nat-
mosphere beforéH/?’Al TRAPDOR NMR measurements.
Typically, an/2 pulse width of 4u.s and a repetition times
of 2's were used folH/2’Al TRAPDOR NMR experiments.
1H chemical shifts were quoted relative to tetramethylsilane
(TMS) at 0.0 ppm. More detailed theoretical description of
the TRAPDOR NMR experiment and some applications can
be found in Ref[18,19]

FTIR spectra of pyridine adsorbed on the Al-SBA-15 sam-
ples were recorded on a Bomem DA-8 FTIR spectrometer =~ _
with a resolution of 0.48 cmt. The samples were made into ratio is _also comparable to_ the recently reported direct

; : synthesis method of pH adjustmef#]. Overall, the Al
self-supporting wafers and were evacuated in an IR cell at ; . . . .
300°C for 1.5 h before pyridine adsorption. In the pyridine mfgo_rporauon via the present post-synthesis method is very
adsorption process, 1 Torr of pyridine was introduced into € |'S!enti h h I | der X diffracti
the IR cell at 150C for 0.5 h. FTIR spectra of pyridine ad- 'g. 1 shows the small-angle powder X-ray diffraction
sorbed on AI-SBA-15 were then measured after degassingpzme_r ns of Si-SBA-15 before and after post-synthesis
at each evacuation temperature (in the range 302GPtor alumination. All XRD patterns show a well-resolved pattern

with a prominent peak até2=0.8 and two small peaks
0.5h. Reference spectra of the gn_loaded Al-SBA-15 were at =14 and 1.6, which can be indexed to (100),
also recorded. The spectra of pyridine-loaded samples were

) éllO) and (210) diffraction peaks, consistent with the
then corrected by the corresponding reference spectra, an ; h it acti
the resulting difference spectra were displayed pattern reporte_d or SBA-132]. The XRD. di raction
' peaks can be indexed to a hexagonal lattice witth g

spacing of 9.5nm, corresponding to a unit cell parameter
2.3. Catalytic testing ap of 11.0 nm, based on the formulg = 2d100/~/3. The
well-defined XRD patterns reveal that all samples retain the
Cumene cracking reaction was performed in a continuous- characteristic patterns of the hexagonal mesostructures after

The elemental analysis results, determined by ICP, are
listed inTable 1 The Si/Al ratios of the Al-SBA-15 materials
are in relatively good agreement with the composition in
the post-synthesis mixtures in the range of 5-30. The actual
Si/Al ratios of both 15-Al-SBA-15 and 30-Al-SBA-15
were lower than those in the initial synthesis mixture.
Thus, a slight loss of silica might have happened via the
present synthesis route since the alumination was performed
with the liquor at a pH value close to 9. It is notable that
the Si/Al ratio is up to 5.3 for the 5-Al-SBA-15 sample
(Table 9, which is the highest framework aluminum content
incorporated in SBA-15 as compared with other reported
post-synthesis alumination metho@k3-15] This Si/Al

flow fixed bed reactor (quartz) system with (40 mL min1) alumination.

Table 1

Elemental composition, textural properties, and catalytic activities of the samples studied

Sample (Si/AI} BET (n?g1) Pore volume (crhg™?t) Pore size (nnf) Cumene conversion (%)
Si-SBA-15 00 820 1.07 6.6 0

30-Al-SBA-15 24.8 770 0.97 6.8 26

15-Al-SBA-15 125 725 0.87 6.5 39

5-Al-SBA-15 5.3 620 0.72 7.0 55

@ Determined by ICP.
b Determined using the BJH method.
¢ Reaction conditions: catalyst, 0.1 g; temperature,’®dime on stream, 0.5 h.
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(100) sample exhibited a two-dimensional hexagonal strud®jre
The distance between two consecutive centers of hexagonal
pores estimated from the TEM image is ca. 10 nm. The aver-
age thickness of the wall is ca. 4-5 nm and the pore diameter
is around 6 nm, in agreement with the Aldsorption analysis
(Table .

27
(10) 500 “ 3.3. “’/Al MAS NMR

Fig. 4 shows the?’Al MAS NMR spectra of the Al-
SBA-15 samples. The peak at 54 ppm is ascribed to the
framework aluminum species in a tetrahedral coordination.
®) For the 30-Al-SBA-15 and 15-Al-SBA-15 samples, the
' absence of af’ Al NMR signal at ca. 0 ppm, associated with
extra framework aluminum species, confirms that aluminum
is exclusively in a tetrahedral coordination. Only a weak
resonance at1 ppm {ig. 4c) due to the presence of a small
portion of extra framework octahedrally coordinated Al was
observed for the 5-Al-SBA-15 sample with a high level of Al
incorporation (Si/Al=5.3). Although quantification of the
total Al content in these aluminated samples?l NMR
was complicated by the moisture content of the sample and
by the magnitude of’Al quadrupolar interactior?’Al spin

(c)

Intensity (a.u)

() counting was attempted by a quantitative analysis for the

= : : 54 ppm peak intensity based on the same sample weights.

