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Abstract

The catalytic activities of SBA-15 aluminosilica meso/macroporous monoliths (Si/Al = 72) and mesoporous powders (Si/Al = 70) have
been investigated using batch Friedel–Crafts alkylation of single-ring aromatic compounds, including toluene, ethylbenzene, cu
styrene, with benzyl alcohol. The toluene alkylation activities of the meso/macroporous monolith catalysts were compared with na
zeolite Beta (Si/Al = 75, average particle size∼ 10 µm) and mesoporous SBA-15 aluminosilica (average particle size∼ 25 µm), as powder
and pellets (0.5 cm thick× 1 cm diameter) to study the effects of framework crystallinity, particle size, pore size, and pore structure
overall conversion. Apparent reaction rate coefficients were quantified based on a model for the alkylation of toluene with benz
via two parallel reaction schemes to benzyl toluene. Moderate toluene alkylation rates (∼ 10−4 s−1) and high selectivities (> 90%) for
benzyl toluene were observed for meso/macroporous aluminosilica SBA-15 monoliths, compared to the mesoporous SBA-15 a
Beta powders, which displayed faster alkylation rates (∼ 10−3 s−1), though were less selective (79 and 59%, respectively). In pellet f
both the mesoporous SBA-15 and the zeolite Beta materials yielded lower rates of alkylation (∼ 10−4 s−1), due to slower internal diffusion
of reactants and products within the smaller pellet macropores, compared to the meso/macroporous monoliths. Diffusive resistan
transfer were quantified by estimating Thiele moduli and effectiveness factors for the different catalysts, based on benzyl alcohol d
measured by PFG NMR. The aluminosilica meso/macroporous SBA-15 monoliths deactivated more slowly, retaining 92% of the
activities after one use, compared to 75, 76, and 0.6% for SBA-15 powder, SBA-15 pellet, and zeolite Beta powder catalysts, resp
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Friedel–Crafts alkylations are industrially important re
tions used to produce numerous aromatic compounds [
Such processes often rely on liquid acid catalysts, suc
AlCl3, HF, and BF3 [1], however, the separation and ha
dling of the acid waste present undesirable economic,
vironmental, as well as health and safety issues. Rece
much effort has been devoted to developing and invest
ing the feasibility of using solid acids, such as zeolites
mesoporous aluminosilicas, as new means to catalyze
lation and other reactions [3,4].

Among some of the systems and reactions studied,
minosilicate zeolite Beta, zeolite Y, MCM-22, MCM-4
and other nanoporous and mesoporous materials have

✩ Supplementary data for this article may be found on ScienceDirec
* Corresponding author.
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.09.005
.
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shown to be active catalysts for alkylation of benzene
toluene [5–8]. The acidic properties of these solids ge
ally arise from cationic Brønsted or Lewis acid sites that
associated with tetrahedrally coordinated aluminum spe
in the aluminosilica frameworks [3]. These porous mater
have uniform pore channels and high surface areas, ma
them good candidates for catalysts. However, because
are usually in the form of fine powders with particle siz
of 1–15 µm, there can be practical drawbacks to their
in industrial processes, including separation and hand
for liquid-phase reactions or large pressure drops for
phase reactions. Systems with such fine particles are, t
fore, frequently combined with a binder and extruded in
form of macroscopic beads or pellets or deposited onto
ert nonporous substrates as monolithic catalysts [9]. In t
different macroscopic forms, however, diffusive resistan
to mass transport can be important, particularly when la
particles or monoliths, fast chemical reactions, and/or slo

http://www.elsevier.com/locate/jcat
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diffusing molecular species are present. Indeed, liquid-ph
alkylation reactions can be limited by mass transfer in so
commercial zeolite catalysts to occur in only a thin ou
layer of the extruded catalyst pellets [10].

In principle, for a given reaction rate, diffusion res
tances may often be mitigated by increasing the mean
size or by decreasing the macroscopic particle size or m
lith dimensions. However, these strategies tend to red
the overall surface area per unit mass of catalyst or r
troduce separation or pressure drop difficulties. An al
native approach that overcomes these compromises
design catalytic materials with pore sizes on two indep
dently adjustable length scales, one in the micrometer ra
to enhance mass transport and the other in the nanom
range to maintain high surface area. Hierarchically str
tured porous materials such as these, comprised of an
connected macroporous inorganic framework structure
mesoporous walls, are expected to be especially desi
for promoting catalytic reactions that involve large mole
lar species. Bimodal meso/macroporous siliceous mate
have been prepared as monoliths [11,12], thin films [1
threads [14], particles with small domain sizes (∼ 100 µm)
[15], and fractal structures or aggregates [16,17]. Howe
the preparation of large (> 1 cm) self-supporting (mechan
cally stable) meso/macroporous aluminosilica monoliths
not been reported, nor have their catalytic properties bee
vestigated.

Here, we report a new synthesis procedure for
preparation of meso/macroporous aluminosilicas that c
bines emulsion and block-copolymer templating to prod
centimeter-size, mechanically stable monoliths with in
connected macropores whose walls are comprised o
dered mesopores. This is achieved by making an oil-in-w
(O/W) emulsion, where the continuous phase consists o
aqueous amphiphilic block copolymer mesophase (he
onal or cubic), in combination with a network-formin
aluminosilica sol. The emulsion oil droplets have a ch
acteristic size of several hundred nanometers, which es
lishes the macropore dimensions. The volume fraction
the oil droplets is made sufficiently high (∼ 70%) so that
the droplets are in contact, and the macropores which
template are interconnected. Polymerization of the silica
alumina precursor species yields a mesoscopically ord
aluminosilica/block copolymer mesophase in the aque
interstices between the micrometer-size oil droplets. The
tice constant of the mesophase is approximately 10 nm
about 30 times smaller than the emulsion oil droplets fo
typical sample. Removal of the organic species, for exam
by calcination or solvent extraction, results in a bimodal d
tribution of pore sizes established by the dimensions of
hydrophobic block copolymer and oil droplet regions.

Using emulsion droplets [18] rather than more rigid str
ture-directing agents, such as polystyrene spheres [15,1
a key feature of this technique. Because the emulsion d
are deformable, macroscopic samples are able to accom
date stresses that arise during gelation and shrinkage
r

-

-

-
.

Samples made using rigid spheres, by contrast, tend to b
into small pieces that are seldom larger than a few h
dred micrometers [15,19]. In addition, emulsification co
ditions can be adjusted to produce droplets with differ
mean sizes which are typically in the micron range. Mo
over, this can be done to a large extent independentl
the self-assembling block copolymer species used to d
the structure of the mesopores. This allows direct and
dependent control of macro- and mesopore dimension
the final pore structures can be tailored to different diffus
and reaction conditions. Liquid-phase Friedel–Crafts alk
tion reactions are used here to evaluate the catalytic p
erties of bimodal meso/macroporous aluminosilica SBA
monoliths for comparison with zeolite Beta and mesopor
SBA-15 catalysts.

