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Bingjun Xu a, Huiyun Li b, Weiming Hua a, Yinghong Yue a,∗, Zi Gao a,∗

a Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University, Shanghai 200433, PR China
b Department of Chemistry, Anyang Teachers College, Henan, Anyang 455002, PR China

Received 16 December 2005; revised 20 February 2006; accepted 26 February 2006

Available online 3 April 2006

Abstract

A series of MCM-49 catalysts with different Si/Al ratios were prepared and characterized by XRD, XRF, 27Al MAS NMR, BET, and SEM. The
overall and external surface acidity of the catalysts were measured by temperature-programmed desorption of both small- and large-base probe
molecules (NH3 and 2,6-di-tert-butyl-pyridine), as well as by model acid-catalyzed reactions, such as cumene cracking and 1,3,5-tri-tert-butyl-
benzene dealkylation, and compared with those of ZSM-5 and USY zeolites. The strong external acid sites on the surface pockets of MCM-49
play an important role in the alkylation of hydroquinone with tert-butanol. MCM-49 catalyst with a Si/Al ratio of 20 exhibits good activity and
selectivity for the alkylation reaction, and it is more reusable than mesoporous molecular sieves such as AlSBA-15 and MSU-S(BEA) due to the
higher thermal and hydrothermal stability of the crystalline zeolite framework.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Alkylation of hydroquinone with tert-butanol to synthesize
2-tert-butyl-hydroquinone (2-TBHQ) is an interesting reaction,
because 2-TBHQ is an excellent antioxidant widely used in the
food industry as well as a good stabilizer in the plastics and rub-
ber industries [1]. It is a typical acid-catalyzed Friedel–Crafts
reaction conventionally using liquid mineral acids (e.g., phos-
phoric acid and sulfuric acid) as catalysts [2,3]. As awareness
of the importance of environmental protection grows, finding
alternatives to non-reusable and pollution-causing liquid acid
catalysts is highly desirable.

Various solid acid catalysts have been tried in the alkylation
of hydroquinone, phenols, and anisole with tert-butanol, includ-
ing silica gel [4], ion-exchanged layered tetra silicic mica [5],
Amberlyst-15 [6], and various K-10 clay-supported catalysts
[7–10]. Mesoporous materials, such as a combination of HMS
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and sulfated zirconia [11], MCM-41, and MCM-48 [12,13],
have also been used as catalysts in this kind of reaction.

Our recent results have shown that mesoporous molecular
sieve AlSBA-15 is a more active catalyst for the alkylation re-
action compared with HZSM-5, HY, and AlMCM-41, owing
to its large pore size and abundant medium-strong acid sites
[14]. However, the reusability of AlSBA-15 catalyst for this re-
action is very poor because of its relatively low thermal and
hydrothermal stability in the reaction and/or the regeneration
cycles, and the 2-TBHQ yield drops to about 1/3 after three
runs. To improve the reusability of this catalyst, MSU-S(BEA),
a new kind of mesoporous molecular sieve with higher thermal
stability, has been tried [15,16], but the results remain unsat-
isfying. The product yield on MSU-S(BEA) is reduced by 8%
after three reuses, due to partial dealumination and collapse of
the mesostructure of MSU-S(BEA) during the reaction and/or re-
generation cycles. Consequently, the continued search for more
effective catalysts should focus on materials with more stable
structures and greater numbers of accessible acid sites.

MCM-49 was first reported by Mobil researchers in 1993
[17]. The structure of calcined MCM-49 has a topology virtu-
ally identical to that of MCM-22 [18]. MCM-49 is formed when
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the molar ratio of organic template (hexamethyleneimine) and
inorganic cations in the synthesis mixture is <2.0. Its frame-
work topology comprises two independent pore systems, one
consisting of two-dimensional sinusoidal channels with an ef-
fective diameter of 10 member ring and the other consisting of
large supercages with an inner diameter of 7.1 Å and a height of
18.2 Å [18–21]. The surface of the platelike crystals is covered
with 12 member ring pockets, each of which is half of a su-
percage with an approximate depth of 7 Å [21]. These opened
pockets on the external surface provide easily accessible acid
sites and can readily accommodate bulky reaction intermedi-
ates; thus the zeolite could be an efficient catalyst for chemical
processes involving bulky molecules.

