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Binder-free Zeolite Beta Beads with Hierarchical Porosity:
Synthesis and Application as Heterogeneous Catalysts for
Anisole Acylation
Zahra Asgar Pour,[a] Romar Koelewijn,[a] Mustapha El Hariri El Nokab,[b]

Patrick C. A. van der Wel,[b] Khaled O. Sebakhy,[a] and Paolo P. Pescarmona*[a]

Three zeolites (H-Beta, H-ZSM-5 and H-Y) were synthesized in
the form of binder-free macroscopic beads (d=215–840 μm)
using a hydrothermal method employing anion-exchange resin
beads as hard template. The beads obtained after removal of
the hard template by calcination consisted of crystalline zeolite
domains connected with each other to form a hierarchical
porous network in which the zeolitic micropores are accessible
through meso- and macropores, as proven by characterization
with XRD, N2 physisorption, SEM, and TEM. The composition,
the nature and amount of acid sites and the degree of
hydrophobicity of these beads were investigated by means of
XRF, solid-state NMR, pyridine-FTIR and TGA. The zeolite beads
were tested as heterogeneous catalysts in the Friedel-Crafts

acylation of anisole with acetic anhydride to produce para-
methoxyacetophenone. H-Beta-Beads displayed the best cata-
lytic performance with 95% conversion of acetic anhydride and
76% yield of para-methoxyacetophenone in a batch reactor
test (90 °C, 6 h). Next, the catalytic performance of H-Beta-Beads
was compared in both batch and continuous-flow mode to
extrudates prepared by mixing zeolite Beta powder with either
kaolin or bentonite binders. H-Beta-Beads outperformed the
extrudates in batch-mode reactions and could be reused in
multiple runs without discernible loss of activity. In the
continuous-flow test, H-Beta-Beads demonstrated higher aver-
age activity but deactivated more rapidly than the extrudates.

Introduction

Friedel-Crafts acylation is a well-established route to function-
alize aromatic compounds with alkanoyl groups (� COCH3), thus
yielding products that are widely used as building blocks in the
chemical industry for manufacturing pharmaceuticals, dyes,
fragrances, agrochemicals and so on.[1–4] Conventionally, Friedel-
Crafts acylations are catalyzed by homogeneous Lewis acids
such as AlCl3 or Brønsted acids such as HF. However,
conducting this reaction with these homogeneous catalysts

comes with the issue of difficult separation and purification of
the aromatic ketone product from the Lewis acid catalyst to
obtain the final product (e.g. para-methoxyacetophenone, p-
MAP, Scheme 1).[5]

An attractive alternative to homogeneous catalysts for the
acylation of aromatics is the use of zeolites as regenerable
heterogeneous catalysts.[6] Zeolites are well-known solid acid
catalysts displaying a desirable combination of physicochemical
properties such as crystallinity, micropores with well-defined
size, tunable acidity, thermal and hydrothermal stability and
high surface area.[7–9] Additionally, they can be considered as
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Scheme 1. Catalytic route for the production of para-methoxyacetophenone
(p-MAP) as the main product of anisole acylation using acetic anhydride (the
acylating agent in this study). The possible formation of the by-product
ortho-methoxyacetophenone (o-MAP) is shown in gray. Additionally, acetic
anhydride can undergo hydrolysis into two acetic acid molecules (not shown
in the scheme).
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environmentally benign materials because they prevent the
generation of hazardous wastes generally produced by use of
homogeneous catalysts. Their inherent microporous nature (dp
<2 nm) is important as it allows zeolites to display shape
selectivity, but at the same time can represent a limitation for
reactions involving bulky molecules, which can encounter
remarkable diffusion limitations in the micropores. In particular,
such a drawback becomes more pronounced in larger zeolite
crystals.[10] In order to alleviate diffusion limitations caused by
the microporous nature of zeolites, several strategies have been
investigated, such as: (i) reducing the size of zeolite particles to
the nanoscale; (ii) synthesizing large-pore size zeolites; or (iii)
introducing hierarchical porosity in zeolites.[11–13] The latter
approach has been increasingly investigated in recent years,
and is based on the formation of auxiliary larger pores (i. e.
mesopores and macropores) in the zeolitic porous network.[14,15]