2. Experimental

2.1. Catalyst syntheses and characterization

2.1.1. Meso/macroporous aluminosilica SBA-15 monoliths
Aluminosilica meso/macroporous monoliths were s

thesized using emulsion and block-copolymer templat
in combination with sol–gel chemistry. First, a polyd
perse oil-in-water emulsion was prepared by adding silic
oil (PDMS—poly(dimethylsiloxane), viscosity∼ 350 cP,
Gelest Inc.) to a 40 wt% aqueous solution of nonylphen
ethoxy 7 (C9PhEO7, Rhodia Inc.). PDMS droplets wer
gently stirred into the solution until they occupied 70%
the total volume. The droplet diameters in this polydispe
emulsion varied from a few to several hundred microm
ters. Monodisperse emulsions were obtained by subjec
the emulsion to a uniform shear strain (for droplet break
using a cylindrical Couette cell with a uniform gap wid
of 100 µm [20]. Typical shear rates were∼ 8000/s. The re-
sulting emulsions had average droplet diameters that c
be varied and were typically from 0.1 to 5 µm with a po
dispersity of 20% for this particular system. Larger drop
sizes could be obtained and controlled by varying the s
rate, the viscoelasticity (i.e., surfactant type and concen
tion, oil viscosity, etc.) of the polydisperse emulsions, or
gap width of the Couette cell [20].

Triblock copolymers of ethylene oxide (EO) and prop
ene oxide (PO), either EO20PO70EO20 (Pluronic P123,
BASF Corp.) or EO106PO70EO106 (Pluronic F127, BASF
Corp.), were used as mesostructure-directing agents in
continuous aqueous phase of the O/W emulsion. He
onal or cubic mesostructural ordering was produced
the aqueous regions, as estimated according to the
responding block copolymer/water phase diagrams [
Following the method of Feng et al. [22,23], a mixture
tetramethylorthosilicate (TMOS, 99%, Fisher Acros), w
ter, hydrochloric acid, and aluminum chloride hexahydr
(99%, Aldrich) in mass ratios of 1 g TMOS:0.7 g HCl/H2O
(pH ∼ 2.0):x g AlCl3 (wherex depends on the Si/Al ratio
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desired) was stirred vigorously to hydrolyze the silica a
alumina species. Upon removal of the by-product metha
by evaporation under vacuum, 0.48 g block copolymer
1.0 g TMOS was added to the hydrolyzed sol and mi
until completely dissolved. This concentrated aluminosil
block copolymer sol was then mixed with the premade
in-water emulsion in approximately equal proportions
mass. Air bubbles formed during mechanical mixing of
sol and emulsion were removed by centrifugation. Alum
and silica species in the resultant block copolymer sol–
emulsion were allowed to polymerize for 3 days, after wh
the mixture was hydrothermally treated at 100◦C overnight,
and the oil and residual block copolymer species were su
quently removed by solvent extraction. The materials w
then calcined at 500◦C in air for 6 h to produce the fina
meso/macroporous SBA-15 monoliths.

2.1.2. Mesoporous aluminosilica SBA-15 powders
Hexagonal mesostructured aluminosilica SBA-15 po

ders were synthesized under acidic conditions simila
procedures described in Refs. [22,23] for siliceous s
ples, but modified here by adding an aluminum sou
Pluronic P123 block copolymer species were used as
mesostructure-directing agents. Alumina and silica pre
sors (AlCl3 and TMOS, respectively) were added to aque
HCl (pH ∼ 2.0) and mixed vigorously until the TMOS wa
completely hydrolyzed. Following the removal (under v
uum) of methanol produced by the hydrolysis of TMO
the viscous sol was mixed homogeneously with the P
block copolymer. The final mixture consisted of hydrolyz
TMOS, AlCl3, P123, HCl, and water in the following pro
portions: 1 g TMOS:0.48 g P123:0.68 g HCl/H2O (pH ∼
2.0):x g AlCl3, wherex was adjusted to achieve the desir
Si/Al ratio. Gelation and aging occurred under ambient c
ditions for 3 days, followed by hydrothermal treatment
100◦C overnight, and subsequent drying and calcinatio
air at 500◦C for 6 h. Pelleted samples were formed by pre
ing the calcined particles under∼ 120 MPa pressure int
approximately 0.5-cm-thick× 1-cm-diameter disks.

2.1.3. Nanoporous zeolite Beta
Commercially available nanoporous crystalline zeo

Beta powder (Si/Al = 75, Zeolyst International) was use
as received for catalytic activity measurements of pow
samples. Pelleted samples were formed by pressing the
der particles under∼ 120 MPa pressure into approximate
0.3-cm-thick× 1-cm-diameter disks, such that the pe
masses matched those of the SBA-15 pellets.

2.2. Catalyst characterization

Surface areas of the aluminosilica meso/macropo
SBA-15 monoliths and mesoporous SBA-15 powders w
determined by nitrogen sorption using the BJH met
based on the adsorption branch of the isotherm. The sam
were degassed under vacuum at 180◦C for a minimum of 6 h
-

-

s

prior to measurement of N2 sorption isotherms at 77 K usin
a Micromeritics ASAP 2000 pore analyzer. Mean mesop
diameters for the various samples were estimated from
nitrogen sorption data using BET analysis (4V/A) and w
verified by transmission electron microscopy (TEM) us
a JEOL 2000FX microscope. The macropore structure
characterized by scanning electron microscopy (SEM),
formed on a JEOL 6300 scanning electron microscope. B
Si/Al molar ratios were determined by inductively coupl
plasma (ICP) elemental analyses.

Single-pulse solid-state27Al nuclear magnetic resonanc
(NMR) spectra were acquired using a Bruker AVANC
300 NMR spectrometer operating at−18.1957 MHz, un-
der conditions of magic-angle spinning (MAS). A 90◦ pulse
length of 7.5 µs and 2-s recycle delays were used, wi
14-kHz sample spinning rate.27Al chemical shifts are ref
erenced to an aqueous solution of Al(NO3)3. Quantitative
comparisons of27Al signal intensities were made by me
suring equivalent amounts of as-synthesized and calc
samples using a solid piece of aluminum nitride (AlN)
an internal standard, as described in Ref. [24]. Pulsed-
gradient1H NMR (PFG NMR) experiments were perform
on a Bruker AVANCE-500 NMR spectrometer operating
500.1324 MHz. Experiments were conducted at 25◦C using
a stimulated-echo bipolar gradient pulse sequence [25
with 2-ms gradient pulses separated by 100-ms inter
The applied gradient strength was varied from 2 to 95%
the 70 G/cm available.

2.3. Alkylation of aromatic compounds

All alkylation reactions were carried out in a contin
ously stirred batch reactor under reflux conditions usin
three-neck 100-mL round-bottom flask equipped with a c
denser, a nitrogen inlet for retaining an inert atmosph
an outlet for product withdrawal, and a thermometer p
for monitoring the temperature during reaction. The re
tions were initiated by adding the various catalysts to b
ing mixtures of benzyl alcohol (BzOH), which acted as
alkylating agent, and the respective aromatic compound
alkylation. All reactions (except that involving styrene, d
to a potentially competing polymerization reaction) w
conducted with an excess of the alkylating aromatic c
pound at its respective normal boiling point. The alkylat
reaction temperatures for toluene, ethylbenzene, and cu
were thus 110, 136, and 152◦C, respectively. For a typica
reaction, 20 mL of a given aromatic species (∼ 0.2 mol)
was mixed with approximately 8.0 × 10−3 mol BzOH; the
amount of catalyst used was adjusted to maintain an
proximately equivalent Al/BzOH mole ratio of 0.010 fo
all reactions. To prevent the rapid polymerization of styr
monomers expected in pure styrene near its boiling p
(145◦C), styrene alkylation was carried out in a solution
low-boiling cyclohexane (boiling point 81◦C) with a mo-
lar ratio of 1 styrene:5 cyclohexane. The following reage
were used as received: benzyl alcohol (99+%, Aldrich),
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toluene (ACS grade, EM Science), ethylbenzene (99.
anhydrous, Aldrich), cumene (99.9%, Fisher Acros), and
clohexane (99+%, Fisher Acros). Styrene (99%, Aldrich
was distilled to remove inhibitor before use. To monitor
conversion, products were removed in small quantities f
the reactor at specified time intervals and analyzed using
chromatography on an HP5880A chromatograph.