In this work, MCM-49 samples with different Si/Al ratios
were prepared. Their textural, structural, and acid properties
were characterized by powder X-ray diffraction (XRD), X-ray
fluorescence (XRF), 27Al MAS nuclear magnetic resonance
(NMR), BET analysis, scanning electron microscopy (SEM),
NH3 and 2,6-di-tert-butyl-pyridine (DTBPy) temperature-
programmed desorption (TPD), and acid-catalyzed model reac-
tions. The catalytic activity and stability of the samples toward
alkylation of hydroquinone with tert-butanol were tested and
compared with those of ZSM-5 and USY zeolites. The positive
role of the external acid sites on MCM-49 in the reaction was
proven.

2. Experimental

2.1. Catalyst preparation

MCM-49 with Si/Al ratios of 10, 15, 20, 25, and 30 were
prepared following previously described procedures [22]. Typ-
ically, 12.0 mL of hexamethyleneimine was added to a solution
containing 2.02 g of sodium hydroxide, a calculated amount of
sodium aluminate, and 160 mL of deionized water. Then 13.4 g
of fumed silica was slowly added to the solution, and the slurry
was stirred rigorously for 1 h to form the initial gel. The gel was
transferred to a Teflon-lined autoclave heated at 150 ◦C for 72 h.
The white precipitate thus obtained was filtered, dried at 100 ◦C
overnight, and finally calcined in air by heating to 540 ◦C at a
rate of 5 ◦C/min and maintaining this temperature for 5 h to
completely remove the surfactant. The samples were then ion-
exchanged with 1 mol/L NH4NO3 at 80 ◦C for 12 h twice and
then recalcined at 540 ◦C for 5 h. The final products are desig-
nated as MCM-49(X), where X represents the Si/Al ratio in the
reactant gel.

HZSM-5 zeolite with a Si/Al ratio of 23.4 was supplied by
Shanghai No. 7 Chemical Dye Factory, and HUSY zeolite with
a unit size parameter of 24.44 Å was provided by Fushun Re-
search Institute of Petroleum and Petrochemicals. These are
denoted as ZSM-5 and USY, respectively.

Silanized MCM-49(20) catalysts were prepared by adding a
certain amount of tetraethyl orthosilicate (TEOS) into the slurry
of 1 g of MCM-49(20) and 5 mL of cyclohexane under rigorous
stirring. After 30 min, the slurry was dried and finally calcined
at 500 ◦C for 3 h. The TEOS-treated samples are designated as
Fig. 1. XRD patterns of calcined MCM-49 catalysts with gel Si/Al ratios of
(a) 10; (b) 15; (c) 20; (d) 25; (e) 30.

SiMCM-49-n, with n representing the volume of TEOS added
(µL/g).

2.2. Characterization

Powder XRD patterns were recorded on a Bruker D4
ENDEAVOR diffractometer using Cu-Kα radiation at 40 kV
and 40 mA with a scan speed of 1◦/min. The bulk Si/Al
ratio of the zeolites was determined by XRF on a Philips
PW2404 elemental analysis spectrometer. The N2 adsorp-
tion/desorption isotherms were measured on a Micromeritics
ASAP2000 instrument at liquid N2 temperature. Specific sur-
face areas were calculated from the adsorption isotherms by
the Langmuir method. 27Al MAS NMR spectra were recorded
using a Bruker MSL-300 spectrometer, with a resonance fre-
quency of 78.205 MHz, a recycle delay of 0.5 s, short 0.8 µs
pulses, a spectral width of 15.625 kHz, and a spin rate of 4 kHz.
NH3 and DTBPy TPD of the samples were carried out in a flow-
type fixed-bed reactor at ambient pressure. The catalysts were
pretreated at 550 and 650 ◦C, respectively, for 2 h in He flow.
The NH3/DTBPy adsorption temperature was 120 ◦C, and the
temperature was raised at a rate of 10 ◦C/min. The NH3 de-
sorbed was collected in a liquid N2 trap and detected by gas
chromatography, and the DTBPy desorbed was detected by on-
line gas chromatography.