In order to improve the diffusion within the zeolite, it is
essential that the location of these secondary pores leads to an
interconnected network in which the smaller zeolitic micro-
pores are accessed through larger meso- and macropores, i. e. a
so-called hierarchical porous network.[16] Hierarchical zeolites
have been extensively investigated in recent decades and two
main approaches have been employed for their preparation:
templating or “bottom-up” and post-synthesis or “top-down”
techniques.[17–19] By using templating techniques, including hard
and soft templating, mesoporosity is generated during the
zeolite synthesis using hydrothermal crystallization, whereas in
post-synthetic techniques secondary porosity is created in as-
synthesized zeolites by controlled extraction of Al or Si from the
framework.[20–22] In general, templating techniques offer a better
control of the size and location of meso- and macropores but
may require harsh conditions (e.g. high temperature) and are
often expensive because the template can be costly and is
destroyed by combustion in the process of generating the
meso- and macropores.[23,24] On the other hand, post-synthetic
techniques involve simpler procedures and are relatively
inexpensive and thus considered more feasible for industrial
applications. However, the Si/Al ratio and, consequently, some
physicochemical properties of the zeolites are altered by partial
demetallation (e.g. number of active sites, crystallinity).[25]

Zeolites with hierarchical porosity are conventionally pre-
pared in powder form. However, these powders would still
need to be shaped into pellets to prevent pressure drop when
utilized in fixed-bed reactors. For industrial application, zeolites
are commonly shaped into the desired size and geometry by
extrusion, in which the zeolite powder is mixed with binders
such as inorganic oxides (e.g. silica or alumina) or mineral clays
(e.g. kaolin or bentonite). The binder is used to impart
appropriate mechanical strength against attrition and crushing.
However, the presence of binders decreases the number of acid
sites per unit mass and can cause partial blockage of pores as
well as a decrease in specific surface area, thus affecting
negatively the catalytic performance.[26,27]

In this work, we prepared zeolites with hierarchical porosity
and shaped them into macroscopic beads in a single step and
without requiring a binder. To achieve this, we employed a type
of macroscopic porous resin beads (Amberlite IRA-900 in Cl-

form with a size of 350 to 800 μm) as hard template. This
strategy has several assets: (i) these resin beads are commer-
cially available and inexpensive materials; (ii) they allow
producing the shaped zeolite catalysts with hierarchical poros-
ity in one step; and (iii) no binder is required, thus overcoming
the above-mentioned limitations caused by the use of binders
in the formulation of the shaped catalysts. This type of hard-
templating technique using macroscopic resin beads was first
reported for preparing Silicalite-1 beads.[28] After that, other
zeolitic frameworks in bead shape were synthesized by employ-
ing two different types of resin beads (MSA-1 and WBA) such as
ZSM-5 and Beta.[29,30] However, these studies were focused on
the synthesis of these materials and no further research on their
application as heterogeneous catalysts was performed.[28–32]

Amorphous titanosilicate beads (TS-1), crystalline titanosilicate
beads with MFI framework and more recently Sn-Beta beads
have also been synthesized and tested as heterogeneous
catalysts in batch-mode reactions.[14,33,34] Here, we report the
synthesis of three zeolites frameworks in H-form and macro-
scopic bead format with hierarchical porosity (H-Beta-Beads, H-
ZSM-5-Beads, H-Y-Beads), and their catalytic application in the
acylation of anisole using acetic anhydride. None of these
zeolite beads has been synthesized before using the procedure
reported here, and in the case of H-Y-Beads, this is the first
report of the successful synthesis of this zeolite framework in
macroscopic bead format. The catalyst that gave the best
performance in preliminary batch-mode tests (H-Beta-Beads)
was also studied in a fixed-bed reactor set-up and compared to
extrudates prepared from conventional zeolite Beta in powder
form.