Starting with fresh catalyst, each reaction was allowe
proceed to approximately complete conversion of the be
alcohol, after which the respective catalysts were reclaim
for reuse. All reused catalysts were dried in air (after filt
tion in the case of powders) before being added to a f
reactant mixture that was identical in composition to
first.

3. Results and discussion

3.1. Catalyst properties

A photograph of a calcined meso/macroporous a
minosilica SBA-15 monolith (Si/Al = 72) prepared by
emulsion- and block-copolymer templating is shown
Fig. 1a. The shape and size of the monoliths resemble t
of the containers in which they are prepared and can
several centimeters in size or larger, as shown in the
ure. The SEM image in Fig. 1b is representative of th
monoliths; the macropores are tightly packed and are hi
interconnected, with windows opening from each macrop
into its surrounding neighbors. The macropores are rea
ably monodisperse; for the particular sample shown, t
are approximately 0.30± 0.05 µm. These centimeter-size
meso/macroporous SBA-15 monoliths were prepared w
approximately 0.05-µm-thick macropore walls comprised
hexagonally ordered mesopores. Indeed, further magni
tion of the aluminosilica macropore framework using TE
(Fig. 1c) confirms the hexagonal arrangement of mesopo
as organized by the self-assembling P123 triblock cop
mer species. From this and similar micrographs, the m
pores are observed to be about 5.7 nm in diameter, cons
with the value of 5.5 nm measured from the BET sorpt
isotherm. Such mesostructural ordering was similar to
uniform 5.2-nm-diameter hexagonally ordered mesopore
the aluminosilica SBA-15 powder. The small-angle X-r
diffraction spectrum (not shown) collected for the alum
nosilica SBA-15 powder was typical of hexagonally orde
mesoporous materials, as observed previously [22,27
siliceous samples, with one sharp peak correspondin
a d100 spacing of 9.0 nm and two smaller peaks inde
to d110 andd200 spacings of 5.1 and 4.5 nm, respective
A single broad peak with ad100 spacing of 10.2 nm, sim
ilar to that of aluminosilica SBA-15, was observed for t
meso/macroporous monolith. The absence of higher o
peaks indicates that long-range ordering was reduced in
meso/macroporous materials, possibly due to influence
the macrostructure or emulsion synthesis conditions.
-

,

t

Fig. 1. (a) Optical photograph of a calcined aluminosilica meso/ma
porous SBA-15 monolith and corresponding (b) SEM and (c) TEM mic
graphs showing the emulsion-templated macropores and block-copoly
templated mesoporous wall structures, respectively.

Table 1
Physical and compositional properties of various aluminosilica catalys

Catalysts Surface area Pore diameter Bulk Si/Al
(m2/g) (nm) ratio

Meso/macroporous 860±30 5.5±0.4 72± 6
SBA-15 300±50

Mesoporous SBA-15 870±30 5.2±0.4 70± 5
Zeolite Betaa 650 0.56 75

a Values are from vendor product specifications. Pore diameter is b
on the smallest channel dimension.

For the purpose of examining the effects of pore size
structure on alkylation activity, aluminosilica meso/mac
porous and mesoporous SBA-15 catalysts were synthe
with Si/Al ratios and surface areas that were similar
those for the crystalline nanoporous zeolite Beta sam
used. Typical values for surface areas, mean mesopor
ameters, and bulk Si/Al ratios for the meso/macroporou
aluminosilica SBA-15 monoliths, as well as for the me
porous SBA-15 and zeolite Beta powders, are summarize
Table 1. Bulk Si/Al ratios for the meso/macroporous SBA
15 monoliths, mesoporous SBA-15, and zeolite Beta w
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72, 70, and 75, respectively, with corresponding surface
eas of 856, 867, and 650 m2/g. The calcined mesoporou
SBA-15 powders had a broad distribution of particle si
(SEM micrograph not shown) ranging from 1 to 100 µ
By comparison, crystalline zeolite Beta had much sma
highly uniform nanopores, 0.56 nm in the smallest chan
dimension, and was in the form of a fine powder with p
ticles ranging from 1 to 20 µm. The average particle s
were estimated to be 25 and 10 µm for SBA-15 and z
lite Beta powders, respectively. For the pellet catalysts, S
micrographs (not shown) of the surface and interiors of
SBA-15 and zeolite Beta pellets showed uniform dens
with no evidence of large voids (micrometer size). The s
nificant differences in the macroscopic morphologies
pore sizes of the five catalysts are important for underst
ing their Friedel–Crafts alkylation activities as discussed
low.

Solid-state27Al MAS NMR was used to assess the typ
and relative fractions of different aluminum sites in t
meso/macroporous and mesoporous SBA-15 materials
particular interest are tetrahedrally coordinated alumin
species associated with acidic framework sites that are
tive for alkylation [3].27Al MAS NMR spectra (see Supple
mental Information) acquired for the calcined aluminosil
meso/macroporous SBA-15 monolith, mesoporous SBA
powder, and nanoporous zeolite Beta powder show w
resolved peaks at chemical shifts of∼ 0 and∼ 50 ppm,
which are attributed to octahedrally (AlVI ) and tetrahedrally
(Al IV ) coordinated27Al species, respectively [28]. Integr
tion of the 27Al MAS peaks reveals that the percentag
of tetrahedrally coordinated aluminum species relative
the total visible27Al species present (AlIV + AlVI ) for the
calcined meso/macroporous SBA-15 monolith, mesopo
SBA-15 powder, and zeolite Beta were 93, 91, and 98%
spectively.

Bulk elemental analyses, together with quantitative co
parisons of27Al MAS signal intensities measured for th
as-synthesized and calcined materials, however, ind
that the 27Al signals measured may not account for
of the aluminum species present in the materials. Ind
a recent study of related aluminosilica M41S mater
showed that the amount of tetrahedrally coordinated
minum characterized by27Al MAS NMR of calcined prod-
ucts was significantly reduced from that measured in
synthesized samples, presumably due to conversion of
minum species into so-called “NMR invisible”27Al upon
calcination [24]. Quantitative27Al NMR “spin counting”
in the meso/macroporous SBA-15 monoliths and powd
establishes that, while the bulk Al concentrations of
samples remain unchanged, the total27Al NMR signal in-
tensities decreased significantly, following calcination of
as-synthesized samples. These results are tabulated
ble 2. The differences in percentage27Al signal reduction
among the meso/macroporous SBA-15 monoliths (55
mesoporous SBA-15 powders (24%) and MCM-41 powd
(50%) are thought to be due to their different synthesis c
f

-

,

-

-

Table 2
Percentage of tetrahedrally coordinated Al characterized by27Al MAS
NMR for aluminosilica SBA-15 catalysts

Catalysts % AlIV vs total (AlIV + AlVI ) Total 27Al signal

As synthesizeda Calcinedb reductionc

Meso/macroporous 88% 93% 55%
SBA-15

Mesoporous SBA-15 80% 91% 24%

a 27Al MAS NMR spectra not shown.
b See Supplemental Information.
c Quantitative decrease in total27Al MAS signal intensity associate

with tetrahedrally and octahedrally coordinated aluminum species upo
cination.

ditions. For example, the use of alcohol (for the remo
of the macropore-directing emulsion oil droplets) is
pected to alter the local chemical environment near the
species, due to its dehydrating effect. For the as-synthe
meso/macroporous SBA-15 monoliths and powder, the
centages of tetrahedrally coordinated aluminum with res
to the visible 27Al NMR signals are estimated to be 8
and 80%, respectively. The results of the27Al NMR ex-
periments, in conjunction with the bulk Al contents, allo
the number of acid sites per mass of catalyst to be
mated. More specifically, the relative alkylation activit
of different catalysts can be compared, based on the
of the number of active sites per mass of catalyst use
the amount of the limiting reactant in the batch feed, in
case, benzyl alcohol (BzOH). This acid site (AlIV )/BzOH
ratio was kept constant at 0.010±0.001. The concentration
of acid sites, and thus the Al/BzOH ratios, were estimate
from the percentage of tetrahedrally coordinated Al spe
of the as-synthesized samples obtained by27Al MAS NMR.

