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Abstract

This paper presents a catalytic and spectroscopic study of the dealumination of a commercial zeolite, Beta (Zeolyst). After deal
by hydrochloric or oxalic acid and steaming (up to 973 K), increased activity and selectivity were found in the acylation of
with octanoic acid. The treatments led to the extraction of aluminum from the crystallographic T-sites in the framework structur
amorphous extraframework aluminum(–silicon)–oxide species in the case of steaming, while treatment with mineral acids or co
agents removed framework and extraframework aluminum from the zeolite.27Al MQ MAS NMR revealed a changing of the aluminu
coordinations and a shift from framework to extraframework species after steaming. Steaming removes aluminum from other crysta
T-sites than acid leaching. Using nitrogen physisorption, no differences in the texture properties could be observed and XRD show
crystallinity was preserved, indicating high stability of the commercial zeolite Beta. The nature of the enhanced activity is suggeste
from higher accessibility of the active sites that are proposed to be associated with framework-connected aluminum atoms.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The acylation of aromatics is the main route for the f
mation of aromatic ketones, which are important interme
ates in the pharmaceutical, fragrance, flavor, and agroch
ical industry. Conventionally, these reactions are cataly
by metal halides (such as AlCl3) or by strong minera
acids (such as HF and H2SO4). Problems associated wit
the metal halides as catalysts include the relatively str
complex formed between the ketone product and the m
chloride and the need to hydrolyze the complexes form
“Catalysts” are therefore used in more than stoichiome
amounts. This leads to large corrosive waste streams
cause the “catalyst” cannot be regenerated. This type of “
alyst” should rather be seen as a reactant; moreover, ha
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containing side-products are formed. The use of a solid
catalyst can overcome these disadvantages [1]. These
lysts can be separated from the reaction mixture and reu
Besides, these “green” materials are not harmful to the e
ronment, because they are not corrosive and do not pro
corrosive side-products. Different types of materials can
considered for their applicability as solid acid catalysts.
amples are zeolites and ion-exchange resins.

In the fine chemical industry, solid acids are gener
used as slurry catalysts in batch reactors. The main di
vantage of using these materials in liquid phase reactio
the laborious and expensive separation of the catalyst p
cles from the reaction mixture. Also, due to the high stirr
speed for mixing, attrition of the particles occurs. By fi
ing the catalyst in the reactor, for example in a fixed b
separation is not necessary any more. The disadvantag
fixed bed, however, is that the particle size of the cataly
increased to prevent pressure drop issues, leading to l
catalyst effectiveness and (depending on the kinetics) lo
selectivity. By integration of the catalyst with the reactor
ing a structured support, separation and attrition probl
are circumvented, so the catalyst can be used for a lo

http://www.elsevier.com/locate/jcat
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period. Coating the walls of a structured reactor with a t
layer of catalyst leads to high effectiveness and select
by reducing diffusional distances. Furthermore, depen
on the shape of the structure, the pressure drop decreas
ward zero [2].

In the literature, a large number of zeolite cataly
have been described as active catalysts in the acylatio
aromatics. The most common zeolites for acylation ar
(mostly dealuminated), Beta, and MFI [3–7]. In the acylat
of toluene and xylene with carboxylic acids, performed
the liquid phase (200◦C, 48 h), rare-earth-modified zeolit
were used as catalysts [8–10]. In an industrial proces
Rhodia Chimie [11], the acylation of anisole and veratr
is performed with acetic anhydride in a recycle fixed b
reactor over zeolites FAU and BEA.

BEA and FAU are often reported to show higher activ
than MFI [4,5,11]. Considering the 12-ring pores of BE
and FAU, comparable activities might be expected, but B
often shows the highest activity, as in the acylation
anisole with acetic anhydride [4]. A way to improve t
performance of a zeolite is by steaming and acid leach
This is already done on a large scale to improve of
performance of other zeolites, such as zeolite MFI for oc
boosting in the FCC process, zeolite Y or FAU to cre
ultrastable Y (USY) [13], and mordenite for the paraf
hydroisomerization process [14]. Possible reasons are
creation of active sites of enhanced activity, an incre
in the number of active sites, and an enhancement in
accessibility of the active sites due to reduced diffus
limitations.