03 10 L3 20 23 30 The analysis showed that 5-Al-SBA-15 exhibited about
26/ degree two times the concentration of framework aluminum of

15-Al-SBA-15. Combined with the ICP results, about 20%
of the total Al atoms in 5-Al-SBA-15 were estimated to be
NMR invisible; most of them might exist as extra framework
Al species. We have also tried to incorporate more Al by
3.2. N\ adsorption—desorption and TEM measurements decreasing the Si/Al ratio down to 2.5 in the synthesis
mixture. Although the ICP result was quite quantitative for
Fig. 2 shows the N adsorption—desorption isotherms of the aluminated sample obtained (Si/Al = 2.4), #hal NMR
the samples studiediable 1gives the textural properties spectrum of this sample indicated that the intensities of 4-
of AlI-SBA-15 with different Si/Al ratios, together with the  and 6-coordinated aluminum species were almost equal.
data of Si-SBA-15 for comparison. The isotherm is typical Therefore, it can be concluded that the Si/Al ratio of around
of type IV with a clear H1-type hysteresis loop at a high 5 is the maximum Al content that can be tetrahedrally incor-
relative pressure, suggesting that AI-SBA-15 possesses vernporated via the present post-synthesis route. Interestingly,
regular mesoporous channels. A well-defined step occursthis is also the lowest Si/Al ratio that can be obtained via the
at a high relative pressure range of 0.6—-0.8, correspondingdirect synthesis method of pH adjustmgdijt In comparison
to the capillary condensation in the mesopores, indicative to the post-synthesis alumination method using an aqueous
of the uniformity of the pores. The BET specific surface solution of sodium aluminafd4], more Al was incorporated
areas and the pore volumes of the AI-SBA-15 samples in our samples because only the Al-SBA-15 sample with
decreased with increasing Al loadings. The reduction in an Si/Al ratio of around 20 was reported in the former case.
the surface area and in the pore volume of the AI-SBA-15 One more advantage of the present post-synthesis route
samples, as compared to those of pure silica Si-SBA-15, over the sodium aluminate one is that the Brgnsted acidity
might be due to the partial degradation of the pore structuresof the AlI-SBA-15 materials can be directly generated by
induced by alkaline dissociation, since the alumination deammoniation during thermal treatment without the need
was performed in basic media. Although the pore diameter of a further ion-exchange process as in the case of sodium
slightly increased as the aluminum was incorporated, therealuminate.
seemed no direct relationship between this property and the
Al contents. 3.4. 1% MAS NMR
Fig. 3 shows the TEM images of 15-Al-SBA-15. The
TEM images showed well-ordered hexagonal arrays of one- A better understanding on the nature of the alumination
dimensional mesoporous channels and confirmed that theprocess can be gained throulff MAS NMR spectroscopy

Fig. 1. Powder X-ray diffraction patterns of: (a) Si-SBA-15 awéll-SBA-
15, wherex=(b) 30, (c) 15 and (d) 5.
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Fig. 2. N, adsorption—desorption isotherms of: (a) Si-SBA-15 =i#d-SBA, where (b)x=30, (c)x=15 and (dx=5.