3.2. Alkylation of aromatics

Friedel–Crafts alkylation of aromatic compounds can
represented schematically in Scheme 1 [reaction (1)] [1,
where R is an aliphatic substituent, such as methyl, e
isopropyl, or vinyl (ethenyl) group corresponding to tolue
ethylbenzene, cumene, or styrene, respectively. (The
protruding to the center of the benzene ring in the prod
indicates that various isomers can be formed.) Alkylat
of the single-ring aromatic compounds with benzyl al
hol proceeded with high to moderate conversion rates
the meso/macroporous aluminosilica SBA-15 monolith c
lysts. Fig. 2 shows conversion plots for batch alkylation
actions of toluene, ethylbenzene, cumene, and styrene
benzyl alcohol. As can be seen from the figure, benzy
cohol was consumed essentially to completion for eac
the batch processes in less than 100 min, under condi
where the aromatic reactants were present in excess
kept at their respective boiling points (except for styren
Alkylation of cumene, which took place at the highest te
perature (152◦C), proceeded fastest, with the conversion
the limiting benzyl alcohol species being completed in l
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Fig. 2. Conversion of benzyl alcohol (BzOH) plotted as a function
time in a batch reactor for alkylation of various single-ring aromatic co
pounds using identical aluminosilica meso/macroporous SBA-15 mono
(Si/Al = 72), Al/BzOH= 0.010.

than 50 min. This was followed by the rate of benzyl alco
conversion in the presence of ethylbenzene at 136◦C, which
was completed in∼ 60 min, and toluene at 110◦C, which
required∼ 100 min. The reaction of benzyl alcohol wi
styrene was carried out in cyclohexane at the boiling poin
the solvent (81◦C) to prevent unwanted competitive form
tion of polystyrene. Under these conditions, the styrene r
tion required approximately 4 h to convert all of the ben
alcohol. The relative reaction rates (Ri ), which followed the
sequence:Rcumene> Rethylbenzene> Rtoluene> Rstyrene, cor-
related with the reaction temperatures at the boiling po
of respective mixtures, and is consistent with the high
dothermicity of Friedel–Crafts alkylations [29].

3.3. Comparison of catalysts

The activity of the meso/macroporous aluminosil
SBA-15 monolith for the alkylation of toluene with be
zyl alcohol was compared to that of nanoporous crystal
zeolite Beta and mesoporous aluminosilica SBA-15 un
the same reaction conditions (at 110◦C) to examine the
differences in the intrinsic reaction rates and the role of
fusive resistances to mass transfer. The alkylation of tolu
is chosen for comparison for practical reasons, such a
moderate boiling point (110◦C) and the accuracy of con
version rate measurements under the reaction condi
used. Zeolite Beta has been reported to catalyze liq
phase alkylation reactions and showed good catalytic a
ity, compared to other zeolites, in the alkylation of benz
[5,30]. It thus, represents a good benchmark alkylation c
lyst for comparison with the meso- and meso/macropor
solids. Mesoporous aluminosilica SBA-15, which has s
ilar mesostructural characteristics (surface area, pore
mesopore ordering) to that of the meso/macroporous al
nosilica monolith, was chosen for comparison to evalu
the influence of the bimodal meso/macropore structure.
three catalyst types differ not only in their apparent activi
and pore structures, but also in their mean bulk dimensi
The bulk size differences are significant, ranging from
,

crometers for the zeolite Beta and mesoporous powde
centimeters for the meso/macroporous monoliths. These
ferences lead to significant disparities in the rates at w
reactants and products diffuse to and from the active s
within the catalysts.

To examine the differences in intrinsic reaction rates
the relative roles of mass transfer limitations within t
bulk catalysts, zeolite Beta and mesoporous SBA-15 p
ders were formed into pellets with dimensions compara
to the meso/macroporous monoliths. The pressure use
press the pellets (120 MPa) was sufficiently high that
micrometer-size interparticle voids were dramatically
duced to ca.< 50 nm, based on SEM and BET results. T
overall transport resistance experienced by molecules w
the pellets is determined principally by diffusion within t
mesopores. Thus, five catalysts were included in the com
ison: a meso/macroporous aluminosilica SBA-15 mono
mesoporous aluminosilica SBA-15 powder and pellet,
nanoporous zeolite Beta powder and pellet.

The conversions of benzyl alcohol in the batch alky
tion of toluene for the five different catalysts are plotted
functions of time in Fig. 3. As discussed above, nearly co
plete conversion of benzyl alcohol (> 99%) was achieved in
∼ 100 min for the aluminosilica meso/macroporous SB
15 monolith. By comparison, conversion of benzyl alco
over mesoporous aluminosilica SBA-15 powder, under id
tical conditions, occurred more rapidly, being essenti
complete after 15 min. However, when the same reac
was performed using the same mesoporous aluminos
SBA-15 powder, but pressed into the form of a pellet,
rate of benzyl alcohol conversion was reduced significa
to a value below that of the meso/macroporous mono
(∼ 100% conversion after 120 min). A similar and ev
more pronounced effect of diffusion limitations was o
served for alkylation of toluene over zeolite Beta in the fo
of a powder versus a pressed pellet in a well-stirred b
reactor. When micrometer-size crystallites of zeolite B
powder were used, a conversion of greater than 90% o
benzyl alcohol was achieved in 45 min, compared to a c

Fig. 3. Conversion of benzyl alcohol plotted as a function of time
the alkylation of toluene using various freshly calcined and activa
aluminosilica catalysts in the forms of powders, pellets, and monol
Al/BzOH= 0.010,T = 110◦C.
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(1)+ k1→ + H2O

Scheme 1.

(2)2
k2→ + H2O

(3)

+ 2
k3→ 2

+ H2O

Scheme 2.

version of 80% reached in 300 min for the same zeo
Beta powder pressed into a dense pellet. To characteriz
better understand the differences in the conversion time
served for the five catalysts, a simple quantitative mod
developed and discussed below.

3.4. Alkylation reaction model

Two reaction schemes have been proposed for the a
lation of toluene with benzyl alcohol [31]: Scheme 1 [re
tion (1)] involves the direct formation of benzyl toluene (B
by alkylation of toluene with benzyl alcohol; Scheme 2 [
actions (2) and (3)] involves a two-step process where be
ether (BE) is formed first and subsequently converted to
GC analyses of the product mixtures indeed confirmed
existence of benzyl ether at intermediate batch reaction t
(see Section 3.6), which suggests that Scheme 2 plays a
in the process.

In reactions (1), (2), and (3),k1, k2, andk3 are the cor-
responding apparent net forward reaction rate coefficie
Higher order alkylation reactions (which yield polyalkylat
products) are not taken into account. However, the sim
quantitative model developed below, taken together with
perimental data, suggests that these higher order reactio
not play a central role and that the reactions above cap
the essential features of the overall kinetics.