2.3. Activity tests

The activities of the samples toward cumene cracking and
1,3,5-tri-tert-butyl-benzene (TTBB) dealkylation were tested in
a pulse microreactor. The catalyst load for the tests was 10 mg,
and the catalyst was preheated at 450 ◦C for 2 h before reaction.
Hydrogen at a flow rate of 60 mL/min was used as the car-
rier gas. The reactions were conducted at 200 ◦C, and 1 µL of
cumene or 5 µL of a mixture of TTBB and cyclohexane (molar
ratio, 1:3) was injected for each test. The products were ana-
lyzed by an on-line gas chromatograph equipped with a thermal
conductivity detector.

Alkylation of hydroquinone with tert-butanol was carried
out in an autoclave equipped with a magnetic stirrer. Typically,
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Fig. 2. SEM images of (a) ZSM-5 and MCM-49 catalysts with gel Si/Al ratios of (b) 10; (c) 15; (d) 20; (e) 25; (f) 30.
0.5 g of hydroquinone, 1.0 g of tert-butanol, and 0.25 g of
catalyst were added to the autoclave, along with 2 g of xy-
lene as a solvent. The reaction lasted about 4 h. The products
were analyzed with a gas chromatograph equipped with a SE-
54 capillary column (30 m × 0.25 mm × 0.3 µm) and a flame
ionization detector.

3. Results and discussion

3.1. Characterization

MCM-49 samples with Si/Al ratios of 10, 15, 20, 25, and 30
were prepared. The XRD patterns of these samples are shown
in Fig. 1. The three characteristic peaks of MCM-49 zeolite at
about 7.1◦, 9.9◦, and 26.0◦ 2θ are observed in the patterns of
all samples. The peak intensities are almost the same for all
samples except the sample with a Si/Al ratio of 10, indicating
that this sample has poorer crystallinity than the other samples.

SEM images of the MCM-49 samples are shown in Fig. 2.
All of the MCM-49 samples exhibit platelike crystal morphol-
ogy, and their average crystal size is larger than that of the
ZSM-5 sample. The size and uniformity of the MCM-49 crys-
tals increase with their Si/Al ratios.

The bulk Si/Al ratio of the crystallized MCM-49 catalysts
measured by XRF is generally somewhat smaller than that of
the initial gel, indicating that Al is probably easier than Si to
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Table 1
Composition and textural properties of the catalysts

Catalyst Gel
Si/Al
ratioa

Bulk
Si/Al
ratiob

Crystal
size
(µm)c

Relative
crystal-
linity (%)d

Pore
volume
(cm3/g)

Surface
area
(m2/g)

MCM-49(10) 10 10 0.3–3 61 0.15 398
MCM-49(15) 15 13 1–3 89 0.17 406
MCM-49(20) 20 19 1–3 100 0.20 416
MCM-49(25) 25 23 1–3 98 0.18 393
MCM-49(30) 30 28 1–3 98 0.19 409
ZSM-5 – 23e 1 – 0.20 470
USY – 4.3f – – 0.36 831

a Calculated from the amount of fumed silica and sodium aluminate added in
the reactant gel.

b Determined by XRF.
c Estimated from SEM images.
d Take MCM-49(20) catalyst as 100% crystallinity.
e Calculated from 29Si MAS NMR.
f Calculated from the unit size parameter.

incorporate into the framework of MCM-49 during synthesis.
The composition and textural properties of the MCM-49 sam-
ples are summarized in Table 1. The BET surface areas and pore
volumes of the samples are in the range of 393–416 m2/g and
0.15–0.20 cm3/g, respectively.

Fig. 3 depicts the 27Al MAS NMR spectra of the samples.
An intense line at 55 ppm from four-coordinate aluminum in
the zeolite-like framework and a weak line at 0 ppm from
extra-framework six-coordinated aluminum are observed. The
relative intensity of the extra-framework six-coordinate Al in
all of the samples is about 1/4, demonstrating that most of the
Al species has been incorporated into the framework of the ze-
olites.