Results and Discussion

Three macroscopic zeolite beads with hierarchical porosity (H-
Beta-Beads, H-ZSM-5-Beads, H-Y-Beads) were synthesized by
hydrothermal crystallization using ion-exchange resin beads
(Amberlite IRA-900) as hard template (Figure 1). These commer-
cial polymeric beads consist of polystyrene cross-linked through
the presence of divinylbenzene units and functionalized with
trimethylammonium chloride groups.[35] They are suitable as
hard template for preparing zeolitic beads with spherical
geometry and hierarchical porosity, owing to their high ion-
exchange capacity (1 meq/mL), porous structure, stability in a
wide range of pH (0–14), macroscopic size and spherical
shape.[14,35] SEM analysis of the Amberlite IRA-900 beads
indicated that their size is in the 350–800 μm range (Figure 1A
and B). The porous structure of these beads is characterized by
irregular and mostly slit-like meso- and macropores with a wide
range of openings (from 20 to 600 nm), as visualized by SEM
(Figure 1C). The presence of this porosity is essential for the role
of these resin beads as an appropriate scaffold for growing the
zeolite crystallites. In this study, the protocol for the synthesis of
zeolitic beads was developed by adapting and optimizing the
original recipes used for each of the above-mentioned zeolites
in conventional powder form, while including the Amberlite
IRA-900 resin beads as hard template. More specifically, the
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synthetic parameters were carefully optimized to maximize the
degree of crystallinity in the structure of the ultimate beads.
After the hydrothermal synthesis and calcination step used to
remove the hard template, the physicochemical properties of
the zeolite beads were thoroughly characterized using a
combination of techniques. SEM images of the zeolite Beta
beads showed that the obtained beads have a diameter ranging
from 415 to 840 μm (Figure 1D and E) and are thus slightly
larger than the original resin beads. SEM images with higher
magnification proved that the beads consist of particles with an
approximate size of 200–300 nm, both at the surface (Figure 1F)
and in the bulk of the bead (Figure S5A).[30] XRD analysis of the
beads showed all characteristic peaks of zeolite Beta [BEA]
(Figure 2A), thus proving that the particles that constitute the
beads consist of Beta zeolite crystals. The XRD peaks had
slightly lower signal-to-noise ratio compared to the zeolite Beta
in powder form (H-Beta-Pow) that was obtained as side-product
during the synthesis of H-Beta-Beads (Figure 2A). No additional
signal was detected in the XRD patterns, indicating the
presence of a single crystalline phase. The SEM images also
showed that the crystalline zeolite particles are interconnected

to each other, thus generating a hierarchical porous structure in
which the zeolitic micropores are accessible through a network
of interparticle meso- and macropores (Figures 1F and S5A).
The size and crystalline lattice of the zeolite particles and the
interparticle porosity were confirmed by TEM analysis (Fig-
ure 3A and B). Such interparticle porosity is anticipated to
promote the diffusion of reactants and products through the
beads in their catalytic application.[36]

The ZSM-5-Beads display a size close to that of the H-Beta-
Beads (see SEM images in Figure 1G and H). On the other hand,
the particles of which the H-ZSM-5-Beads consist are signifi-
cantly larger, having an average size in the 0.5–1 μm range
(Figure 1I) The crystalline nature of these particles was demon-
strated by XRD (Figure 2B). TEM and SEM analysis indicate that
these particles consist of aggregates of zeolite crystals (Fig-
ure 3C and D and insert of Figure 1I).[37,38] The particle size of a
zeolite catalyst plays a crucial role in the mass transfer during
the catalytic reaction, and the larger size of the particles of
which H-ZSM-5-Beads are made compared to those in H-Beta-
Beads is potentially a pitfall for mass diffusion and consequently
for catalytic performance,[39] particularly for reactions involving

Figure 1. SEM images of: (A–C) the Amberlite IRA-900 resin beads; and (D–L) of the three zeolite beads prepared using the resin beads as hard template: (D–F)
H-Beta-Beads (in the image with higher magnification, the interparticle meso- and macropores between the zeolite crystals constituting the beads are shown
with yellow arrows); (G–I) H-ZSM-5-Beads (the insert of Figure.1I is a TEM image); (J–L) H-Y-Beads.
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bulky molecules such as the anisole acylation studied in this
work. Similar to what was observed in H-Beta-Beads, the zeolite
crystalline particles are interconnected to form a porous
network (Figure 1I and 3 C and D).

