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Abstract

Ultrastable acidic mesoporous aluminosilicates (MCM-48-S, MCM-48-SH, MCM-41-S) with mesostructures, strong acidity, and high
hydrothermal stability was synthesized from assembly of cetyltriammonium bromide (CTAB) and pre-formed zeolite Beta seed. The catalytic
application of the solid acid catalysts (HMCM-41-S and HMCM-48-SH) was demonstrated with the Friedel-Crafts acylation of aromatics.
High conversion (>90%) and high selectivity (100%) were obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction making mesoporous silica is robust and general. Recently,
we have reported the corresponding three-dimensional bi-
Mesoporous aluminosilicates have attracted much recentcontinuous cubicl@3d), denoted as, MCM-48-$7]. We
attention because of their potential use as versatile cata-employed the beta-zeolite seeds, which were produced
lysts and catalyst supports, especially for large moleculesby using tetraethylammonium hydroxide (TEAOH) as the
[1]. Compared with conventional zeolites, MCM-41 and structure-directing agent, as the silica source. A similar
MCM-48 have weaker acidity and much less hydrothermal method of preparing MCM-48 with enhanced acidity has
stability which limit their catalytic applications. The rela- also been reportefB]. These materials possess very high
tively low acidity of mesoporous materials such as MCM-41, hydrothermal stability and strong acidity.
as compared to zeolites, can be attributed to the amorphous The new materials will be useful in many catalytic ap-
nature of the pore walls. plications taking advantage of its stronger acidity. Up to
Recently, two research groups succeeded in synthesizthe present, the test reactions are mostly cracking reac-
ing mesoporous aluminosilicates with high acidity and tions, cumene crackin?] or tri-isopropylbenzng3,9,10]
hydrothermal stabilityf2—4]. The success relies on the for- Those reactions normally require acidic sites of intermediate
mation of better-structured wall with pre-formed zeolitic strength. It would be desirable to extend applications where
nanocluster. They used zeolite seeds made from quaternangtronger acidity and mesoporosity are required.
alkyl ammonium salts as silica precursor to make the meso- The Friedel-Crafts acylation of aromatics is a widely used
porous materials with surfactants as templates. The successeaction for the production of many pharmaceutical, agri-
relies on formation of better-structured wall with pre-formed chemical, and fragrant compounfddl]. The acid catalyzed
zeolitic nanocluster. The mesotructures reported for theseacylation of aromatics is the main route for the formation
type of stable acidic mesoporous materials are hexagonalof aromatic ketone, an important intermediate in the phar-
[2—4], cellular foam[5], and large-pore hexagoni@]. The maceutical and flavor industry. Conventional Friedel-Crafts
strategy of prior developments of zeolite nanocluster for methodology calls for Lewis acids such as metal halides
and some strong Brgnsted acids such as polyphosphoric and
sulfuric acid as the catalysf&1]. In order to eliminate the
* Corresponding author. Fax:886 2 23660954, corrosion and environmental problems, many efforts are be-
E-mail address: cymou@ntu.edu.tw (C.-Y. Mou). ing made to find solid acid catalysts which can successfully
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carry out acylation with a more environmental-friendly tech- sized by hydrothermally treating the mixture of pre-formed
nology[12-15] zeolitic nanocluster and surfactant solution,{CMAB) at

In this paper to study the acylation reaction of anisole 150°C for 2—6 h, then adjusting the pH value to 10.0 and
with octanoyl chloride as in

)
cocl
NN + QOCHS . WOCH3 + HCl
1)