The rate equations that correspond to the set of reac
in Schemes 1 and 2 are given by

(4)
dCBzOH(t)

dt
= −k1CBzOH(t) − k2C

2
BzOH(t),

(5)
dCBT(t)

dt
= k1CBzOH(t) + 2k3CBE(t),

(6)
dCBE(t)

dt
= k2

2
C2

BzOH(t) − k3CBE(t),

whereCBzOH(t), CBT(t), andCBE(t) are the concentration
(mol/L) of benzyl alcohol, benzyl toluene, and benzyl eth
respectively, at timet . These equations are solved num
ically using the initial conditionsCBzOH(0) = C0

BzOH and
CBT(0) = CBE(0) = 0. For the case of benzyl alcohol,
d
-

l

e

o

analytical solution can be obtained,

CBzOH

C0
BzOH

= κ1

(κ1 + κ2)eκ1t − κ2

(7)≈ 1− (κ1 + κ2)t + O
(
t2) for small t,

where κ1 = k1, κ2 = k2CBzOH(0), and κ3 = k3 are char-
acteristic reaction rate coefficients in s−1 and the quantity
(κ1 + κ2) is the initial rate of disappearance of benzyl al
hol.

The normalized time-dependent concentration profil
(in mole fractions) of BzOH, BT, and BE measured
the toluene alkylation reactions over the meso/macropo
aluminosilica SBA-15 monolith, mesoporous alumino
ica SBA-15 powder, and zeolite Beta powder catalysts
shown in Fig. 4, together with fits to the model. As shown
Fig. 4, for each of the three catalysts examined, the con
tration of benzyl alcohol decreased rapidly initially, follow
by a slower decay until nearly all of the benzyl alcohol w
consumed. The concentration of benzyl toluene incre
with time and reached the highest value at the end of th
action. In contrast, the concentration of benzyl ether reac
a maximum before complete conversion of benzyl alco
and decreased during the remainder of the reaction time
of these distinct features are captured by the model base
reactions (1)–(3). The transient concentrations predicte
the model also agree quantitatively well with the experim
tal data for all of the catalysts examined.

The rate coefficients, obtained by fitting the model
the experimental data, for all five catalysts are prese
in Table 3. The fastest rate of direct alkylation (largestκ1)
is obtained for mesoporous aluminosilica SBA-15 pow
(1.5 × 10−3 s−1), which is five times greater than that f
the same SBA-15 powder pressed into the form of a p
(3.0× 10−4 s−1). Similarly, for zeolite Beta, the value ofκ1
obtained for the powdered catalyst (8.0× 10−4 s−1) is more
than 10 times greater than that obtained in the form of a
let (6.5×10−5 s−1). The meso/macroporous SBA-15 mon
lith yielded a value forκ1 of 5.0 × 10−4 s−1, which is in-
termediate between the values observed for the mesop
SBA-15 powder and pellet samples. Thus, the sequenc
catalyst materials from the fastest to slowest apparent a
lation rates is mesoporous SBA-15 powder> zeolite Beta
powder> meso/macroporous SBA-15 monolith> meso-
porous SBA-15 pellet> zeolite Beta pellet.

The same sequence is observed for the rate coefficien
the production of benzyl ether,κ2 and for the sumκ1 + κ2.
Not surprisingly, the sequence of values forκ1 + κ2, which
accounts for the initial disappearance of benzyl alcohol,
lows the same order as the times required for reaching
BzOH conversion for the five different catalysts. The
quence of values forκ3, which describes how fast the in
termediate (benzyl ether) is converted to the desired p
uct (benzyl toluene), follows a different order: mesopor
SBA-15 powder> meso/macroporous SBA-15 monolith>
mesoporous SBA-15 pellet, zeolite Beta pellet> zeolite
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Fig. 4. Normalized concentrations (with respect to the initial BzOH conc
tration) of benzyl alcohol (BzOH), benzyl toluene (BT), and benzyl et
(BE) as functions of batch reaction time for toluene alkylation with BzO
over three aluminosilica catalysts: (a) meso/macroporous SBA-15 m
lith, (b) mesoporous SBA-15 powder, and (c) zeolite Beta powder. S
lines represent predictions from the model proposed. Al/BzOH = 0.010,
T = 110◦C.
Beta powder. The small values ofκ3, which are consistently
smaller than eitherκ1 or κ2 for all catalysts, indicate that re
action (3) is relatively slow. The importance of the relat
values of the various rate coefficients and their effects
product selectivity for the respective catalysts are discu
below.

3.5. Role of diffusion

The observation that the rates of conversion of benzy
cohol for the powdered catalysts are significantly faster t
for the pellets or monoliths suggests that diffusion limi
tions may play a role in determining the overall rates
conversion. The Thiele modulusφ provides a convenien
nondimensional measure of the importance of diffusion
the apparent conversion rates. It is defined as the square
of the ratio of an intrinsic reaction rate to a diffusion ra
(D/R2) within the catalyst particle [32]. When diffusion
slow (i.e.,φ � 1), transport limitations make the measur
overall reaction rates slow compared to the intrinsic re
tion rates. For sufficiently small particles, however, diffus
mass transport into the particles is rapid enough (φ < 1) that
the measured reaction rate coefficientsκ1 andκ2 are equal
to their respective intrinsic reaction rate coefficients. Th
to assess the role of diffusion in limiting the conversion
benzyl alcohol in the pellet and monolithic catalysts, the r
coefficients for the powder samples are taken to be equ
the intrinsic reaction rates for the purpose of determin
the Thiele moduli.1 Furthermore, because the initial rate
which benzyl alcohol disappears is given byκ1 + κ2 (see
Section 3.4), this sum can be used to evaluate the Th
moduli for the various catalysts. Therefore, for the analy
below,

(8)φ = R

√
κ1,s + κ2,s

D
,

1 For the SBA-15 powder, SBA-15 pellet, and SBA-15 meso/mac
porous monolith,κ1,s andκ2,s are estimated from the measured values
κ1 and κ2 for the 25-µm SBA-15 powder as these samples all share
same or similar chemical compositions and differ principally in the str
tures of their pores and particle sizes. Similarly, for the zeolite Beta pe
κ1,s andκ2,s are estimated fromκ1 andκ2 measured for the 10-µm zeolit
Beta powder.
l at

Table 3
Rate coefficientsκi , Thiele moduliφ, and effectiveness factorsη for five aluminosilica catalysts for the batch alkylation of toluene with benzyl alcoho
110◦C

Catalyst κ1 (s−1) κ2 (s−1) κ3 (s−1) φ η

Meso/macroporous SBA-15 monolith 5.0× 10−4 5.5× 10−4 1.0× 10−4 5.9 0.31
SBA-15 powder 1.5× 10−3 3.5× 10−3 9.0× 10−4 0.28 ∼ 1
SBA-15 pellet 3.0× 10−4 3.0× 10−4 8.0× 10−5 6.7 0.28
Zeolite Beta powder 8.0× 10−4 3.0× 10−3 1.5× 10−5 1.0 0.94
Zeolite Beta pellet 6.5× 10−5 8.0× 10−5 5.5× 10−5 > 100 < 0.01
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whereR is the radius in [m] of a nominally spherical bu
catalyst particle/pellet/monolithκ1,s andκ2,s are the normal
ized intrinsic reaction rate constants in [s−1], andD is the
diffusion coefficient of a reactant species within the bulk c
alyst in [m2 s−1].