While our synthesis methods were efficient for preparing
beads consisting of crystalline zeolite Beta and ZSM-5, obtain-
ing a material with similar quality for zeolite Y proved difficult.
Even after careful optimization of the synthesis by including
aging the zeolite precursor solution for 7 days at room temper-
ature and a two-step temperature program in the hydrothermal
crystallization step (see experimental section), the H-Y-Beads
displayed lower crystallinity compared to their counterpart in
powder form (Figure 2C). Additionally, the XRD pattern of H-Y-
Beads displayed a broad peak between 2θ=15° and 35°, which
is characteristic of amorphous SiO2 (Figure 2C).[40] Although
prolongation of the above-mentioned aging time up to 7 days
allowed minimizing the intensity of this broad peak, we could
not achieve zeolite Y beads that did not show the signal of
amorphous silica in their XRD pattern. This is a clear difference
compared to H-Beta-Beads and H-ZSM-5-Beads, which do not
show a notable signal in the same region of the XRD pattern
(Figure 2A and B), indicating that they contain, if any, a much
lower fraction of amorphous silica. SEM images of the H-Y-
Beads showed shrinkage in size compared with the resin beads
(Figure 1J and K), which is the opposite trend to what observed
with the other two zeolite beads. The degree of dimensional
shrinkage was larger in samples with large content of
amorphous silica (not presented in more detail here), to the
extent of being observable by naked eye. SEM images with
higher magnification indicated that the beads consist of
aggregates of relatively small particles (Figure 1L), which differ
significantly from the large octahedral crystals that characterize

Figure 2. XRD pattern of zeolite samples after calcination: (A) H-Beta-Pow and H-Beta-Beads; (B) H-ZSM-5-Pow and H-ZSM-5-Beads; (C) H-Y-Pow and H-Y-
Beads. The XRD patterns of the materials in powder form are shown in blue, those of the beads are shown in red.

Figure 3. TEM images of zeolite beads: (A–B) H-Beta-Beads; (C–D) H-ZSM-5-
Beads (the meso-and macropores are indicated with yellow arrows).
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the zeolite Y counterpart prepared in powder form (Fig-
ure S5B).[41]

The textural properties of the zeolitic beads and powders
were investigated by N2 physisorption (Table 1). All the three
zeolite beads exhibited a type IV isotherm (Figure 4) with a
hysteresis loop at large p/p0 values (>0.9). This hysteresis loop
is attributed to the so-called bottleneck effect of connected
meso- and macropores.[42] The pore-size distributions for the
zeolitic beads were broad (Figure S6). It is worth noting that
also the physisorption isotherms of zeolite Beta and zeolite Y in
powder form presented a narrow hysteresis loop at large p/p0

values (Figure S7), which is attributed to the presence of
interparticle voids generated by particles agglomeration. H-
Beta-Beads showed the highest specific surface area (566 m2/g)
among all the zeolitic materials prepared in this work, and all
zeolitic beads showed higher surface area compared with their

powder counterparts (Table 1, entries 1–6). The micropores
volume of all zeolite bead samples were very similar to those of
their powder counterparts (Table 1, entries 1–6).

The 29Si MAS NMR spectra of zeolite Beta beads and powder
showed a similar signal (Figure 5A), consisting of: (i) a peak
centered at δ= � 111 ppm, which is characteristic for Si(0Al), i. e.
a Si atom in a tetrahedral SiO4 unit surrounded by 4 other Si
atoms; and a partially overlapping peak centered at around δ=

� 103 ppm, which is related to Si(1Al), i. e. a Si atom in a
tetrahedral SiO4 unit with 1 Al and 3 Si atoms as neighbors. The
29Si MAS NMR spectra of ZSM-5 beads and powder also
displayed a similar signal as that observed in the case of the
zeolite Beta samples, though the Si(1Al) peak is centered at
around δ= � 105 ppm (Figure 5B). On the other hand, the 29Si
MAS NMR spectra of H-Y-Pow and H-Y-Beads displayed a more
complex signal (Figure 5C) compared to the other zeolites. This
is a consequence of the higher Al content of zeolite Y, which for

Table 1. Physicochemical properties of the catalysts in powder, bead or extrudate format used in the acylation of anisole.