by examining the fluorinated species formé&i. 5 shows
the 1°F MAS NMR spectra of the 15-Al-SBA-15 and
5-Al-SBA-15 samples. Only a peak at125ppm was Pure silica Si-SBA-15 has no Brgnsted acidity. The
observed for 15-Al-SBA-15. The broad bump underneath is Brgnsted acidity is attributed to the formation of bridging
due to the background signals from the probehead. The peakSi(OH)AI groups, generated by the isomorphous substitu-
at —125ppm is presumably due to the presence of the F tion of Al for Si. A major resonance centered at 3.9 ppm with
counter ion of NH* in channelg20]. The poor S/N ratio of some shoulders in the range of 0.8-2.5ppm was observed
the spectrum is due to the low concentration of residual F  in the'H MAS NMR spectrum of the 5-Al-SBA-15 sample
ions presentinthe sample, possibly due to the fact that most of(Fig. 6a). The peak at 3.9 ppm is assigned to the protons in
soluble fluoride species have been washed out during the samthe Brgnsted acid sitd23], indicating that the Al atom is
ple preparation. For the 5-Al-SBA-15 sample, a sharp peak tetrahedrally coordinated in the silica framework. The down-
at —130 ppm dominated the spectrum, along with relatively field shoulder centered at around 5.8 ppm is due to the resid-
broad peaks centered atl47 and—173 ppm. The peak at  ual NH;* ion. The correlation betweetH spins and?’Al
—130 ppm can be assigned to (WKSiFs species, while the  spins was further probed By4/2’Al TRAPDOR NMR ex-
peaks at-147 and—173 ppm are associated with some Al-F periments in the present study. On-reson&fgirradiation
complexes and Alf species, respectivelf21,22] These for one rotor period resulted in a significant loss of intensity
two species may account for the extra framework Al species. of the resonance centered at 3.9 pgiig(6b), and thus a sig-
The dominant peak at130 ppm in the'>F NMR spectrum nificant'H/2’Al TRAPDOR effect was observed as shown
suggests that the extracted silicon can effectively react with in the difference spectrunfrig. 6c). The significantH/27Al
fluoride ions in the solution to form stable (M)4SiFs TRAPDOR effect observed for the peak at 3.9 ppm confirmed
species. that this peak was associated with bridging Si(OH)AI groups,

3.5. 1H/2’Al TRAPDOR NMR
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&/ppm

Fig. 4. 27Al MAS NMR spectra ofx-Al-SBA-15 samples, where (&)= 30,
(b) x=15 and (c)x=5, acquired at a spinning speed of 12 kHz. Asterisks
denote spinning sidebands. These spectra were not normalized.

-125

"‘\ 25!1!1:1‘

(b)

Fig. 3. TEM images of 15-Al-SBA-15: (a) in the direction of the pore axis
and (b) in the direction perpendicular to the pore axis.

-130
thatis, Brgnsted acidic sites. The peaksat2.5and 0.2 ppmcan
be assigned to extra framework Al-OH species, since both of
them also show some TRAPDOR effefi8,23] These ex-

tra framework Al-OH species may be associated with Lewis
acid sites.

3.6. FTIR spectra of adsorbed pyridine s

To evaluate the strength and types of acid sites of Al-SBA- ;L___,.,..,_.——-L W R, o

15, pyridine adsorption measured by FTIR spectroscopy was

used.Fig. 7 shows the FTIR difference spectra of Al-SBA- 0 T e om0
15, after pyridine desorption at 185G for 0.5 h, in the ranges
3900-3600 and 1700-1400ch The band at 3740 cmit

was ascribed to isolated silanol groups. All the samples Fig. 5. 19 MAS NMR spectra of: (a) 15-Al-SBA-15 and (b) 5-Al-SBA-15,
with different Si/Al ratios exhibited the bands at 1545 and acquired at a spinning speed of 20 kHz. Asterisks denote spinning sidebands.

&/ppm
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Fig. 6 ';7/ AI TRAPDOR _NMR spectra_of 5'AI_'SBA'15' (@) W'ZtDOUt and Fig. 8. FTIR spectra of the desorption of pyridine from 15-Al-SBA-15 in
(b) with <“Al irradiation during the evolution period, (T = 246p.s, <Al r.f. the temperature range 30-50D
field =50kHz, spinning spek=4 kHz). The difference spectrum is shown )
in (c). Asterisks denote spinning sidebands.

1638 cnt?, and at 1454 and 1620 crh, which are attributed ~ (Fig. 8a), attributed to hydrogen-bonded pyridine, disap-
to pyridine adsorbed on Bransted acid sites and on Lewis acidPeared when the evacuation temperature was increased from
sites, respectively. The band at 1490¢nhas been assigned 30 to 100°C. With increasing evacuation temperature up to
to pyridine associated with both Bransted and Lewis acid 300°C, the band at 1454 cn due to pyridine adsorbed on
Sites[24]_ For pure silica Si-SBA-15, no Signa| was observed Lewis acid sites still existed, while the band at 1545¢m
in this region on adsorption of pyridine. due to pyridine adsorbed on Brgnsted acid sites disappeared.
The FTIR spectra of the desorption of pyridine from 15- A higher temperature above 400 is needed to completely
Al-SBA-15 in the temperature range 30-5@) as shown in remove the pyridine adsorbed on Lewis acid sites. This
Fig. 8 were also recorded in order to estimate the strength clearly indicates that the Lewis acidity of Al-SBA-15 is quite

of the acidity. The additional bands at 1445 and 1597tm  strong.