3.2. Acidity measurement

3.2.1. NH3 TPD
The acidity of the MCM-49 samples was evaluated by NH3

TPD. Fig. 4 and Table 2 give the TPD profiles and the data for
the samples calculated using a Gaussian fitting program, along
with those of ZSM-5 and USY for comparison. There are ev-
idently two peaks on the TPD profiles of all of the samples.
The low- and high-temperature peaks at about 258–277 ◦C and
420–467 ◦C, respectively, correspond to the weak and strong
acid sites of the samples. The total number of acid sites, as
well as the number of strong acid sites, of the MCM-49 samples
decrease with increasing Si/Al ratio, but nonetheless are much
smaller than that of ZSM-5 and USY.

3.2.2. DTBPy TPD
To characterize the external acid sites of MCM-49 samples,

DTBPy was used as the base probe in TPD tests. This choice
was made because previous study [23] revealed that the large
DTBPy molecules adsorbed only on the Brønsted acid sites lo-
cated on the external surface of zeolitic catalysts with 10-MR
and unidirectional 12-MR pore channel systems. Fig. 5 shows
the DTBPy-TPD profiles of the MCM-49 samples, and Table 3
summarizes the data. As shown in Fig. 5, all the TPD profiles
have three peaks at temperatures of about 240, 330, and 540 ◦C,
Fig. 3. 27Al MAS NMR spectra of MCM-49 catalysts with gel Si/Al ratios of
(a) 10; (b) 15; (c) 20; (d) 25; (e) 30.

Fig. 4. NH3-TPD curves of MCM-49 with gel Si/Al ratios of (a) 10; (b) 15;
(c) 20; (d) 25; (e) 30; (f) ZSM-5; (g) USY.

Table 2
NH3-TPD data of various catalysts

Catalyst Peak temper-
ature (◦C)

Amount of desorbed NH3
(mmol/g)

I II I (120–350 ◦C) II (350–600 ◦C) Total

MCM-49(10) 258 420 0.28 0.31 0.59
MCM-49(15) 273 429 0.21 0.28 0.49
MCM-49(20) 274 433 0.21 0.25 0.46
MCM-49(25) 270 435 0.16 0.21 0.37
MCM-49(30) 261 437 0.15 0.18 0.33
ZSM-5 277 467 0.25 0.50 0.75
USY 271 421 0.84 1.0 1.8

respectively. The results for the three different types of zeolites
are compared in Fig. 6 and Table 3. The percentages of exter-
nal acid sites are much higher on the MCM-49 samples than
on ZSM-5; in particular, the number of strongest acid sites is
two to three times greater on the former than on the latter. The
pockets on the external surface of MCM-49 may account for
the excessive external acid sites, whereas trapping of the probe
molecules in the hemispheric pockets is responsible for the in-
creased desorption temperature on TPD profiles. The external
acid site percentage is evidently greater on USY zeolite than
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Table 3
DTBPy-TPD data of the catalysts

Catalyst Peak temperature (◦C) Amount of desorbed DTBPy (µmol/g) External acid sitea

(%)I II III I (120–300 ◦C) II (300–500 ◦C) III (500–700 ◦C) Total

MCM-49(10) 243 323 513 34 12 5 51 8.6
MCM-49(15) 236 320 516 25 11 7 43 8.8
MCM-49(20) 240 337 564 23 10 10 43 9.3
MCM-49(25) 237 328 551 20 10 9 39 11
MCM-49(30) 251 329 524 17 11 6 34 10
ZSM-5 233 373 – 23 19 3 45 6.0
USY 295 – 580 30 91 190 310 17

a Calculated by the following equation: external acid site (%) = (total amount of external acid site (from DTBPy-TPD))/(total amount of acid site (from NH3-
TPD)) × 100%.
Fig. 5. DTBPy-TPD curves of MCM-49 with Si/Al ratios of (a) 10; (b) 15;
(c) 20; (d) 25; (e) 30.