Steaming and acid leaching treatments are well know
cause dealumination of zeolite structures, that is, rem
of aluminum atoms from the framework. Dealuminat
of a BEA zeolite is reported to occur very easily [1
Dealumination during calcination in deep beds is a k
of “in situ steaming,” due to water produced in the zeo
structure from template oxidation [16]. Dealumination
a result of treatment with oxalic acid is caused by str
coordination complexation with the aluminum cation. T
oxalate ion forms stable complexes with almost any m
ion. The size of oxalic acid (0.29 × 0.54 nm) makes
penetration of large zeolite pores possible and can there
effectively remove aluminum from the lattice by forming
complex of an aluminum ion which is surrounded by o
oxalate ion and water ligands. In this way, high (Si/Al)bulk
ratios (> 100) are obtained, even with treatment at ro
temperature [15]. During steam treatments the Si/Al ratio
of the framework is increased, keeping the bulk ra
unchanged, since the Al is not removed.

The goal of this work is two-fold: (i) to develop
highly active and selective Beta zeolite as catalyst for
acylation of anisole with octanoic acid by means of steam
and acid leaching and (ii) to obtain an explanation
the change in activity and selectivity. To this end, B
(Si/Al = 13) is steamed at temperatures up to 973 K us
different water partial pressures, and acid is leached
o-

f

treatment in hydrochloric acids and oxalic acid. The eff
of steaming and acid leaching of zeolite Beta on the acti
in the acylation of anisole with octanoic acid is stud
and compared with characterization by physicochem
analytical methods, such as XRD, N2 physisorption, and
27Al MQ MAS NMR. Deactivation in acylation is mos
likely due to sorption phenomena of reactants and prod
on the surface of the zeolite [17–20]. To enhance
performance of the zeolite in the acylation of aroma
catalytic reactor configurations in which these competi
adsorption effects are minimized, such as monolith t
reactors, should be applied. As this paper represents a
of the correlation between the intrinsic activity of a catal
and the structure of the zeolite, this aspect was not stud

2. Experimentals and methods

2.1. Materials

Beta (bulk Si/Al 13) was purchased from Zeolyst Inte
national (CP 814 E-22) in the H+-form. Hydrochloric acid
was purchased from Merck, and oxalic acid was obtai
from Baker.

2.2. Steaming and acid treatment procedure

Beta is steamed in a glass fixed-bed configuration wi
diameter of either 2 or 5 cm and a bed height of 4 cm. W
is added by a liquid dosage pump and evaporates du
transport through the tube to the reactor. The water v
fraction was varied from 30 to 72 vol% in Ar; the steami
temperature and time were varied from respectively 6
973 K and 1 to 24 h. The acid leaching procedure inclu
treating Beta (5 g) in 100 ml of either 1 M hydrochloric ac
or 1 M oxalic acid under stirring. Table 1 summarizes
treatments and sample codes.

2.3. Characterization

Nitrogen physisorption measurements (for micro- a
mesopore analysis) were carried out with a Quantachr
Autosorb-6P at 77 K. Pore volume and pore size distribu
were calculated using the Brunauer–Emmett–Teller (B
model.

TEM was done on a Philips CM30T electron microsco
with a LaB6 filament as the source of electrons, operate
300 kV. Samples were mounted on a Quantifoil microg
carbon polymer, supported on a copper grid.

XRD was done on a Philips PW1840 diffractome
equipped with a PW 1830 generator.

XRF was performed on a Philips PW1480.
27Al multiple quantum magic angle spinning nucle

magnetic resonance (27Al MQ MAS NMR) was used to de
termine the coordination of the aluminum in the zeolite sa
ples. With this technique pure isotropic spectra with h
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Table 1
Steaming and acid treatment procedures to Beta

T (K) H2O Time Acid Time (min) BET SA Bulk Si/Al ratios as
(Vol%) (h) (m2/g) determined with XRF (–)

