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Abstract

Through a two-step crystallization procedure and using cetyltrimethylammonium bromide (CTAB) as template, hexagonal p6mm mesoporous
aluminosilicates (denoted as MB41) with ng;/na; ratios from 15 to 50 have been assembled from the preformed zeolite Beta precursors under
alkaline conditions. MB41 materials were characterized by powder XRD, N, adsorption—desorption, 2’ Al-MAS NMR and pyridine adsorbed FT-
IR spectroscopy techniques. Results obtained show that they are highly ordered hexagonal symmetry, and Al atoms are in tetrahedral coordination.
Compared with classic AI-MCM-41, MB41 materials have stronger acidity, and also show significantly higher activities in the alkylation reaction
of phenol with ferz-butanol. At the reaction temperature of 145 °C, phenol conversion of 85.7% and 2,4-DTBP selectivity of 43.1% over MB41(25)
are observed, but these over AI-MCM-41(25) are only 61.3% and 13.2%, respectively.

© 2006 Elsevier B.V. All rights reserved.

Keywords: MB41; Enhanced acidity; tert-Butylation of phenol; 4-TBP; 2,4-DTBP

1. Introduction

tert-Butylation of phenol is an industrially important reac-
tion, and its products like 4-tert-butyl phenol (4-TBP) and 2,4-di-
tert-butyl phenol (2,4-DTBP) are widely used as intermediates.
Customarily 4-TBP is used to manufacture various antioxidants,
varnish and lacquer resins, fragrances and protecting agents for
plastics. 2,4-DTBP is mainly used to produce substituted tri-
aryl phosphates [1,2]. This reaction is a typical Friedel-Crafts
alkylation reaction, and can be catalyzed by a variety of acid
catalysts like homogeneous Lewis acids [3] and Bronsted acids
[4], and heterogeneous ion-exchange resins [5], zeolites [6] and
mesoporous materials [7]. Use of homogeneous acid catalysts is
generally avoided due to their unrecycled and corrosive nature,
and ion-exchange resin cannot be used at high reaction tem-
perature. Therefore, much attention of many research groups
has been paid to the potential applications of microporous zeo-
lites and mesoporous materials for their uniform pore sizes,
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high thermal stability and ability to be recycled. The catalytic
activities of zeolites like H-Beta and HY in the alkylation reac-
tion of phenol with fert-butanol have been investigated [6,8,9],
and high conversion of phenol and selectivity to 4-TBP were
observed. However, their small pore diameters in microporous
region (<2 nm) severely limited the formation of bulky products
like 2,4-DTBP. Since the discovery of mesoporous MCM-41S
family [10,11], B, Al, Ga and Fe atoms have been success-
fully incorporated into the frameworks of mesoporous silicas
by direct one-step synthesis or via postsynthesis modification
for obtaining mesoporous solid acid catalysts. Their catalytic
tests in the tert-butylation of phenol have also been extensively
investigated [7,12—-19]. Selvam and co-workers have reported
that AI-MCM-41 and Fe-MCM-41 catalysts possessed moder-
ate acidity and were appropriate for the selective synthesis of
4-TBP [7,16,19]. Later Hartmann and co-workers observed that
FeAl-MCM-41 catalysts displayed higher conversion of phe-
nol and selectivity to 4-TBP than AI-MCM-41 and Fe-MCM-
41 catalysts [13]. However, due to the amorphous pore wall,
the acidity of these mesoporous solid acid catalysts is much
weaker than that of zeolites, and thus phenol conversion and 2,4-
DTBP selectivity are very low. Therefore, attempts have been
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made to synthesize new mesoporous materials with improved
acidity.

By far improvedly acidic mesoporous materials like micro-
porous—mesoporous composites [20-25], zeolite-coated
mesostructures [26,27] and mesoporous materials assembled
from preformed zeolite seeds [28-37] have been obtained.
Due to the presence of microporous components, the acidity
of microporous—mesoporous composites is improved. By
recrystallization the pore walls of MCM-41 and HMS alumi-
nosilicates in the presence of tetrapropylammonium cations,
Kloetstra et al. [20] succeeded to improve their acidity and
catalytic activities. Trong On et al. prepared zeolite-coated
SBA-15 [26] and MCF (mesostructured cellular silica foams)
[27] by impregnating them with a diluted clear solution con-
taining primary zeolite units. These materials also present high
acidity due to the presence of nanocrystalline zeolitic coating.
Acidity improvement of mesoporous materials assembled from
preformed zeolite seeds should be attributed to the presence
of zeolite subunits. Liu and co-workers [28-30] utilized seeds
of zeolite Y, ZSM-5 and Beta as precursors to synthesize
steam-stable hexagonal mesoporous aluminosilicates. We have
prepared enhancedly acidic cubic and hexagonal mesoporous
aluminosilicates constructed of zeolite Beta precursors [36,37].