Fig. 6. DTBPy-TPD curves of (a) USY; (b) MCM-49(20); (c) ZSM-5.

on the other two zeolites, due to the tridirectional 12-MR and
the secondary pore system in the structure of the former. Be-
cause the external acid sites on the opened pockets are more
accessible to bulky molecules than the acid sites within the mi-
croporous framework of the zeolites, the abundance of pocket
acid sites for MCM-49 zeolite and the stronger adsorption of
reactant molecules on these sites should be advantageous when
the zeolite is used as catalyst for acid-catalyzed reactions of
bulky molecules.
Table 4
Catalytic activities for cumene cracking and TTBB dealkylation at 200 ◦C

Catalyst Conversion
of cumene (%)

Conversion
of TTBB (%)

Selectivity (%)

Benzene TBBa DTBBb

MCM-49(10) 4 43 18 29 53
MCM-49(15) 4 57 30 31 39
MCM-49(20) 5 76 42 27 31
MCM-49(25) 5 71 39 30 31
MCM-49(30) 5 54 30 31 39
ZSM-5 30 5.6 0 0 100
USY 84 100 86 14 0

a Represents tert-butyl-benzene.
b Represents di-tert-butyl-benzene.

3.3. Model reaction tests

3.3.1. Cracking of cumene
Cumene cracking is a typical strong acid-catalyzed reaction.

The catalytic activities of the MCM-49 samples for this reac-
tion were tested and compared with those of ZSM-5 and USY.
The results, given in Table 4, show that the MCM-49 samples
have much lower activities than ZSM-5 and USY. This finding
correlates quite well with the NH3 TPD results indicating that
MCM-49 has a much lower number of strong acid sites than
ZSM-5 and USY, because all of the acid sites on these zeolites
are accessible to the relatively small cumene molecules.

3.3.2. Dealkylation of TTBB
The dealkylation of TTBB (with a molecular dimension of

0.94 nm) was chosen as a model acid-catalyzed reaction of
bulky molecules. The reaction data for the samples are also
given in Table 4. As expected, the activities of the MCM-49
samples become much higher than that of ZSM-5, showing that
in this case the external strong acid sites on MCM-49 play an
important role, because the large TTBB molecules have dif-
ficulty entering the 12-MR and 10-MR pore systems of the
zeolites. Unlike ZSM-5, the USY zeolite catalyst remains very
active for the dealkylation reaction, demonstrating that some
of the strong acid sites on USY are accessible to TTBB mole-
cules. This finding is in agreement with the results of DTBPy
TPD measurement.

It is interesting to note the marked difference in the product
distribution of the zeolites. The selectivities to benzene, TBB,
and DTB are almost even on MCM-49, whereas DTBB is the
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Table 5
Reaction data of alkylation of hydroquinone on the catalysts

Catalyst Reaction
temp. (◦C)

Conver-
sion (%)

Selectivity (%) 2-TBHQ
yield (%)2-TBHQ 2,5-DTBHQ

MCM-49(10) 150 38 76 24 29
MCM-49(15) 150 53 73 27 39
MCM-49(20) 150 65 70 30 46
MCM-49(25) 150 63 71 29 45
MCM-49(30) 150 46 74 26 34
MCM-49(20) 130 43 79 21 34
MCM-49(20) 140 50 78 22 39
MCM-49(20) 160 67 67 33 45
MCM-49(20) 170 71 54 46 38
ZSM-5 150 20 97 3 19
USY 150 48 85 15 41

Fig. 7. Conversion of hydroquinone over MCM-49(20) as a function of reaction
time at 150 ◦C.

sole reaction product on ZSM-5 and benzene is the major prod-
uct on USY. It seems that complete dealkylation is favored with
increasing depth of penetration of the reactant molecules into
the zeolite pore system. This suggests that the likelihood of fur-
ther dealkylation of the reaction intermediates is enhanced due
to the prolonged residence of these intermediates on the catalyst
surface.

3.4. Alkylation of hydroquinone on MCM-49 catalysts

The activities of MCM-49 and other zeolite samples for
alkylation of hydroquinone were investigated; the results are
summarized in Table 5. During reaction, only 2-tert-butyl-
hydroquinone (2-TBHQ) and 2,5-di-tert-butyl-hydroquinone
(2,5-DTBHQ) were found in the products. No other byproducts,
such as ether or paraffin, were formed under all conditions. The
alkylation of hydroquinone on the catalysts at 150 ◦C reached
equilibrium after around 4 h, as shown in Fig. 7, and the reac-
tion data in the discussions that follow were taken after 4 h on
stream for comparison purposes.