P (parent) – – – – – 640± 20 6.5
1 673 38 1 – – 600± 20
2 673 38 2 – – 610± 20 6.5
3 673 38 3 – – 610± 20 6.5
4 673 38 10 – – 6.6
5 673 38 24 – – 6.5
6 723 72 4 – – 613± 5
7 923 72 4 – –
8 973 72 4 – – 6.7
9 673 42 1 Hydrochloric acida 45 651± 5 11.7
10 673 42 2 Hydrochloric acida 45 649± 5 11.3
11 673 42 3 Hydrochloric acida 45 649± 5
12 723 50 2 Hydrochloric acida 45 643± 5 19.3
13 923 72 4 Hydrochloric acida 45 500± 5
14 973 72 4 Hydrochloric acida 45 7.7
15 Hydrochloric acid 45 670± 6 12.4
16 Hydrochloric acid 120 665± 5 12.8
17 Oxalic acid 60 670± 5 23.8
18 Oxalic acid 120 25.9

a Leaching after steaming.
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resolution can be obtained without anisotropic quadru
lar broadening by making a correlation between the mu
ple and the single quantum transitions in a two-dimensio
mode [21,22]. Both27Al MAS NMR and MQMAS experi-
ments were performed on a Chemagnetics CMX Infinity 6
spectrometer (14.1 T, corresponding to27Al resonance fre-
quency 156.3 MHz) using 2.5-mm HX MAS probe hea
Magic angle spinning (MAS) was performed at rotation f
quency 25 kHz. Relaxation delays of 0.5–1 s were u
to allow quantitative analysis of the spectra. MAS spec
were recorded employing single pulse excitation at 35 k
rf-field strength and duration corresponding toπ/18 pulse
angle. Chemical shifts were referenced to 1 M aque
Al(NO3)3. 27Al 3QMAS shifted echo spectra were record
from all samples using double frequency sweeps (DFS)
enhancement of triple to single quantum coherence tran
DFSs [23,24] were generated on 25-ns steps by means
PC-based arbitrary wave form generator from National
struments (DAQArb PC15411) according to

ω1(t) = ωacos
∫

ωm dt, ωm = ωs + ωf − ωs

τ
t,

with the modulated rf-field strengthω1(t), the rf-amplitude
ωa(t), the start and final modulation frequenciesωs(t) and
ωf(t), and the sweep durationτ . Triple quantum excitation
pulses were optimized at 170-kHz rf-field strength. Dive
ing DFSs sweeping a frequency range from 10 to 1000
within a quarter of a rotor period (10 µs) were used
triple to single quantum coherence conversion, maximiz
the adiabaticity and hence the efficiency by tuning the D
rf-field amplitude. A quality check of the DFS modulatio
.

using a spectrum analyzer proved clean modulation with
rier leakage less than 1% of the modulation rf-amplitu
The NMR parameters were determined from the27Al MQ
MAS spectra. These parameters were then used to sim
the27Al MAS NMR spectra with the help of a program d
veloped in MATLAB. Taking into account the distribution
of NMR parameters, it was possible to obtain quantitative
sults. The isotropic chemical shifts determined from the27Al
MQ MAS and27Al MAS experiments agreed well within ex
perimental accuracy. The samples are measured unde
conditions, to minimize the chance that any aluminum
escaping detection. The spectra in this study are prese
sheared.

2.4. Kinetic measurements

The catalytic activity of the Beta samples was measu
batchwise for the acylation of the anisole with octan
acid in an open reflux glass configuration. The activ
measurements were performed with 50 ml of 0.2 mo/l
octanoic acid in anisole, 300 mg of catalyst, a temperatur
428 K (boiling point of anisole), and atmospheric pressu
Before the catalytic performance, was measured the
samples were calcined in air for 4 h at 673 K to remo
physisorbed water.

Activity (l gcat
−1 h−1) was defined as the initial appare

first order rate constantk normalized for the catalyst conce
tration. Selectivities were calculated as the ratio of the a
lated aromatic substratepara-octanoyl anisole and the con
verted octanoic acid.
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3. Results

3.1. Physicochemical characteristics

The surface area characteristics of the parent Beta, a
termined with nitrogen adsorption, are presented in Tab
The samples show a surface area of 600–670 m2/g, a mi-
cropore volume of 0.171–0.192 ml/g, and a mesopore vo
ume of 1.03–1.23 ml/g. Treating the parent Beta with stea
or an acid did not result in any significant changes in
surface area and the pore volume within the experime
error of the nitrogen adsorption technique, with one exc
tion: treating the zeolite with acid after steaming at very h
temperatures (923–973 K) results in a significant decrea
the surface area to 500 m2/g. Bulk Si/Al ratios were mea
sured with XRF and the results are listed in Table 1. T
bulk Si/Al ratio of the parent Beta has a value of 13.0. A
ter steaming the bulk Si/Al ratio is not altered; even in th
case of 24 h of steaming the Si/Al ratio is exactly the sam
as the Si/Al ratio of the parent Beta (13.0). However, aft
the parent or steamed Beta is treated with acid, higher
Si/Al ratios are found. For the oxalic-acid-treated Beta
bulk Si/Al ratio increased to 51.