Using these reaction rate coefficients, the Thiele m
uli can be computed for the five catalysts, provided
diffusion coefficients of benzyl alcohol within the cataly
particles are known. To determine these diffusion coe
cients, standard pulsed-field gradient1H NMR measure-
ments were employed. Diffusion coefficients of benzyl al
hol in perdeuterated toluene were measured to be 2.8×10−9

and 3.6 × 10−9 m2 s−1 for the mesoporous SBA-15 pe
let and meso/macroporous SBA-15 monolith, respective2

It is interesting to note that the diffusion coefficient in t
meso/macroporous SBA-15 sample is larger than tha
the strictly mesoporous SBA-15 pellet. As the only diff
ence in the samples is the sizes of their respective mac
ores, it is reasonable to attribute the faster diffusion in
meso/macroporous monolith to the presence of the m
open macropores.

Similar direct experimental measurements of the in
particle diffusivity of benzyl alcohol in mesoporous SB
15 and nanoporous zeolite Beta powders were not poss
due to their significant fraction of particles with small d
mensions (< 5 µm) and limited strengths of the magne
field gradients. For PFG NMR to yield accurate intrapa
cle diffusion coefficients, the root-mean-square (r.m.s.)
placement of a diffusant during the time scale (∼ 100 ms)
of the PFG NMR measurement should be small comp
to the size of the particles present, and this is not the
for substantial fractions of both the SBA-15 and the z
lite Beta powders. In addition, for the nanoporous molec
sieves, such as zeolite Beta, guest molecule diffusivities
typically much lower than in bulk fluids [33], so that PF
diffusion measurements are limited by the strengths of
applied magnetic field gradients (70 G/cm) to diffusivities
> 10−12 m2 s−1. The diffusivity of benzyl alcohol in zeolite
Beta could not be measured and thus appears to be b
this threshold at 25◦C. For these reasons, intraparticle d
fusion coefficients for benzyl alcohol were estimated fr
literature values of similar species to be∼ 10−13 m2 s−1

for nanoporous zeolite Beta [34,35] and∼ 10−11 m2 s−1 for
mesoporous SBA-15 [36] powders.

Using the reaction rates, catalyst dimensions, and d
sion coefficients obtained as described above, Thiele mo
for the five samples were computed and are tabulated in
ble 3. SBA-15 powder catalysts have a small Thiele mod
φ ∼ 0.28, confirming that diffusion does not play a ma
role in limiting the overall reaction rate. By contrast, the
action kinetics for all of the centimeter-size pellet/mono
catalysts fall well into the diffusion-limited regime (φ > 1).

2 The diffusivities shown have been corrected for temperature usin
Stokes–Einstein relation, including changes in viscosity, from values
sured at 25◦C to the reaction temperature of 110◦C.
-

,

i

The Thiele modulus for the SBA-15 pellet (φ ∼ 6.7) is more
than an order of magnitude larger than for the SBA-15 p
der (φ ∼ 0.28). Thus, the large decrease in overall reac
rate when pellets are used in place of powders can b
tributed to mass transfer limitations. For zeolite Beta,
fusion clearly limits the overall reaction rate in the pe
sample, as the Thiele modulus for the pellet (φ > 100) is
at least two orders of magnitude larger than for the p
der (φ ∼ 1.0). In fact, diffusion cannot be entirely neglect
even in the powder sample, for which the Thiele modulu
estimated to be approximately unity. This also means tha
reaction rates measured for the zeolite Beta powder ma
slightly lower than the true intrinsic reaction rate, and th
that the true Thiele moduli for the zeolite Beta samples m
be somewhat higher than those reported here. This doe
change the conclusions about the relative influences of
fusion on the rates of reaction measured for the powder
pellet samples.

The Thiele moduli for the aluminosilica meso/mac
porous SBA-15 monolith (φ ∼ 5.9) and mesoporous SBA
15 pellet (φ ∼ 6.7) are similar. This is not surprising, a
the macroscopic particle dimension and intrinsic reac
rates are similar and the diffusion coefficients of the
actant molecules are nearly the same for both catal
The modest enhancement of the alkylation rate for
meso/macroporous SBA-15 monolith catalyst compare
the SBA-15 pellet is consistent with slightly higher diff
sivities in the larger macropores of the emulsion-templa
meso/macroporous monolith.

While the Thiele modulus is useful in assessing the
ative importance of diffusion, a more direct indication
the degree to which diffusion and macroscopic catalys
mensions and shape influence the overall reaction rate
effectiveness factor, which is defined as the ratio of the m
sured reaction rate to the reaction rate that would resu
the entire surface were exposed to the surface conce
tion of reactants.3 Values ofη for the five catalyst sample
studied are presented in Table 3 for toluene alkylation
benzyl alcohol at 110◦C. Mesoporous SBA-15 and zeoli
Beta powders had effectiveness factors near unity, du
their small particle sizes. The effectiveness factor for
meso/macroporous monolith was found to be 0.31, sim
to 0.28 for the mesoporous SBA-15 pellet. Diffusion res
tances are expected to be negligible only for particles sm
than about 0.5 mm (for whichη is estimated to be> 0.95),
with the result that the effectiveness factors for the SBA
monoliths and pellets will be nearly the same. For the zeo
Beta pellet,η is small (< 0.01), as result of a fast intrinsic re
action rate and severe diffusive limitations to mass trans

3 The effectiveness factorη can be related toφ for certain known geome
tries [37]. The pellets and monolith are well approximated as cylinder
disks, while the particles in the powder samples are approximated as sp
based on SEM images (not shown). Nevertheless, the dependence o
ple shape is weak in the cases considered here, where the diamete
lengths of the cylinders/disks are comparable.
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Thus, diffusion appears to exert important influen
on the measured alkylation rates of toluene for the th
macroscopic pellet/monolith catalysts: the zeolite Beta
SBA-15 pellets and the meso/macroporous SBA-15 mo
lith. Among these systems, the available active sites in
meso/macroporous monolith are more effectively utiliz
for toluene alkylation than active sites in the SBA-15 or z
lite Beta pellets. The slightly larger effectiveness factor (a
thus smallerφ) can be attributed in part to faster diffusio
of reactant species within the meso/macroporous mono
as a result of its open macroporous network. Finally, for
SBA-15 and zeolite Beta powders, diffusion limitations a
pear not to play a significant role in the rates at which tolu
is catalytically alkylated, as indicated by their effectiven
factors of approximately unity.

3.6. Catalyst selectivities

In addition to differences in batch alkylation reacti
rates, the selectivities of the aluminosilica meso/macro
rous SBA-15 monolith, mesoporous SBA-15 powder, a
zeolite Beta powder for the formation of benzyl tolue
were examined. Analyses of the product mixtures by
chromatography revealed the formation of several prod
species during the batch reactions, consistent with r
tions (1)–(3). Two principal isomers (para andortho) of ben-
zyl toluene (BT) were observed for all reactions of tolue
with benzyl alcohol, consistent with thepara/ortho-directing
tendencies of alkyl groups [29]. In addition to the desi
benzyl toluene species, benzyl ether was also detecte
significant fractions as a major side product for each of
catalysts. As illustrated by reactions (2) and (3) above, b
zyl ether can be formed by reaction of two benzyl alco
molecules. Selectivity for the desired alkylated product (b
BT isomers) was determined as a fraction of the combi
BT and BE species, near complete conversion of BzOH.
preferential formation of thepara or ortho isomers of benzy
toluene (near complete conversion of BzOH) was obse
for the SBA-15 catalysts. This is not surprising for sma
molecule species reacting in the relatively large mesopo
channels. These results appear to be independent of ca
preparation.