IO.] A IO.] A
1454
1620
(b)
8 8
g g
£ =
2 2
=) =
< (a) =4
3740
(a)
3900 3800 3700 3600 1700 1600 1500 1400
Wavenumber (cm™!) Wavenumber (cm™)

Fig. 7. FTIR difference spectra of: (a) 15-Al-SBA-15 and (b) 5-Al-SBA-15 after pyridine desorption aClf 0.5 h.
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3.7. Catalytic activity where{SiOqy2} and{AlO 42}~ refer to tetrahedral structural
units containing Si and Al in the mesoporous framework,
The catalytic activity of Al-SBA-15 towards cumene respectively. The presence of (WHSiFs was confirmed
cracking was investigated to ascertain the acidic property. by the prominent peak at130 ppm in the®F MAS NMR
The results of the cumene cracking test on Al-SBA-15 are spectrum of the 5-Al-SBA-15 sample (sEig. 5b).
summarized iffable 1 The pure silica Si-SBA-15 showed The present alumination method offers several distinct ad-
no activity for cumene cracking. The Al-SBA-15 samples vantages. Since the NHl is potentially an acid generating
studied are highly active, and the activity depends strongly cation, the Al-SBA-15 materials with Brgnsted acidity can be
on the Si/Al ratio. Interestingly, the cumene conversion for 5- directly obtained by deammoniation with thermal treatment.
Al-SBA-15, which has about four times the concentration of No furtherion exchange would be required to create Brgnsted
framework aluminum of 30-Al-SBA-15T@able 1), was only acidity. Since the whole procedure involves an agueous so-
two times as high as that for 30-Al-SBA-15. This finding sug- |ution, no organic solvents and complicated procedures are
gested that there would be large amounts of extra frameworkrequired in contrast to other post-synthesis methods involving
Al species created by the pre-treatment at BD@efore the  the use of AI-OC3H7)3, Al(CHz)3 or AICI3.
catalytic tests. Overall, the activity towards cumene cracking
of AI-SBA-15 is higher than that of AI-MCM-41, and is com-
parable to that of AIPSMCMS5 (Si/Al = 5) with a similar Si/Al 4. Conclusions
ratio [25]. Although both SBA-15 and MCM-41 possess
hexagonal mesopores, the SBA-15 structure iswellknownto In conclusion, we demonstrate that the introduction of
possess complementary disordered micropores connectindhigh framework Al contents into SBA-15 can be achieved by
the primary mesoporef26,27] These micropores are not the treatment of pure silica SBA-15 with an aqueous solution
present in MCM-41. The micropores of Al-SBA-15 make it of (NH4)3AlF atroom temperature. The present alumination
more resistant to pore blocking and allow faster diffusion of method makes it possible to retain the SBA-15 mesostructure
reactants. This may account for the higher catalytic activity with a low Si/Al ratio near 5. Therefore, the significance of
of Al-SBA-15 than that of AI-MCM-41 at a similar Si/Al  this work includes not only providing an efficient route for
ratio. The high cracking activity indicates that AI-SBA-15 synthesizing the SBA-15 with high aluminum contents, but
has the potential use in the acid-catalyzed reactions of largealso providing a possible strategy of using aqueous metal flu-
molecules. orides for making metal-containing SBA-15 heretofore diffi-
cult to prepare.

3.8. pH control and possible incorporation mechanism

The adjustment of pH value of the post-synthesis ACknowledgements
mixture in the range near 9.0-9.5 is a key procedure for _ . _
quantitatively incorporating Al into SBA-15 in the present _ 1 NiS research was supported by the National Science
synthesis route. According to the previous studi] and Council of Tallwgn. Dr. Hwo-Shuenn Sheu at National Syp—
ours,2’Al and 19F solution NMR studies of (NB3AIF gaq) chrotrqn Radiation Research Center. anq Dr. Chu-Hua Chien
as a function of pH showed that the dominant species at &t Institute of Chemlstry _of Academia Sinica are gratefully
pH 9.3 are AI(OH)~ (?7Al, 5=78ppm) and free F ions acknowledged for acquiring XRD data and FTIR spectra.
(19F, § = —116 ppm), respectively. The strong basic solution
facilitates the hydrolysis of AlE®~ to Al(OH)4~, and thus
the insertion of Al into the SBA-15 framework. Thus, it can
be inferred that the mechanism for Al incorporation most
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