Alkylation reaction of phenol with tert-butanol has been per-
formed by us to characterize the acidity of MB41 materials [36].
Herein the detailed studies of catalytic activities of MB41 mate-
rials under different reaction conditions have been carried out. In
order to investigate the effect of both acidity and pore dimensions
on the catalytic activities, amorphous mesoporous Al-MCM-
41 and microporous zeolites like H-ZSM-5 and H-Beta have
also been chosen as catalysts in this reaction. Due to the pres-
ence of the mesopore (>2nm), MB41 catalysts display higher
selectivity towards bulky 2,4-DTBP than microporous zeolites.
Furthermore, MB41 catalysts have stronger acidity than classic
Al-MCM-41, and hence show higher conversion of phenol and
selectivity to 2,4-DTBP than amorphous AI-MCM-41 catalyst.

2. Experimental
2.1. Synthesis of MB41

A typical synthesis procedure of MB41 materials was as fol-
lows: 14.7 ml tetraecthylammonium hydroxide aqueous solution
(25.0wt.%) and 2.25ml 3.70 M HCI were mixed in a glass
vessel, and then 2.5g fumed silica was added under vigor-
ous stirring. After vigorous stirring for 30 min, NaAlO; solu-
tion (required amount of sodium aluminate dissolved in 2.9 ml
water) was added, and the reaction mixture was stirred until
a homogeneous gel was obtained. The initial gel composition
with molar ratio was: Si0,:xAl,03:0.028Na,0:0.6TEAOH:
0.2HCI1:20H,0 (x=0.01, 0.02 and 0.033). The gel was aged
at 140 °C for 20 h under static condition, yielding zeolite Beta
precursors. Then 9 ml aqueous solution of cetyltrimethylam-
monium bromide (19.3 wt.%) and 1.34ml 3.70M HCI were
added to zeolite Beta precursors, and the final gel composi-
tion with molar ratio was SiO,:xAl>,03:0.028Na,0:0.6TEAOH:
0.14CTMAB:0.36HCI1:33H,0 (x=0.01, 0.02 and 0.033). After

stirring for 1 h, the mixture was transferred into a Teflon-lined
stainless steel autoclave and aged at 140 °C for 24 h under static
condition. After cooling down to room temperature, products
were filtrated, washed with distilled water repeatedly and dried
in air at ambient temperature. The template of as-synthesized
MB41 samples was eliminated by calcination at 540 °C in flow-
ing nitrogen for 2h and then in flowing air for 8 h. Proton
forms of MB41 materials were obtained from ion-exchange of
NH4NO3, followed by calcination at 540 °C in flowing air for
4 h. In order to compare catalytic properties, AI-MCM-41, H-
Beta and H-ZSM-5 with similar ng;/na; ratio were also prepared
according to the method described in Refs. [38—40].