It is known that zeolite Beta is an effective catalyst for the
acylation of aromatic compounds. Thus it is desirable to hydrothermally treating the precursor again at 10Cfor 2
carry out the reaction on the mesoporous aluminosilicates,days. All the samples were collected by filtration, washed
MCM-41-S and MCM-48-S, made from zeolite Beta seeds. With water, dried at 100C oven for 6h, and calcined at
Previously, the acylation of anisole by octanoic acid has 580°C for 6 h. For the purpose of comparison among sam-
been investigated on BEA coating of structured supports Ples, the Al/Si ratio of all samples, including the standard
[16] and acid leached zeolite Befta7]. It is proposed that ~MCM-48, were fixed at 1/37. The molar ratios of reac-
the catalysis occurred on strong Lewis acid sites on the ze-tants NaAlQ:SiO;:NaOH:TEAOH:GeTMAB:H 0 were
olite Beta and the mesoporosity enhanced the catalytic ac-1:37:1.5-9:11-22:18.3:3000-3500.
tion. The acylation reaction catalyzed by solid acid seems The proton form of the mesoporous materials (HMCM-48-
to be internal diffusion-limited in zeoliteg5]. The use of S, HMCM-48-SH, and HMCM-41-S)was prepared at"80
mesoporous solid acids would improve the transport of the by ion exchange with 0.1 M NkCl, followed by calcination
reactants, especially for the relatively large molecules as oc-at 500°C for 2 h.
tanoyl chloride used in this work.
In this paper we will report the synthesis and characteri- 2.2. Characterization
zation of MCM-41-S and MCM-48-S with the zeolite Beta
seeds. The acidity and the distribution of acid sites were The powdered X-ray diffraction patterns were recorded
evaluated by temperature programmed desorption (TPD) ofon a Scintag X1 diffractometer using CukA = 0.154 nm)
ammonia and X-ray photoelectron spectroscopy (XPS) of radiation. The M adsorption—desorption isotherms were ob-
chemisorbed pyridine. Finally we report the acylation of tained on a Micromeritics ASAP 2010 sorptometer at 77 K.
anisole on octanoyl chloride with those catalysts. The infrared spectra were measured on MAGNA-IR 500
spectrometer in the range of 400-4000¢nwith a reso-
lution of 2 cnT1. The NH-TPD-MASS curves were deter-

2. Experimental mined in the range 110-80Q at a heating rate of 1@/min
on an AutoChem 2910 and Thermo ONIX ProLab system.
2.1. Materials and syntheses X-ray photoelectron spectroscopic analyses of chemisor-

bed pyridine on the HMCM-48-SH catalyst were performed
Fumed silica (from Sigma), tetraethylammonium hy- using a Thermo VG Scientific, ESCALAB 250 fitted with a
droxide (TEAOH, 20% aqueous solution from Acros), monochromatic Al K radiation (1486.8 eV) X-ray source,

cetyltrimethylammonium bromide (GTMAB from Acros) under a residual pressure ef10~/Pa. Calibration was
and sodiumaluminate (from Riedel-de-Haen) were used asachieved by setting the Si 2p binding energy at 103.0eV.
received. Before loading the organic base, the catalyst was pretreated

Synthesis of pre-formed zeolitic nanocluster:zeolitic nan- at 450°C for 12h to remove adsorbed water and organic
oclusters were prepared by mixing NaAlNaOH, fumed contaminants, and then cooled down to room temperature
silica, TEAOH aqueous solution, and water at°&0for and impregnated with a solution of pyridine by ultrasoni-
2-5 h, then the solution was hydrothermally heated aP@0 fication. Then the materials were pretreated at “XS@or
for 18 h. A clear solution of nanoprecursors was obtained. 12 h to ensure complete chemisorbed pyridine on the