A TEM micrograph of the parent Beta is presented
Fig. 1. Small crystallites are visible with a particle s
of 15–20 nm, which are clustered. In Fig. 1b, the TE
micrograph is shown of sample #6, which was steam
and in Fig. 1c an oxalic acid leached sample #17. As th
pictures are representative of all samples, no distinction
be made between any of the samples on the basis of TE

The 27Al MQ MAS NMR measurement of the pare
Beta is presented in Fig. 2a. The corresponding27Al MAS
NMR spectrum is given on top of the MQ MAS spectru
Tables 2a and 2b give the results of the deconvolutions o
27Al (MQ) MAS NMR spectra. In this table, it is also ind
cated whether whether these species are framework (
or not (N-FW). A typical fit is shown in Fig. 3 showin
excellent agreement between data and fit. The spectru
Fig. 2a shows two groups of peaks, at around 55 ppm
-

f

)

Table 2
27Al MQ MAS spectra

(a) Peak parameters as determined from spectra

Peak Isotropic chemical Quadrupolar couplin
shifta (ppm) constant (MHz)

Al(IV) a 61.5 2.5b

Al(IV) b 57.5 1.9b

Al(IV) c 61.5 6c

Al(V) 33 6.5c

Al(VI) a 2.7 0.25b

Al(VI) b 1 5c

(b) Relative peak intensities of spectra

Sample Peak Peak Peak Peak Peak Peak Relative R

Al(IV) a Al(IV) b Al(IV) c Al(V) Al(VI) a Al(VI) b total Al(IV)a/

FWd FW N-FWe N-FW FW N-FW intensity Al(IV)b

P 11 24 25 10 3.4 25 1.01 0.48
1 10 24 25 11 4.6 25 0.99 0.42
2 11 25 24 12 3.3 26 1.04 0.42
3 10 24 23 14 4.5 24 1.09 0.42
4 9 23 25 15 4.6 25 1 0.37
5 6 21 25 21 3.3 25 0.97 0.30
18 15.9 29.0 0 4.3 0 51 0.25 0.55

a ±0.5 PPM.
b ±0.25 MHz.
c ±0.75 MHz.
d Framework.
e Nonframework.

0 ppm, which are attributed to respectively tetrahedral
octahedral coordinated aluminum. The tetrahedral peak
tains the coordinations Al(IV)a and Al(IV)b characteristic
of the framework of Beta [25]. These peaks have been
signed to different crystallographic T-positions. The int
sity ratio of these two peaks, as given in Table 2b, indic
that the sample is dealuminated [25]. Moreover, additio
peaks in the spectrum can be observed. These are c
Al(IV) c, Al(V), Al(VI) a, and Al(VI)b and compose mor
than 60% of the total intensity under the spectrum (
ble 2b). This aluminum could be extraframework amorph
aluminum-oxide species left over from the synthesis o
could have been formed during dealumination of the zeo
Fig. 1. TEM micrographs. (a) Parent BEA (Si/Al 12). (b) Steamed BEA #6 (723 K, 72%, 4 h). (c) Acid-leached BEA #17 (1 h, 1 M oxalic acid).
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in

Fig. 2. (a)27Al MQ MAS NMR measurement of the parent BEA; the corresponding27Al MAS NMR spectrum is given on top. (b)27Al MQ MAS NMR
measurement of the steamed BEA (673 K for 24 h in 38 vol% steam); the corresponding27Al MAS NMR spectrum is given on top. Note the increase
intensity of Al(IV)c and Al(VI). (c) 27Al MQ MAS NMR measurement of the BEA treated in oxalic acid (#18); the corresponding27Al MAS NMR spectrum
is given on top.
han
zeo-