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Shimadzu XRD-6000 diffractometer system equipped with Ni-
filtered Cu target Ko-ray (operation at40 kV, 30 mA, wavelength
A=0.15418 nm). Diffractions were carried out in the ranges
(260): 1.5-10° and 10-50°, at the scanning speed of 1°/min and
2°/min, respectively. The ngi/na; ratios of samples were mea-
sured by Perkin-Elmer 3300DV ICP. N, adsorption—desorption
isotherms at 77 K were recorded with a Micromeritics ASAP
2020 system. Before measurements, samples were outgassed at
300 °C for 3 h. BET surface areas (Sggr) were calculated from
adsorption branches in the relative pressure range of 0.05-0.20.
Pore size distributions were calculated from adsorption branches
by the Barret-Joyner—Halenda (BJH) method. The pore vol-
ume (V) was taken at the relative pressure of 0.989. 2T A1-MAS
NMR spectra were measured on a Varian Unity-400 spectrom-
eter, and chemical shifts were referenced to Al(H,0)s>*. The
measurements of mid-infrared spectra and IR spectra of pyridine
adsorption were carried out on a Nicolet Avatar 370Dtgs spec-
trometer using KBr pellets and self-supporting pellets, respec-
tively. Before the measurement of pyridine adsorption, the sam-
ples were pressed to thin wafers (10 mg/cm?) and then placed
into a quartz cell equipped with CaF, windows. Sample disks
were evacuated at 400 °C for 2h (10~ Torr), and then cooled
down to room temperature. After pyridine was adsorbed the
infrared spectra were recorded at 150, 200 and 300 °C, respec-
tively. Before NH3-TPD measurements, samples were activated
at 500 °C in pure nitrogen flow for 1 h, and then cooled down
to 100 °C and began to adsorb ammonia. Physically adsorbed
ammonia was removed by pure nitrogen flow at 100 °C. NH3-
TPD measurements were performed in the temperature range
of 100-600 °C at an increasing temperature rate of 10 °C/min.
Desorbed NH3 was recorded continuously using a thermal con-
ductivity cell, collected by a sulfuric acid (0.05 M) and quanti-
tatively determined by titration using 0.1 M NaOH solution.

2.3. tert-Butylation of phenol

tert-Butylation of phenol was carried out in a continuous flow
fixed quartz bed reactor (i.d. 6 mm) with N as carrier gas. Prior
to catalytic reaction, 0.5 g of catalyst was activated at 500 °C
in N> for 1h, and then the reactor was cooled to the required
reaction temperature. The reaction mixture was injected from
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Textural properties of MB41 materials with different ngi/na ratios

Sample MB41(50) MB41(25) MB41(15) Al-MCM-41(25)
nsi/nap (products) 49 24 16 25

ap (nm)? (as-synthesized) 5.00 5.22 5.24 5.10

ap (nm)? (calcined) 4.67 4.90 4.92 4.95

Sger (m2 g~ 1) 987 855 798 1206

Vp (cm3 g™ 0.89 0.74 0.62 1.04

DP (nm) 274 278 2.69 2.87

T° (nm) 1.93 2.12 2.23 2.08

Acid amount (mmol g~1)¢ 0.59 0.78 0.79 0.70

a Unit cell size, ap =2d) 90/3"2.

b Pore diameter (D).

¢ Pore wall thickness (T), T=ay (calcined) — D.
d Calculated from NH3-TPD.

the top using a syringe pump. Alkylation reaction was inves-
tigated under different reaction temperature, 7serr-butanol/Mphenol
ratios and WHSY, etc. After the reaction was on for 2 h, prod-
ucts were collected and analyzed. Products were quantified by
gas chromatography (GC-8A, Shimadzu) equipped with a XE60
capillary column, and confirmed by standard compounds.

3. Results and discussion
3.1. Synthesis and characterization of MB41

Through a two-step crystallization procedure, MB41 mate-
rials with different ngj/na; ratios were hydrothermally synthe-
sized. As shown in Table 1, the ng;i/naj ratios in gel are in close
agreement with those in products. Powder XRD patterns of as-
synthesized MB41 materials (Fig. 1A) display an intense (1 00)
peak and two additional (1 10) and (200) peaks in the range
of 1.5-10° (26), which are the characteristic peaks of hexagonal
p6bmm symmetry. In the range of 10-50° (26) only amorphous X-
ray patterns are observed, indicating that MB41 samples are pure
mesoporous phase without zeolite crystals. However, a vibra-
tional band between 550 and 600 cm™" can be observed in the
IR spectrum of MB41(25), similar to that of zeolite Beta precur-
sors with similar ngj/na; ratio (Fig. 2). In contrast, this band is
not obvious in the IR spectra of classic AI-MCM-41(25). A band
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Fig. 2. IR spectra of MB41(25) (a), AI-MCM-41(25) (b) and zeolite Beta pre-
cursors with the ngi/na) ratio of 25 (c).

near 550 cm™! is actually characteristic of the five-membered
rings of T-O-T (T=Si or Al) in zeolite crystals [29,41-44].
Thus, amorphous X-ray diffractions from 10° to 50° (26) and
the presence of the band between 550 and 600 cm ™! prove that
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Fig. 1. Powder XRD patterns of as-synthesized MB41 (A) and calcined MB41 (B) with different ngyna ratios: (a) 15, (b) 25 and (c) 50.
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Fig. 3. N, adsorption—desorption isotherm (a) and pore size distribution (a") of MB41(25).

the pore walls of MB41 contains zeolite Beta subunits. With the
decreases of ngj/na; ratios from 50 to 10, the shifts of the (1 00)
peak to smaller angles are observed, suggesting the introduction
of more aluminium atoms into the frameworks [45,46], and the
cell parameters correspondingly increase (Table 1). After cal-
cinations ordered hexagonal mesostructures are kept very well
(Fig. 1B), but the cell parameters are reduced slightly (Table 1).