Three strongly acidic mesoporous aluminosilicates de- surface.
noted as MCM-48-S, MCM-48-SH, and MCM-41-S were
hydrothermally synthesized by mixing the pre-formed ze- 2.3. Catalytic reaction—acylation of anisole with octanoyl
olitic nanocluster and surfactant solution 1§CMAB). chloride on mesoporous materials
MCM-48-S was synthesized by the reaction of zeolitic nan-
ocluster with cetyltrimethylammonium bromide solution at The catalytic reaction was operatdsgq( (1) in a slurry
150°C for 6-24 h. Well-ordered MCM-48-SH (the extra H system (with a reaction volume of 25 ml) with a batch reflux
denotes re-hydrothermal treatment) was obtained by adjust-configuration. The system was purged with nitrogen to ex-
ing the pH value of the as-synthesized MCM-48-S precursor pel air and moisture. The concentration of octanoyl chloride
to 10.0 with 1.2 M BSOy and then hydrothermally treating  in anisole was 0.2 mol/l, and the amount of catalyst (meso-
the mixture at 100C for 2 days. MCM-41-S was synthe- porous material) used was 0.15 g. Tetradecane was added as
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= 10-40) (not shown here), and this implied that the ma-
terial is a pure phase. The MCM-48-SH materials possess
excellent hydrothermal stability. They show well-ordered
cubic (a3d) mesostructures even after soaked in boiling
water for 10 days Kig. 1O or after treated in 800C
steam for 4h Fig. 1D). There is only limited decay of

D structure.Table 1lists the physical properties of the prod-
= ucts that were treated in boiling water for different time.
§ The MCM-48-SH possesses a BET surface area around
E 1152 nf/g, a high pore volume about 1.068fg, and the
2 average pore diameter is about 27 A. The BET surface area
5 c and pore volume of MCM-48-SH show smaller reduction
» (15-20%) after treated in 80C 20% steam for 4 h or after

5-day hydrothermal treatment and it stays nearly the same
B to 10 days. The wall thickness slowly increases as the time
of re-hydrothermal treatment increases. Previously Ryoo
and coworkers showed that the hydrothermal stability of
A MCM-48 could be improved by treating the as-synthesized
sample in hot NaCl solution for prolonged period (up to
20 days)[18]. However, their hydrothermal stability test in
e boiling water was for only 12 h.
2 3 4 5 6 7 8 Fig. 2is the XRD pattern of MCM-41-S that shows good
20/degree hexagonal phasePémm). It exhibits the same high hy-
drothermal stability as MCM-48-SHig. 2C and D). The
Fig. 1 The XRD patterns of MCM-48-SH (A) ce_llcined; (B), (C) soaked sample has a BET surface area around 11@1@,mal high
in boiling water for 5 and 10 days; (D) treated in 8@ steam for 4 h. pore volume about l.ll(?fi‘g, and the average pore diam-
eter is about 25 ATable 1. These physical data of meso-
a GC internal standard. The reaction temperature was takerporousity are close to those reported by Zhang e{3l.
as the refluxing temperature of anisole (2&9. Reaction for MAS-5, with one major difference. We further took the
mixture was sampled with a syringe every 30—-60 min and IR spectrum Fig. 3) of MCM-48-S. The sharp absorption
GC analyzed. peaks at 500-550 cm observed indicate the presence of
five-member ring structure for the siloxane connectif8js
that is characteristic of the zeolite seeds. In contrast, the stan-

3. Results and discussion dard MCM-48 synthesized from aluminate silicates does not
possess this special feature in IR. We measured the MAS
3.1. Synthesis and characterization NMR chemical shift of the tetrahedral site &fAl (figure

not shown here) for MCM-48-S at 53.8 ppm which is close

Fig. 1A is the XRD pattern of MCM-48-SH which shows  to that of zeolite BEA (at 54.5 ppm). From tRéAl NMR
a well-defined set of diffraction peaks that were assigned data, we can also account for the special strong wall struc-
to the (211), (220), (321), (400), (420), (322), (422), ture.
and (4 3 1) peaks of the cubic space gréa@d. We did not The acidity of the samples was determined by measuring
find any diffraction peak in the region of higher angleg (2 the NH-TPD-MASS desorption curves of the H-form of

Table 1

Comparison of physical characteristics of various products treating in boiling water for different time