al
l

-
nor-
icts

3 K

rent
the
rved
and
rent
during post-synthesis treatments. It is striking that more t
half the aluminum present in the spectra of the parent
lite cannot be ascribed to framework aluminum in norm
T-site positions, Al(IV)a and Al(IV)b. The sharp octahedra
peak represented in the spectrum by Al(VI)a has been as
cribed to a framework connected octahedral aluminum,
mally seen for an acidic zeolite Beta [25–27]. Fig. 2b dep
the result after the parent Beta is steamed for 24 h at 67
with a steam content of 38 vol%. The27Al MQ MAS NMR
spectrum of this sample is similar to the spectrum of pa
Beta (Fig. 2a), but reveals changes in relative intensity of
peaks in the spectra (Table 2b). No new peaks were obse
after the treatment. The spectra of the Beta after 1, 2,
10 h of steaming are not shown but the changes from pa
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Fig. 3. Example of a NMR spectrum and the corresponding fit (sample
steamed at 673 K, 38 vol% steam for 3 h). (a) NMR spectrum as meas
(b) Corresponding fit.

to 24 h steaming are continuous, as visible in Table 2b.
clear that the oxalic acid treated sample shows a comple
moval of Al(IV)c and a large loss in intensity of peak Al(V
The total intensity under the spectrum is largely diminish
which is indicative of removal of aluminum from the sa
ple, also shown by the XRF measurements (Table 1). In
estingly, the intensity ratio of peaks Al(IV)a and Al(IV)b for
the oxalic acid leached sample (#18) is increased comp
to the parent sample (Table 2). The steaming caused the
to decrease by preferential dealumination of species Al(Ia.
Clearly, the dealumination with oxalic acid results in the l
of framework aluminum at different crystallographic po
tions than by steaming.

XRD (not shown) showed that the crystallinity of t
samples was largely preserved after the different treatm
Small differences in relative peak intensities was obser
Steaming of the parent Beta (Si/Al 13) at 673 K with varying
times (1–24 h) and for 4 h at various temperatures u
973 K did not result in any significant loss of crystallinity

3.2. Performance in the acylation reaction

In the acylation of anisole with octanoic acid (0.2 mo/l
octanoic acid in anisole at 428 K), the parent Beta exh
an activity of 0.03 l g−1 h−1, which is comparable to that o
FAU zeolite and the Nafion–silica composite SAC13 (1
The activity of USY is significantly lower, and that o
MFI was negligible [12]. The selectivity of the pare
Beta towards the desiredpara-acylated anisole is 80% a
50% conversion. The side products are phenol, methyl
octanoic acid, and paraacylated phenol. These product
formed in approximately equal amounts and result fr
reaction of the octanoic acid with the methoxygroup
anisole. All selectivities remain constant as a function
the conversion, which indicates the presence of parallel
reactions.

The good activity and selectivity of zeolite Beta cou
be further enhanced by acid leaching and steaming.
is depicted in Fig. 4. Steaming the parent zeolite at 67
(38 vol% steam) only leads to higher activity for steam
.

-

o

.

e

Fig. 4. The effect of steaming BEA on the activity and selectivity
the acylation of anisole with octanoic acid, as measured under sta
conditions (0.2 mol/l, 428 K, 0.6 wt% catalyst). The numbers on thex-axis
correspond to the catalyst numbers in Table 1.

longer than 3 h. After 1–3 h, the activity is maintained,
even drops slightly, but after 10 h of steaming the activ
increases 50% and after 24 h an increase of 140%
observed.

Clearly, after steaming for periods longer than 3
an increase in activity is accompanied by an increas
selectivity for samples steamed under the milder condit
(38% steam). The selectivity drops slightly at steam
times of 1–3 h, but increases to 95% after 10 and 2
of steaming. Increasing the steaming temperature to 72
and the steam content to 72% results in an increase of
in the activity, and a slightly higher selectivity of 88%.
higher temperatures, even up to 973 K, the original acti
is maintained, but the selectivity is increased to 98%.

The effect of leaching after steaming on the acylat
activity and selectivity is depicted in Fig. 5. Globally, t
hydrochloric acid leaching after steaming does not hav
positive effect on the activity, except for the sample t
was first steamed for 1 h at 673 K. Here, an increase in
activity after leaching was obtained. For samples steam
higher steam contents (72%) and high temperatures (92
the activity even decreased.