Nitrogen adsorption—desorption isotherm and the pore size
distribution of the calcined MB41(25) are illustrated in Fig. 3.
Typical IV isotherm with H1 type hysteresis loops is observed
(Fig. 3a). The capillary condensation in the relative pressure
range of 0.3-0.4 corresponds to framework mesopores, which
are obtained after the elimination of template cetyltrimethylam-
monium bromide (CTAB). The sharp inflection in the relative
pressure of 0.9-1.0 is attributed to the capillary condensation
in the interparticle spaces. The pore size distribution (Fig. 3a")
suggests that MB41(25) has uniform mesoporous channels. Pore
parameters of MB41 materials with different ngi/na; ratios are
shown in Table 1. With the increase of aluminium content in
products, the pore volume and BET surface areas are corre-
spondingly reduced, and pore walls are gradually thickened.

27 A1-MAS NMR spectra of the calcined MB41 samples and
Al-MCM-41(25) are shown in Fig. 4. These spectra display a
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Fig. 4. 27A1-MAS NMR patterns of the calcined samples: (a) AI-MCM-41(25),
(b) MB41(50), (c) MB41(25) and (d) MB41(15).

single resonance at ca. 54 ppm, indicating Al atoms in tetrahe-
dral environment [45]. However, with the increase of aluminium
content in MB41 materials, the signals are broaden and chemi-
cal shifts are slightly lowered, suggesting a possible distortion of
aluminium in the framework. To estimate the type and strength
of acid sites of MB41(25) and AI-MCM-41(25), infrared spectra
of pyridine adsorption were used. In the IR spectra measured at
150 °C (Fig. 5a and d), the bands attributed to pyridine adsorbed
on both Lewis acid sites (1455 and 1623 cm™!) and Bronsted
acid sites (1546 and 1638 cm™!) and hydrogen-bonded pyridine
(1447 and 1597 cm™!) were observed, in addition, a band at
1491 cm™! ascribed to pyridine associated with both Lewis and
Bronsted acid sites was also observed [47]. The results indi-
cate that MB41(25) and AI-MCM-41(25) have both Lewis and
Bronsted acid sites. To evaluate to the strength of acidity, IR
spectra of pyridine adsorption were measured at higher tempera-
ture. For both samples, with increasing the temperature from 150
to 300 °C all the bands become weaker, and even the bands due
to hydrogen-bonded pyridine disappear (Fig. Sc and f). Further-
more, it is can also be observed that the bands attributed to both
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Fig. 5. IR spectra of pyridine adsorbed on MB41(25) at (a) 150°C, (b) 200 °C,
(¢) 300 °C and on AI-MCM-41(25) at (d) 150°C, (e) 200 °C and (f) 300 °C.
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Lewis and Bronsted acid sites of MB41(25) are more intense
than those of AI-MCM-41(25), which indicates that MB41(25)
possesses larger amount of strong Lewis and Bronsted acid sites
than classic AI-MCM-41(25).

3.2. Catalytic activity

Catalytic activities of MB41(25) and AI-MCM-41(25) cata-
lysts at different reaction temperature are shown in Fig. 6 and
Table 2. Products over both catalysts are 2-tert-butyl phenol (2-
TBP), 4-tert-butyl phenol (4-TBP) and 2,4-di-tert-butyl phenol
(2,4-DTBP), and a small amount of 2,4,6-tri-tert-butyl phenol
(2,4,6-TTBP) is also observed over MB41(25). The highest con-
versions of phenol over both MB41(25) and AI-MCM-41(25)
catalysts (85.7% and 61.3%, respectively) are observed at 145 °C
(Fig. 6A and B), and above or below 145 °C phenol conversions
decrease. This phenomenon has also been observed in the tert-
butylation of phenol catalyzed by large pore zeolites [48]. In
the temperature range of 105-185 °C, the main product over
Al-MCM-41(25) is 4-TBP. With the increase of reaction tem-
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Fig. 6. Phenol conversion and products selectivities over (A) MB41(25) and
(B) AI-MCM-41(25) (WHSV=22h""!, Tzert-butanol/Mphenol = 2.5, N2 flow veloc-
ity =20 ml/min, time-on-stream =2 h).