For the aluminosilica meso/macroporous SBA-15 mo
liths, the concentration of benzyl alcohol decreases mono
ically with reaction time, as can be seen in Fig. 4a. The a
lated product, benzyl toluene, increases steadily throug
reaction, while benzyl ether slowly increases to a maxim
(0.21 mole fraction) and then decreases with reaction tim
it converts to the desired benzyl toluene product. The c
centration of benzyl ether remains consistently lower t
that of benzyl toluene throughout the course of the reac
The selectivity for BT is found to be 93%, as the convers
of BzOH approaches completion. Mesoporous alumin
lica SBA-15 powders exhibit the same concentration tre
as the meso/macroporous SBA-15 monoliths, as show
t

-

t

Fig. 4b, though with lower selectivity for BT, 79%, ne
complete conversion of the benzyl alcohol.

In contrast, when the concentrations of BzOH, BT, a
BE are plotted versus batch alkylation time in the presenc
zeolite Beta powder (Fig. 4c), significantly different resu
are obtained. Most noticeable is the relatively high conc
tration of BE side product produced (0.30 mole fractio
which contributes ultimately to a lower selectivity (59%) f
the desired benzyl toluene product. The BE concentra
is higher than that of BT during the first 15 min of rea
tion during which most of the BzOH is consumed. Its co
centration also remains relatively constant throughout
remainder of the reaction. This suggests that BE does no
dergo further reaction to a significant extent in the prese
of zeolite Beta to produce BT, as observed for aluminosi
meso/macroporous SBA-15 monolith and mesoporous S
15 powder.

Mesoporous aluminosilica SBA-15 powders and me
macroporous aluminosilica SBA-15 monoliths have sim
mesopore sizes and surface acid sites and exhibit sim
reaction properties with respect to BzOH, BT, and BE.
contrast, crystalline zeolite Beta has stronger acid sites
smaller pores, both of which may influence selectivity. T
low selectivity toward BT observed for zeolite Beta can
explained by the various reaction rate coefficients. Refer
to the values listed in Table 3, one important feature is dif
ent among the various catalysts. In the case of zeolite
powder, the rate coefficient for the formation of benzyl eth
κ2, is significantly higher than both rate coefficientsκ1 and
κ3 associated with the formation of benzyl toluene. By co
parison, the values ofκ1, κ2, andκ3 for the mesoporous an
meso/macroporous SBA-15 catalysts are similar in ma
tude. This indicates that reaction (2) is important for zeo
Beta and that the overall reaction proceeds predomina
by Scheme 2 to form benzyl ether, instead of by direct a
lation (Scheme 1) to form BT. Furthermore, the subsequ
reaction rate coefficient,κ3 is small (1.5 × 10−5 s−1), in-
dicating that conversion of BE to BT occurs significan
more slowly. Consequently, the yield of benzyl toluene o
the zeolite Beta powder catalyst is relatively low. This e
planation is supported by the relatively high mole fract
(∼ 0.3) of BE observed, which once reached, remained h
throughout the reaction, as shown in Fig. 4c. For the c
of the meso/macroporous SBA-15 monolith and mesopo
SBA-15 powder,κ3 is comparable in magnitude to the valu
for κ1 andκ2, with all three reactions appearing to contribu
significantly to the formation of benzyl toluene.

The strong acidity or small pore sizes of zeolite Beta m
contribute to the absence of significant conversion of b
zyl ether to benzyl toluene. The molecular dimensions
the nanopores may interfere with the formation of key tr
sition state species, as thought to occur for the react
of ortho- andmeta-xylene in the zeolite ZSM-5 [38]. Dur
ing the initial formation of BE and BT, other undesirab
products (e.g., coke) may also form and become imm
lized and block access to the strong acid sites. The issu
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catalyst deactivation is examined in more detail below.
aluminosilica meso/macroporous SBA-15 monoliths exh
significantly higher batch selectivity for the desired ben
toluene product (93%) than the mesoporous SBA-15 (7
or the nanoporous zeolite Beta (59%) powders, even tho
the latter achieves more rapid conversion.

3.7. Catalyst deactivation

Deactivation properties of the aluminosilica meso/mac
porous SBA-15 monolith, mesoporous SBA-15 powder
pellet, and zeolite Beta powder catalysts were examined
series of consecutive toluene/benzyl alcohol batch alkyla
reactions performed without replacing or reactivating
catalysts. The relative activities of the meso/macropo
SBA-15 monolith and zeolite Beta powder, expressed as
fractional conversion of benzyl alcohol, are shown in Fig
as functions of batch reaction time. Data for the SBA
powder and pellet samples are not included to avoid clu
the data from these samples fall in between the data fo
meso/macroporous monolith and zeolite Beta powder.
salient features of the deactivation behaviors of the diffe
catalysts, including the SBA-15 powder and pellet samp
are summarized in Table 4, where the reaction times to r
80% BzOH conversion for each subsequent batch are t
lated. In addition, the fractions of activity compared to
fresh catalysts, defined to be the ratio of(κ1 + κ2) of the
reused catalysts to that of the fresh catalysts, are show
each batch. The quantity(κ1 + κ2) is used as the basis fo
calculating the activity, because it accounts for the ove
rate at which most of the BzOH is converted.

Diverse deactivation behaviors were observed for the
ious catalysts studied. As shown in Table 4, the aluminos
SBA-15 meso/macroporous monolith exhibited the slow
deactivation, as indicated by the fraction of original activ
retained by the reused monolithic catalyst for five succ
sive batches. The once-reused meso/macroporous mo
remained almost as active as the fresh catalyst, reta
92% of its original activity. Further decreases were obs
ed in the activities of reused meso/macroporous cata
between subsequent consecutive batch reactions corres
ing successively to 75, 63, and 55% of the activity of
fresh monolith. For the fifth reuse of the meso/macropor
monolith, 4 h were required to convert essentially all
the BzOH, or approximately twice the time required for
fresh catalyst.

By comparison, the mesoporous SBA-15 aluminosi
powder deactivated more rapidly than the meso/macropo
SBA-15 monolith, relative to the corresponding start
materials. The SBA-15 powder afforded higher convers
rates, achieving 80% conversion of benzyl alcohol in
and 6 min for the fresh and once-reused catalysts, res
tively. However, a 25% decrease in the conversion rate
observed for the once-reused mesoporous SBA-15 p
der compared to the fresh catalyst, in contrast to an
decrease for the meso/macroporous monolith. Simila
-

r

h

d-

s

-

Fig. 5. Conversion of benzyl alcohol plotted as a function of time i
batch reactor for alkylation of toluene over freshly activated and re
aluminosilicate zeolite Beta powder (denoted by open and solid cir
respectively) and aluminosilica meso/macroporous SBA-15 monolith
noted by 1–5 corresponding to the respective of number times used
reused catalysts were recovered by filtration of the spent catalyst from
previous batch reaction. Al/BzOH= 0.010,T = 110◦C.