The effect of treating the parent Beta in hydrochloric a
and oxalic acid on the acylation activity and selectivity
depicted in Fig. 6. Treatment in hydrochloric acid (1

Fig. 5. The effect of acid leaching after steaming Beta on its activit
the acylation of anisole with octanoic acid, as measured under sta
conditions (0.2 mol/l, 428 K, 0.6 wt% catalyst).
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Fig. 6. The effect of acid leaching of BEA on its activity and selectiv
in the acylation of anisole with octanoic acid, as measured under stan
conditions (0.2 mol/l, 428 K, 0.6 wt% catalyst).

for 45 or 120 min results in an increase in the activity
a factor of 2. Treating time does not affect activity betwe
45 and 120 min. Treatment of Beta in 1 M oxalic acid
60 min results in an increase in the activity by a factor o
Longer leaching results in activity slightly lower than for t
60-min-leached Beta. The selectivity is improved for b
acid treatments, especially for oxalic acid where an incre
from 80 to 95% is observed.

It has been mentioned in the literature [28] that enhan
ment of the performance of zeolites after steaming and
leaching could be due to migration of the extra fram
work aluminum into the reaction mixture, hereby acting
a homogeneous catalyst. Therefore, leaching of the a
species was studied by filtering the hot reaction mixture
a steamed Beta, an acid leached sample after steaming
a hydrochloric acid leached sample. In all cases, the rea
did not continue after hot filtration, indicating that no act
species had leached from the solid catalyst during reac
conditions.

4. Discussion

In general, it can be stated that steaming (longer t
24 h, higher temperatures, and higher steam content)
acid treatment lead to an increase in activity and selecti
For the acid treatment, oxalic acid is the most effective. A
leaching after steaming has no effect. The Beta struc
is not significantly affected by especially harsh steam
conditions, as follows from XRD, TEM, and BET analys
This shows that the starting sample has a high stab
which is not a priori expected from zeolite Beta (vide infr

The most significant changes are observed by27Al MQ
MAS NMR measurements, which give information abo
the type and coordination of the aluminum in the samp
So any change due to the applied treatment must be one
very local modification.

The parent Beta used in this study already shows the p
ence of a significant amount of extraframework aluminu
Moreover, the relative intensity ratio of peaks Al(IV)a and
Al(IV) b as shown by the27Al (MQ) MAS spectra (Fig. 2
and Table 2b) of this material is characteristic of a d
luminated Beta zeolite [25]. From other zeolite structur
d

-

such as UltraStableY, it is well known that dealuminat
stabilizes the structure of the zeolite which is paralle
with a higher activity [13]. The high content of amorpho
aluminum-(silicon-) oxide species present in the parent B
sample is probably caused by the in situ steaming du
the calcination in the production process [16]. The dea
mination caused by this in situ steaming process could
plain the high stability of the starting material towards ste
and mineral acids. The commercial processes of synth
ing zeolite beta are based on the process described i
first patent about zeolite beta which was published in 1
by Wadlinger et al. [29]. First, a synthesis mixture is p
pared which contains a silicon source, a source of alumin
water, and a template (often triethanolamine). This syn
sis mixture is crystallized under hydrothermal conditio
for 6–8 days at a temperature of about 140–150◦C. In the
process, the zeolite crystals are formed. After washing,
template is burned off by calcination at relative high te
peratures (200–800◦C). During this calcination process,
very plausible that steam has formed and that this st
can already dealuminate the beta zeolite structure. M
over, as the zeolite was obtained from the supplier in an
form, and it is not known which method was used to conv
the zeolite into the acid form, of course this kind of aft
treatments can also affect the amount of dealuminatio
the zeolite structure.

Steaming the parent Beta at 673 K for 1 to 24 h does
result in the formation of new aluminum species, but res
in an increase in intensity of peaks Al(IV)c, Al(V), and
Al(VI) b relative to the two normal framework tetrahed
peaks, Al(IV)a and Al(IV)b, as measured by27Al MQ MAS
NMR. The decrease in activity at shorter steaming times
be explained by the formation of extraframework alumin
that blocks active sites. Pores are not plugged, becaus
change is observed in the surface area characterisation
nitrogen adsorption.