Samples treated in boiling water Surface ared/gn Pore size (A) Pore volume (ciy) ag (A) h (&)
MCM-48 1322 235 0.87 89.4 17.2
Untreated MCM-41-S 1155 25.0 111 92.5 17.4
For 5 days 960 23.0 0.85 91.0 18.6
For 10 days 855 195 0.59 94.0 20.8
800°C 20% steam for 4h 847 18 0.46 83.8 18.1
Untreated MCM-48-SH 1152 27.0 1.06 94.0 17.0
For 5 days 970 23.0 0.86 91.6 18.2
For 10 days 914 21.0 0.75 94.0 19.9

800°C 20% steam for 4 h 978 18.0 0.53 85.1 18.6
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Fig. 2. The XRD patterns of MCM-41-S (A) as synthesized; (B) calcined;
(C) soaked in boiling water for 10 days; (D) treated in 8@0steam for
4h.

MCM-48-SH and MCM-41-SKig. 4). NHz-desorption lasts
until a fairly high temperature of 50@, much higher than
that of typical MCM-48 at 320C [3]. The high temperature
for NH3 desorption is similar to the desorption temperature
of the acidic HZSM-5. We thus have a fairly acidic meso-
porous aluminosilicates in MCM-48-SH and MCM-41-S.

In the 1970s, Defosse and Canesgtf] used X-ray
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Fig. 4. The NH-TPD-MASS curves of samples (A) HMCM-41-S; (B)
HMCM-48-SH.

an adsorbed organic base. Since then, several workers have
extended this technique to study of other zeolitic materials
[20,21] Santiesteban et g22] have used this technology

to study the nature and relative strength of acid sites of
WO, /ZrO, catalysts. XPS should be a suitable technique to
determine the nature (Brgnsted and/or Lewis) and relative
strength of acid sites of our mesoporous materials. The XPS
spectra were recorded in the 390-415eV regions to deter-
mine the binding of N 1S electron in the samgiay. 5shows

photoelectron spectroscopy (XPS) technology to study the the N 18 XPS spectrum obtained on the HMCM-48-SH cata-
nature and strength of acid sites present in zeolite Y by !yst loaded with pyridine. The_spectra can be d.e-convoluted
determining the position and intensity of the N 1s peak of into three bands (50% Gaussian, 50% Lorentzian) as shown

g
=
8
g
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=
«
i
!
—— MCM-48-S(Si/Al=50
——————————— MCM-48
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Wavelength (cm'l)

Fig. 3. Infra-red spectrum of calcined MCM-48-S and MCM-48.

in Fig. 5andTable 2 We use the previous assignm¢22]

of peak | corresponding to a strong Brgnsted acid site, peak
Il corresponding to a weak Brgnsted acid site and peak IlI

corresponding to a strong Lewis acid site. The data indicate
that weak Brgnsted acid site and Lewis site are the predomi-
nant acid sites on the surface of the HMCM-48-SH (both are
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Fig. 5. N 1s photoelectron spectra of pyridine chemisorbed on
HMCM-48-SH.
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Table 2
Binding energies and relative concentration of N 1s components of pyri- 100 4 . ———— * * -
dine chemisorbed on HMCM-48-SH | ./l/
Component Binding Relative _ Acid site type 00 /./'/

energy (eV)  concentration (%) a .
Peak | 402.3 20.1 Strong Brensted <~ ] . - *
Peak II 401.1 39.3 Weak Bronsted g
Peak Ill 399.5 406 Lewis 3 * /

>~ ] o
70 A
about 40%) and strong Brgnsted acid sites are about 20% ] —*— HMCM-48-SH
Thus the total amount of strong acids (peaks land I) isjusta | “RoAMemsls oo
little larger than that of weak Brgnsted acid. This is roughly —®— HMCM-48-SH(in 800°C 20% steam for 4 h)
(the data is only semi-quantitative) in consistent with the 1
two bands of acid strength observed in NHPD desorp- 50 .
tion experiment. Compared to other strong acid system, . . '
Time (min)

tungstated zirconia for exampl@2], our HMCM-48-SH

materials show a much higher acid strength with high per- Fig. 6. Acylation of anisole with octanoyl chloride on HMCM-41-S,

centage of Lewis acid. The Lewis acid sites probably help HMCM-SH, and HMCM-SH (treated in 80 steam for 4 h). Conditioqs:

more in the catalysis of acylation since this reaction js Pach reactorT =155°C, 0.15g catalyst, 0.005mol octanoyl chioride,
. . and 25ml anisole.

known to be well catalyzed by homogeneous Lewis acids.