perature, the selectivity to 4-TBP correspondingly increases, and
the highest selectivity to 4-TBP (91.5%) is obtained at 185 °C
(Fig. 6B). The product distributions over MB41(25) vary with
the changing of reaction temperature. Over 145 °C 4-TBP is the
main product, but below 145°C 2,4-DTBP, whose formation
requires strong acidity [7], is the main product, and the high-
est selectivity to 2,4-DTBP (52.8%) is obtained at 125 °C. The
difference of main products at the low temperature (<145 °C)
over both catalysts should be attributed to that the acidity of
MBA41(25) is stronger than that of classic AI-MCM-41(25). The
formation of small amount of more bulky 2,4,6-TTBP over
MB41(25) catalyst also favors this viewpoint (Fig. 6A).

MB41(15) and MB41(50) catalysts have also been tested in
the fert-butylation reaction of phenol (Table 2), and display
similar catalytic activities in comparison to MB41(25). With
the decrease of ngj/na ratios, phenol conversion and 2,4-DTBP
and 2,4,6-TTBP selectivities slightly increase, consistent with
the increase of their acid amount (Table 1). In order to investi-
gate the effect of pore dimensions on the conversion of phenol
and products selectivities, microporous zeolites H-Beta(25) and
H-ZSM-5(25) are also chosen as catalysts, and their catalytic
activities are shown in Table 2. The pore size of H-ZSM-5(25) is
about 0.55 nm, nearly equivalent to the molecule size of phenol,
and hence it is very difficult for phenol molecules to enter micro-
porous channels, and only the acidic sites on the external area
can be easily reached. However, the external area of H-ZSM-
5(25) is very small, therefore, low phenol conversion (16.2%)
is obtained. The pore size of H-Beta(25) is about 0.75 nm, and
large enough for phenol molecules to enter the channels and
react with fert-butanol over the acidic sites. High phenol con-
version of 92.1% and 4-TBP selectivity of 76.6% are obtained.
But the selectivity to bulky 2,4-DTBP is still low (20.3%), and
more bulky 2,4,6-TTBP is not observed, indicating that the pore
dimension of H-Beta(25) is still not large enough. Therefore,
larger pore size is required for the formation of bulky 2,4-DTBP
and 2,4,6-TTBP. Classic AI-MCM-41(25) has the pore channels
in the mesoporous range (>2 nm), but its catalytic activity is still
very low (Table 2), which should be attributed to its weak acid-
ity. Therefore, it is believed that in this reaction the conversion
of phenol and product distribution mainly rely on the acidity and
pore structure of solid catalyst, and stronger acidity and larger
pore size favor higher phenol conversion and 2,4-DTBP selec-
tivity. MB41(25) catalyst possesses both mesopore channels and
enhanced acidity, and hence displays high phenol conversion and
2,4-DTBP selectivity (Table 2). Further detailed catalytic tests
of MB41(25) under different WHSV, 7¢/1-butanol/Miphenol ratios
and reaction time have also been carried out.

Effect of WHSV on phenol conversion and products selec-
tivities is shown in Fig. 7. With the decrease of WHSV from
11.0 to 1.37h~! phenol conversion increases from 42.9% to
95.3%, implying that longer contact time (i.e. more adsorption
of tert-butanol molecules on the Bronsted acid sites) favors the
alkylation reaction. At the same time, the selectivity to 2-TBP
decreases, and that to 2,4-DTBP increases, and high 2,4-DTBP
selectivity of 58.7% can be obtained at WHSV of 1.37h~!.
Therefore, by reducing the WHSYV, high conversion of phenol
and selectivity to 2,4-DTBP can be obtained.
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Table 2
Catalytic activity and product distribution®
Catalysts
Al-MCM-41(25) MB41(50) MB41(25) MB41(15) H-Beta(25) H-ZSM-5(25)
Phenol conversion (mol%) 61.3 72.5 85.7 87.3 92.1 16.2
Product selectivity in alkyl phenol (mol%)
2-TBP 4.9 7.7 5.7 4.6 3.1 34.1
4-TBP 81.9 523 50.0 49.2 76.6 43.6
2,4-DTBP 13.2 39.1 43.1 443 20.3 223
2,4,6-TTBP - 0.9 1.2 1.9 - -
# Reaction temperature = 145 °C; fye,r.butanol/Mphenol = 2.5; WHSV =2.2 h~!; time-on-stream =2 h; N, flow velocity =20 ml/min.
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Fig. 7. Effect of WHSV on phenol conversion and products selectivities over
MB41(25) (Rserr-butanol/Mphenol =2.5; reaction temperature =145 °C; Ny flow
velocity = 20 ml/min; time-on-stream =2 h).