Table 4
Deactivation of various catalysts for successive batch alkylation of tol
with benzyl alcohol at 110◦C

Catalyst Time for 80% conversion Fraction of fre
of BzOH (min) catalyst activity

Meso/macroporous monolith
1 66 1.00
2 74 0.92
3 91 0.75
4 102 0.63
5 128 0.55

SBA-15 powder
1 5 1.00
2 6 0.75

SBA-15 pellet
1 92 1.00
2 128 0.76

Zeolite Beta powder
1 18 1.00
2 > 200 0.006

for the case of the SBA-15 pellet, deactivation occur
more rapidly than for the meso/macroporous mono
as well: 76% of the original activity was retained in t
once-reused SBA-15 pellet, compared to 92% for the o
reused meso/macroporous monolith. Furthermore, the
required to convert 80% of the benzyl alcohol over the fr
SBA-15 pellet matched that of the meso/macroporous m
lith used three times, and that for the once-reused SBA
pellet was equivalent to that of the meso/macroporous m
lith used five times. The aluminosilica meso/macropor
SBA-15 monolith thus retained activity for Friedel–Cra
alkylation of toluene substantially longer than mesopor
SBA-15 pellet (discussed below).

For the case of zeolite Beta, Friedel–Crafts alkylation
tivity diminished much more rapidly and significantly th
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for either the meso/macroporous SBA-15 monolith or
mesoporous SBA-15 powder and pellet. Most of the or
nal activity of the zeolite Beta starting material was lost a
only a single use, yielding a subsequent activity of 0.6%
the fresh zeolite Beta catalyst. Referring to Fig. 5, the fr
zeolite Beta powder was highly active, converting 80%
the benzyl alcohol to products in 18 min. However, a s
stantially reduced conversion of only∼ 20% was obtained
in 200 min for a subsequent batch reaction that reused
zeolite Beta catalyst from the previous reaction. The
of conversion of benzyl alcohol using the once-reused
olite Beta catalyst was much lower (by more than an or
of magnitude, based on the quantity(κ1 + κ2)) than that ob-
tained for the meso/macroporous SBA-15 monolith cata
after five uses.

To understand the differences in the rates of deactiva
among the various catalysts, the origin (principally cokin
of deactivation was examined. Coking occurs as a resu
the formation and deposition of carbonaceous residue
the active catalyst surface, which leads to deactivation
pore-mouth blockage or by local poisoning of active sit
This is evidenced by the black appearance of the catalys
ter reaction and calcination in an inert (oxygen-deficient)
mosphere. Under normal process conditions, such carb
ceous species tend to be irreversibly adsorbed, the sever
which depends on acid-site strength, pore dimensions,
particle size [39,40]. The deposited coke can be remo
and catalysts regenerated by calcination in air at 500◦C for
4 h. BET measurements after reaction and regeneration
firmed virtually 100% recoveries of the original surface
eas, porosities, and alkylation activities of all five cataly
examined in the present study.

Based on BET surface area analyses of thedeactivated
catalysts, pore blockages appeared to be present to a
nificant extent in all of the systems. Approximately 35
reductions in surface area were measured for the o
used meso/macroporous SBA-15 monolith and mesopo
SBA-15 pellet catalysts, indicating that the degrees of p
blockage were substantial. The slower deactivation in
meso/macroporous SBA-15 monolith, compared to the
erwise similar SBA-15 pellet, is attributed to the forme
more open interconnected macroporous structure. The m
open macropore network may provide alternate diffus
routes that facilitate mass transfer of reactant and pro
species in coked catalysts, thus enabling the monolith
sustain higher activities for similar extents of coking. For
case of mesoporous SBA-15 powder, the rates of conve
of benzyl alcohol and deactivation are consistently hig
than those found for the meso/macroporous SBA-15 mo
lith. Differences in the strengths of acid sites or sizes of
mesopore channels are unlikely to play significant role
the reduced deactivation of the meso/macroporous SBA
monolith compared to the mesoporous SBA-15 powder
pellets, which were synthesized under similar condition
yield essentially identical mesopore compositions and st
tures.
-

-
f

-

-

By comparison, zeolite Beta exhibited dramatically d
ferent deactivation behavior, consistent with coking at
strong acid sites, which is expected to be exacerbate
the small nanopores (0.56 nm), which are more pron
blockage [39]. Indeed, a reduction of approximately 5
was measured in the BET surface area of once-reacte
olite Beta powder, compared to a drop of 35% in the B
surface areas of the SBA-15 samples, consistent with m
severe pore blockage in zeolite Beta. However, pore blo
age alone may not account for the acute deactivation
havior observed for the zeolite Beta catalysts. In fact,
strong acid sites in zeolite Beta samples are expected t
tensify deactivation by local site poisoning, as well [39,4
Together these contribute to the diminished activity of z
lite Beta for toluene alkylation, resulting in low conversi
(∼ 20%) of benzyl alcohol for the once-reused powder c
lyst.

Based on the performance of reused catalysts, the
minosilica meso/macroporous SBA-15 monoliths exhibi
superior resistances to deactivation, compared to m
porous SBA-15 and nanoporous zeolite Beta. The on
reused meso/macroporous SBA-15 monolith, mesopo
SBA-15 powder and pellet, and zeolite Beta powder c
alysts retained 92, 75, 76, and 0.6%, respectively, of
original activities of the corresponding fresh starting m
terials. Deactivation by pore blockage appeared to be sig
icant for each of the different catalysts, while deactivat
by site poisoning likely also plays a significant role in t
more strongly acidic zeolite Beta catalysts. In addition,
meso/macroporous catalysts retained their original mo
lithic forms even after five successive reactions under se
mixing conditions, demonstrating appreciable mechan
robustness. Preservation of the macrostructure was also
firmed by SEM with no significant shrinkage observed a
successive reaction and regeneration steps. All of cata
could be regenerated by calcination treatments in air to
cover virtually all of their original activities.

4. Conclusions

Self-supporting mechanically robust aluminosilica SB
15 monoliths (> 1 cm) with independently adjustable por
sizes in the micrometer and nanometer ranges have
synthesized using combined emulsion- and block-copoly
templating. The catalytic activities of these meso/macro
rous SBA-15 monoliths were examined for Friedel–Cra
alkylation of single-ring aromatic compounds (toluen
cumene, ethylbenzene, and styrene), with the alkylatio
toluene compared in detail with the activities of mesopor
aluminosilica SBA-15 and crystalline nanoporous zeo
Beta with similar Si/Al ratios. Compared to meso/macrop
rous SBA-15, fresh zeolite Beta and mesoporous S
15 powders showed higher activities for the alkylat
of toluene, but were less selective (59 and 79%, res
tively) for the alkylated product, benzyl toluene, than
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meso/macroporous monolith (93%). Lower overall tolue
alkylation rates were also observed for centimeter-size
lets of mesoporous SBA-15 and zeolite Beta powders, c
pared to the meso/macroporous SBA-15 monoliths.
meso/macroporous SBA-15 monolith, mesoporous SBA
powder and pellet, and zeolite Beta powder were foun
have effectiveness factors 0.3–1.0, compared toη ∼ 0.01
for pelletized zeolite Beta. Diffusive resistances to m
transfer influence the apparent reaction rates for all of
monolithic and pelletized catalysts. Finally, the meso/ma
porous aluminosilica SBA-15 monolith catalyst experien
reduced deactivation for Friedel–Crafts alkylation, co
pared to mesoporous SBA-15 and zeolite Beta powders

Heterogeneous acid catalysis may benefit from mo
lithic meso/macroporous catalysts with independently
justable mesopore and macropore dimensions and m
scopic morphologies, due to the sensitivity of catalytic
action rates and selectivities to diffusive resistances to m
transfer. Such considerations have been shown to be
portant for the low-molecular-weight reactants and prod
discussed here and will play an even greater role for la
macro- and biomolecular species. Meso/macroporous s
present opportunities to hierarchically design and engi
heterogeneous catalysts with improved control and inte
tion of materials composition, structure, and performanc
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