The catalytic behavior of the MCM-49 samples changes
with changes in their Si/Al ratios. The alkylation activity of
the catalysts is in the order of MCM-49(20) > MCM-49(25) >

MCM-49(15) > MCM-49(30) > MCM-49(10). The catalysts’
Table 6
DTBPy-TPD data of TEOS treated MCM-49(20) catalysts

Catalyst Peak temper-
ature (◦C)

Amount of desorbed DTBPy
(µmol/g)

I II III I
(120–
300 ◦C)

II
(300–
500 ◦C)

III
(500–
700 ◦C)

Total

MCM-49(20) 240 337 564 23 10 10 43
SiMCM-49-20 240 335 547 20 9 9 38
SiMCM-49-100 240 323 536 19 8 6 33
SiMCM-49-150 237 317 520 19 8 4 31
SiMCM-49-200 249 324 518 19 6 3 28
SiMCM-49-400 248 325 507 17 4 1 22

Fig. 8. DTBPy-TPD curves of (a) MCM-49(20); (b) SiMCM-49-20; (c) Si-
MCM-49-100; (d) SiMCM-49-150; (e) SiMCM-49-200; (f) SiMCM-49-400.

selectivity to 2-TBHQ is slightly decreased as the activity is
increased. The order of the alkylation activity parallels that
for the TTBB dealkylation activity, indicating that the external
strong acid sites are probably the main active sites for both re-
actions. The ZSM-5 and USY catalysts are less active than the
MCM-49(20) catalyst. The difference in activities of the USY
catalyst for the liquid-phase alkylation of hydroquinone and the
gas-phase dealkylation of TTBB may arise from the significant
increase in diffusion resistance in liquid phase reaction, along
with the different kinetics and mechanisms of these two reac-
tions. This merits further study, however.

The effect of reaction temperature on the alkylation of hy-
droquinone on the MCM-49 samples was also studied; the re-
sults are given in Table 5. Increased hydroquinone conversion
and decreased 2-TBHQ selectivity were observed with increas-
ing reaction temperature, similar to the results obtained over
AlSBA-15 [14] and MSU-S(BEA) [15]. An optimum 2-TBHQ
yield of 46% was obtained over the MCM-49(20) catalyst at a
reaction temperature of 150 ◦C, which is close to the results for
the mesoporous catalysts [14,15].

To confirm the role of the external acid sites in the alkylation
reaction, the MCM-49(20) catalyst was treated with various
amounts of TEOS using a chemical liquid deposition method
to allow the external acid sites to be covered with silica to
some extent [24–26]. DTBPy-TPD profiles of the TEOS-treated
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Table 7
Reaction data of the TEOS treated MCM-49(20) catalysts

Catalyst Reaction
temp.
(◦C)

Conver-
sion
(%)

Selectivity (%) 2-TBHQ
yield
(%)

2-TBHQ 2,5-DTBHQ

MCM-49(20) 150 65 70 30 46
SiMCM-49-20 150 60 72 28 43
SiMCM-49-100 150 31 80 20 25
SiMCM-49-150 150 23 84 16 19
SiMCM-49-200 150 16 92 8 15
SiMCM-49-400 150 6 93 7 6

Table 8
Comparison of reusability of catalysts

Catalyst Cy-
cle

Reaction
temp.
(◦C)

Conver-
sion
(%)

Selectivity (%) 2-TBHQ
yield
(%)

2-
TBHQ

2,5-
DTBHQ

MCM-49(20) 1 150 65 70 30 46
MCM-49(20) 2 150 63 71 29 45
MCM-49(20) 3 150 64 73 27 47
USY 1 150 48 85 15 41
USY 2 150 46 85 15 39
USY 3 150 46 86 14 40
AlSBA-15 [14] 1 150 65 81 19 53
AlSBA-15 [14] 2 150 29 100 0 29
AlSBA-15 [14] 3 150 18 100 0 18
MSU-S(BEA) [15] 1 150 76 72 28 55
MSU-S(BEA) [15] 2 150 67 78 22 52
MSU-S(BEA) [15] 3 150 63 81 19 51

Fig. 9. Effect of TEOS treatment on MCM-49(20) catalysts. (a) The conversion
of hydroquinone versus the amount of TEOS (1); (b) The amount of DTBPy
desorbed at above 500 ◦C versus the amount of TEOS (").