Phenol conversion and products selectivities over MB41(25)
are also affected by the molar feed ratios (Fig. 8). It is observed
that phenol conversion increases from 69.9% to 96.2% with
increasing the 7sez-butanol/Mphenol Tatio from 1.0 to 4.0, and abrupt
increase is present when tert-butanol to phenol ratio increases
from 1.0 to 1.75. Due to the competition of polar molecules tert-
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Fig. 8. Effect of nserr-butanol/Mphenol Tatio on phenol conversion and products selec-
tivities over MB41(25) (WHSV =2.2h~!, reaction temperature = 145 °C, Ny
flow velocity = 10 ml/min, time-on-stream =2 h).
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Fig. 9. Effect of time-on-stream on phenol conversion and products selectivi-
ties over MB41(25) (WHSV =2.2h~!; reaction temperature = 145 °C; N; flow
velocity =10 ml/min; nlert—bulanol/nphemyl =4).

butanol with phenol for adsorption sites, higher content of terz-
butanol leads to the formation of more olefins by the dehydration,
and then higher phenol conversion is obtained. Similar results
have been reported before [12,49,50]. Likewise, the selectivity to
2,4-DTBP increases, indicating that the increase of the content of
tert-butanol promotes further alkylation of monoalkylated prod-
ucts (2-TBP and 4-TBP) to 2,4-DTBP (Fig. 8).

From the discussion above, the relative optimal reaction
condition is temperature of 145°C, WHSV of 2.2h~! and
Myert-butanol/Mpheno! Tatio of 4. Effect of time-on-stream on phe-
nol conversion and product selectivities is investigated under
this condition (Fig. 9). Excellent catalytic activity of MB41(25)
with exceptionally high phenol conversion of 96.2% and 2,4-
DTBP selectivity of 64.2% is observed when the reaction is
on for 2 h. After further reaction for another 4 h, a slight deac-
tivation of MB41(25) is observed, and phenol conversion and
2,4-DTBP selectivity decrease to 90.7% and 57.8%, respec-
tively. The results might be attributed to the decrease of the
amount of strong acid sites. After longer time of reaction, some
strong acid sites are blocked by coke, and thus the formation
of bulky 2,4-DTBP is suppressed because its formation requires
strong acid sites. At the same time, the decrease of total acid
amount of MB41(25) leads to the decrease of phenol conver-
sion. It has been reported that at high reaction temperature
(higher than 250 °C), phenol conversion over ZnAl-MCM-41
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and FeAI-MCM-41 catalysts drastically decreased with reac-
tion time [12,13]. Slight deactivation of MB41(25) should be
attributed to the relative low reaction temperature (145 °C).

4. Conclusions

Templated by cetyltrimethylammonium bromide (CTAB),
MB41 materials with different ngj/na; ratios have been
hydrothermally synthesized through the self-assembly of pre-
formed zeolite Beta precursors. MB41 samples were charac-
terized by powder XRD, N; adsorption-desorption, 2’ AI-MAS
NMR and pyridine adsorbed FT-IR spectroscopy techniques.
Analytic results show that MB41 materials are ordered hexago-
nal p6mm mesostructures, and have stronger acidity than classic
Al-MCM-41(25). In the fert-butylation of phenol, MB41(25)
and MB41(15) display significantly higher catalytic activities
than classic AI-MCM-41(25), and even MB41(50), whose acid
amount is smaller than that of AI-MCM-41(25), shows higher
phenol conversion and 2,4-DTBP selectivity. In the further cat-
alytic tests under different conditions, MB41(25) catalyst dis-
plays excellent catalytic performances.
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