The dominant process during the steaming treatme
the loss of a small part of the framework tetrahedral a
minum represented by peaks Al(IV)a and Al(IV)b and a clus-
tering of extraframework aluminum species into amorph
aluminum–(silicon)–oxidic species. This process prese
the pore topology and crystallinity of the zeolite as sho
by XRD, TEM, and nitrogen physisorption (Table 1, Fig.
To illustrate the aspect of clustering resulting in a preser
pore topology and crystallinity, a schematic view is given
Fig. 7, in which the beta zeolite structure is depicted with
parent situation in the left pore and the situation after tr
ment in the right pore. The stars represent a schematic
of the active sites, becoming more accessible after cluste
of the extraframework aluminum at the outer surface of
crystallites.

Dealumination by steaming leads to a further decre
in ratio of intensity of tetrahedral framework peaks Al(IVa
and Al(IV)b, indicating that steaming causes preferen
dealumination at specific crystallographic T-sites in zeo
Beta as observed earlier [25]. In contrast, acid leaching
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Fig. 7. A schematic view of the Beta zeolite structure in which the as
of clustering after steaming and leaching treatment is illustrated. The p
situation is depicted in the left pore and the situation after treatment i
right pore. The stars represent a schematic view of the active sites, w
become more accessible after clustering of the extraframework alumi
As a consequence, both rate and selectivity go up, due to the h
contribution of selective sites in the pores of the crystallites.

oxalic acid results in an increase in the intensity ratio
the two normal framework peaks, indicating that differ
aluminum atoms are removed from the framework by a
leaching than by steaming. Clearly, a different mechan
of dealumination occurs during both treatments.

The improvement of both the activity and selectivity af
steaming for periods longer than 3 h cannot be ascr
to the formation of mesopores because TEM and tex
analysis did not reveal any changes in surface area or m
or mesoporosity. Also, XRD did not show any significa
changes. From the XRF analysis it is demonstrated tha
aluminum is not removed from the zeolite after steam
so only the coordination is changed. Indeed, the27Al MQ
MAS NMR measurements show an increase in intensit
the amorphous aluminum oxidic species.

The activity is not significantly affected by acid treatme
after steaming. Only in one case was an increase in
activity found. The reason for this increase could be
removal of the extraframework aluminum that was form
on the zeolitic structure by steaming, as XRF analy
revealed (Table 1). In this way, previously blocked acid s
can become accessible.

Leaching the parent Beta in hydrochloric and oxalic a
resulted in high activities. Especially in the case of oxa
acid, the activity is highly increased. Leaching the par
Beta in hydrochloric and oxalic acid causes aluminum to
removed from the samples, as indicated by XRF (Tabl
by the higher bulk Si/Al ratio and confirmed by the loss i
signal in the27Al MAS NMR spectra (Table 2). Aluminum
is effectively removed from the zeolite by oxalic acid d
to its complexation properties. The27Al MQ MAS NMR
spectrum reveals a clear decrease of the Al(V) peak
complete removal of Al(IV)c from the sample. Clearly, no
all the octahedrally coordinated aluminum can be remo
and the tetrahedrally coordinated aluminum that is remo
is not active in the acylation reaction.

It is also possible that an amorphous silica–alum
(ASA) phase could have been formed during steam
from the reaction between the extracted Si and Al [30,
However, as ASA (a commercial sample with a Si/Al of
-

0.67, BET of 425 m2/g, pore volume of 0.67 ml/g) does
not show any activity in this acylation activity [32], it is ve
unlikely that an amorphous silica–alumina phase is invol
in the acylation activity. Moreover, it was concluded ear
in this paper that the activity increase is correlated with
effective removal of extraframework aluminum, which a
confirms that the activity of the zeolite is not correlated w
the extraframework aluminum, but with the activity of t
zeolite structure itself.