MCM-49(20) samples are given in Fig. 8 and Table 6. As the
amount of TEOS increased, the total amount of external acid
sites decreased, particularly the amount of strong acid sites.
Hence, the peak temperature of the strong acid sites decreased
gradually with increased addition of TEOS.

Table 7 gives the reaction data of the TEOS-treated MCM-
49(20) catalysts. The alkylation activity of the catalysts de-
creased considerably as the degree of poisoning by TEOS is
Fig. 10. XRD patterns of (a) fresh MCM-49(20); (b) reused MCM-49(20) (3 cy-
cles).

Fig. 11. 27Al MAS NMR spectra of (a) fresh MCM-49(20); (b) reused MCM-
49(20) (3 cycles).

increased. The reduction in activity correlates very well with
the decreased amount of external strong acid sites on the cata-
lysts as shown in Fig. 9.

3.5. Reusability of MCM-49 catalyst

The reusability of MCM-49(20) and USY catalysts was also
studied. After reaction, the catalysts were filtered, washed with
ethanol three times, calcined in air at 500 ◦C for 3 h, and then
reused in the reaction. The reaction data, along with some liter-
ature data for comparison, are given in Table 8.

The zeolite-type catalysts MCM-49(20) and USY are obvi-
ously more stable than the mesoporous molecule sieve catalysts
AlSBA-15 and MSU-S(BEA). Catalyst stability decreases in the
order of MCM-49(20) ≈ USY > MSU-S(BEA) > AlSBA-15.
The crystalline zeolite framework of MCM-49(20) and USY is
more resistant to thermal and hydrothermal treatments than the
amorphous framework of the mesoporous materials. XRD pat-
terns of the fresh and reused MCM-49(20) catalyst shown in
Fig. 10 indicate that the crystalline structure of MCM-49(20)
remains intact after reaction and regeneration.
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Table 9
Properties of fresh and reused MCM-49(20) catalysts

Catalyst AlEXF/
AlF

Relative
crystallinity
(%)

Pore
volume
(cm3/g)

Surface
area
(m2/g)

MCM-49(20) (fresh) 0.26 100 0.20 416
MCM-49(20) (3 cycles) 0.28 99 0.19 407

27Al MAS NMR spectra of the fresh and reused (for three
cycles) MCM-49(20) catalysts in Fig. 11 appear similar. Both
have two sharp peaks situated at about 0 and 55 ppm, cor-
responding to the extra-framework and framework aluminum
species in the zeolite. The AlEXF/AlF ratios calculated from the
intensities of the two peaks are given in Table 9, indicating that
dealumination of the zeolite during reaction and regeneration
can be neglected. Table 9 also compares the textural properties
of the fresh and reused catalysts. Only a very slight decrease in
specific surface area and pore volume of the catalyst after reuse
is observed.

4. Conclusion

MCM-49 zeolite was found to be an ideal catalyst for liquid-
phase acid-catalyzed reactions of bulky molecules. Both higher
activity and higher stability were obtained for the alkylation of
hydroquinone with tert-butanol over MCM-49 compared with
ZSM-5, USY, AlSBA-15, and MSU-S(BEA) catalysts. The con-
version of hydroquinone and the yield of 2-TBHQ at 150 ◦C
were 65 and 46%, respectively. No decrease in the yield of 2-
TBHQ was observed after three reaction cycles. Careful acidity
measurements by DTBPy-TPD and model acid-catalyzed reac-
tion tests of TTBB dealkylation proved that the high activity
derives from the abundance of strong acid sites on the exter-
nal surface pockets of the zeolite structure. Meanwhile, the high
stability can be attributed to the crystalline zeolite framework of
MCM-49, which is more thermally and hydrothermally stable
than the amorphous framework of the mesoporous molecular
sieves.
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