We next discuss the merit of using octanoyl chloride ver-
sus octanoic acid as the acylation agent. If we used octanoic
acid to run the reaction, the reaction is slow and the yield
reached only 20% after 26 h of reactirfgd. 7). Why is the
reaction so inefficient? Because the reaction using octanoic
acid produces water. It is generally known that the presence
of water can inhibit the active sites on the solid acid cata-
lyst. Beers et al. also found the decrease of the conversion
to lower than 20% when water was not removed. After ap-
plying a water-removal scheme, they were able to increase

3.2. Catalytic reaction

We now report the results of the catalytic reaction of
Eq. (1) From the results of GC-MS analyses, the selectiv-
ity of the reaction is close to 100% for tipara-substituted
aromatic ketone. No other side-product (such as phenyl car-
boxylic ester or products of de-methylated anisole) was
observed. Beers et al. recently repor{éé] the acylation
of anisole by octanoic acid with zeolite-coated monoliths
as catalyst, and they always have side products with their . o
selectivities ranging from 44% to 98% (58% to 86% for the conversion to 60%4.5].

beta zeolite). The less steric hindrance in the mesopores of, In summary, mesoporous aluminosilicates (MCM-48-S,
HMCM-41-S and HMCM-48-S, compared to zeolites, prob- MCM-48-SH, and MCM-41-S) with ordered structure have

ably helps to reach the unique product of lowest energy been synthesized using nanocluster seeds of beta zeolites.
As summarized ifable 3 HMCM-48-SH and HMCM-41-S The materials possess excellent hydrothermal stability and

exhibited much higher catalytic activity in the acylation of acid strength. The combination of stability, high acid-
anisole with octanoyl chloride than MCM-48. The acidity of

the standard MCM-48 is too weak to catalyze the acylation .
properly. Also, HMCM-48-S shows somewhat higher ac- 207
tivity than HMCM-41-S. This is probably due to the easier
transport in the bi-continuous channels of the former. More PRREE
significantly, after treatment in 80C 20% steam for 4 h, IS P
HMCM-48-S still retains excellent catalytic activitiig. 6). vy o /
;Tj 1 [ ]
Table 3 = /
Acylation of anisole with octanoyl chloride on different materials 54 /'
Catalyst Reaction Reaction 1 _/.
time/yield time/yield od o
HMCM-48-SH 1h/99% -
800°C 20% steam for 4h 2hI74% 6 h/85% 0 200 400 600 800 1000 1200 1400 1600
MCM-48 1h/0% 1 day/9%
HMCM-41-S 1h/90% 6 h/100% Reaction time (min)
No catalyst 1h/0% 4.5 h/0%

— Fig. 7. Acylation of anisole with octanoic acid on HMCM-48-SH. Condi-
Conditions: batch reactor] = 428K, 0.15g catalyst, 0.005mol oc-  tions: batch reactofT = 155°C, 0.15g catalyst, 0.005 mol octanoic acid,
tanoylchloride, and 25 ml anisole. and 25 ml anisole.
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ity, branched channels and tunable structure order makes [7] P.C. Shih, H.P. Lin, C.Y. Mou, Stud. Surf. Sci. Catal. 146 (2003)

them excellent materials for applications in catalysis.

HMCM-48-SH and HMCM-41-S exhibited higher catalytic
activity in the acylation of anisole with octanoyl chloride

than MCM-48, which is attributed to the stronger acid sites

in HMCM-48-SH and HMCM-41-S.
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