4.1. Origin of the acylation activity

In the literature, it is not very clear whether Brønsted
Lewis sites are responsible for the acylation reaction.
course, the ability of strong Brønsted sites to catalyze
acylation reaction is demonstrated by the high performa
of the ion-exchange resin Nafion, which does not con
Lewis sites to catalyze the reaction [12]. Due to this Br
sted type behavior, it is easily thought that in zeolite B
Brønsted acid sites are responsible for the catalytic a
ity in the acylation reaction. However, it cannot be ru
out that the aluminum in the zeolite acts as a Lewis t
of active site. Recently, reports suggesting the Lewis a
ity of the framework in zeolites have appeared [5,33–3
Many reports have discussed the transformation of te
hedrally coordinated aluminum into a octahedral coord
tion in acidic zeolite Beta, which can be seen as Lewis
tivity on the framework. Indeed, it has been suggested
Haouas et al. [35] that the activity of the nitration of tolue
is associated with the flexibility of the framework in ze
lite Beta. According to the authors, a reversible trans
mation occurs of the tetrahedrally coordinated alumin
into octahedrally coordinated aluminum, forming a comp
with the reactant. A similar tetrahedral–octahedral trans
mation of framework aluminum has been suggested to
responsible for activity in the Meerwein–Ponndorf–Ver
(MPV) reaction of 4-tert-butylcyclohexanone tocis-4-tert-
butylcyclohexanol [33]. Our study shows that the origin
the active sites should indeed be sought in the framew
aluminum, as the “clean” zeolite structure, obtained a
leaching with oxalic acid, gave the highest activity. T
Lewis acid behavior of the tetrahedral framework alumin
might therefore be responsible for the activity in acylat
reactions.

4.2. Catalytic performance

Dealumination of zeolite Beta results in a higher activ
in the acylation of anisole with octanoic acid. This proces
accompanied by the formation of extraframework alumin
in the case of steaming and by the removal of extrafra
work material from the sample by acid leaching and co
plexation by oxalic acid. The highest enhancement is
tained in the latter case.

Both steaming and acid leaching lead to the same ef
enhancement of the activity and selectivity. At this po
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some possible explanations can be given. Either additi
active sites that have been formed or more sites that
become accessible participate in the reaction, or the a
sites have become more active. Because steaming re
in the formation of extraframework aluminum and ac
leaching in the removal of extraframework aluminum,
seems more likely that the activity enhancement is du
the increased accessibility or participation of active si
rather than the formation of additional active species. So
active sites may have been blocked by extraframew
aluminum. Removal of this “site-blocking” aluminum (b
acid leaching) results in more active sites that are access
In addition, any debris in the pores of the zeolite may ham
diffusion of the reactants through the pores of the zeo
Removal of this debris then (partly) alleviates diffusion
limitations.

By steaming and acid treatment, the extraframework
minum species become mobile and are transported thr
the zeolite lattice. As a result of clustering of the extrafram
work aluminum during severe steaming the accessibility
the active sites can thus be increased (Fig. 7). Note tha
pore topology remains the same after the steaming treatm
so only the active sites become more accessible within
pores. This also explains why leaching after steaming d
not result in any activity enhancement, because active
have already been made accessible by the steaming p
dure.

An increase in activity after leaching and steaming
paralleled by an increase in selectivity. The removal
clustering of extraframework aluminum results in cle
pores that induce thepara-selectivity of the acylation o
anisole with octanoic acid. The higher contribution
selective sites in the pores of the crystallites yields the hig
selectivities.

5. Conclusions

The parent Beta, as obtained from Zeolyst Internatio
contains large amounts of aluminum that cannot be ascr
to normal framework tetrahedral aluminum, and it sho
characteristics of dealumination. This is also indicated
the high stability toward steam of the sample, ascri
to in situ dealumination during the production proce
Steaming the parent Beta leads to increased activit
steaming times longer than 3 h (at 673 K). This steamin
procedure leads to a change in aluminum coordinat
in the sample, as was demonstrated with27Al MQ MAS
NMR. Treatment in acid after steaming does not aff
the texture properties of the zeolite, as was demonstr
with nitrogen adsorption and TEM. Also, the activity in th
acylation reaction is not significantly affected. Leaching
parent Beta in hydrochloric and oxalic acid results in h
activities, especially in the case of oxalic acid. This a
treatment leads to removal of the distorted tetrahedrally
pentacoordinated aluminum. After hot filtration the react
s

.

,

-

did not continue, indicating that no active species will lea
from the zeolite during reaction conditions.

The improvement of both the activity and selectivity af
steaming for periods longer than 3 h is most likely due
enhanced participation of the active sites: steaming clus
extraframework aluminum and acid leaching removes
extraframework aluminum, improving accessibility. Th
may also explain the increased selectivity due to the lo
chance of side reactions.
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