Entry Material Specific
surface
area
[m2/g][a]

Micropore
volume
[cm3/g]

Meso-/
macro
pore
volume
[cm3/g][b]

Meso/
macro pores
size [nm]

Si/Al
molar
ratio
[XRF][c]

Si/Al
molar
ratio
[NMR][d]

Na/Al
molar
ratio
[XRF][c]

Adsorbed
H2O

[e]

[nH2 O/nm
2]

1 H-Beta-Beads 566 0.20 0.28 5–100 9.8 13 0.17 8.0
2 H-Beta-Pow 521 0.18 – – 13 13 0 10.5
3 H-ZSM-5-Beads 329 0.11 0.13 5–80 12 16 0 7.6
4 H-ZSM-5-Pow 287 0.10 – – 15 17 0 8.3
5 H-Y-Beads 508 0.15 0.32 5–80 1.7 1.6 0.48 7.3
6 H-Y-Pow 486 0.15 – – 2.9 3.0 0.48 10.3
7 H-Y-Beads-SC 478 0.15 0.16 5–100 8.8 n.d. 0 n.d.
8 Beta90Kao10-Extr 491 0.15 0.71 >50 (mainly) 9.8 n.d. 0 n.d.
9 Beta70Kao30-Extr 409 0.12 0.64 >50 (mainly) 5.2 n.d. 0 9.9
10 Beta50Kao50-Extr 278 0.08 0.47 >50 (mainly) 3.4 n.d. 0 10.8
11 Beta90Ben10-Extr 477 0.14 0.73 >50 (mainly) 12 n.d. 0 n.d.
12 Beta70Ben30-Extr 397 0.11 0.59 >50 (mainly) 8.7 n.d. 0 n.d.
13 Beta50Ben50-Extr 275 0.08 0.44 >50 (mainly) 6.4 n.d. 0 n.d.
14 Pure kaolin 9 – 0.06 – n.d. n.d. n.d. n.d.
15 Pure bentonite 3 – 0.08 – n.d. n.d. n.d. n.d.

[a] BET surface area, [b] BJH cumulative pore volume between 1.7 and 300 nm width, based on the desorption branch of the isotherm, [c] Determined by
XRF, [d] Si/Al molar ratio calculated from 29Si MAS NMR (with an estimated error of 5–10% due to peak overlap, which complicates the peak deconvolution
process), [e] Calculated based on the mass loss of the sample between 25 and 300 °C as determined by TGA. n.d.: not determined.

Figure 4. N2 physisorption isotherms of the zeolite beads (for the sake of
readability, the isotherm of H-Y-Beads has been shifted up of 100 cm3/g
along the vertical axis).

Figure 5. 29Si MAS NMR spectra of: (A) H-Beta-Beads and H-Beta-Pow; (B) H-
ZSM-5-Beads and H-ZSM-5-Pow; (C) H-Y-Beads and H-Y-Pow.
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H-Y-Pow led to four peaks at δ= � 106, � 100, � 94, and
� 90 ppm, corresponding to Si(0Al), Si(1Al), Si(2Al) and Si(3Al),
respectively;[43] and to five peaks for H-Y-Beads at δ= � 106,
� 97, � 93, � 88, and � 83 ppm corresponding to Si(0Al), Si(1Al),
Si(2Al), Si(3Al) and Si(4Al), respectively. The relative intensity of
the peaks corresponding to Si with a large number of Al
neighbors was notably higher for zeolite Y in bead format
compared to the powder counterpart (Figure 5C). Based on
these 29Si MAS NMR data, it was possible to estimate the Si/Al
ratio for all bead and powder samples (Table 1). The obtained
Si/Al values are in good agreement with those obtained by
means of XRF analysis (Table 1). In general, a slightly lower Si/Al
ratio was observed for beads compared to the corresponding
powder (Table 1).

The 27Al MAS NMR of the zeolite Beta, ZSM-5 and Y samples
showed one peak at around δ=55 ppm (H-Beta and H-ZSM-5)
or 60 ppm (H-Y), which originates from tetrahedrally coordi-
nated Al atoms as expected for Al sites incorporated in the
zeolite framework (Figure 6). These tetrahedral Al sites are
associated with the Brønsted acidity that is characteristic of
aluminosilicate zeolites in their H-form. A second peak was
observed at δ=0 ppm, which is characteristic for extra-frame-
work Al species in octahedral coordination.[43] This type of extra-
framework Al species is often observed in Al-rich zeolites.[44–46]

Notably, the intensity of this peak relative to the peak of
tetrahedral Al was higher in the zeolite powders than in their
bead analogs. This result might indicate a more efficient
incorporation of Al in the zeolitic framework in the beads
compared to the powders, or might stem from a more efficient
removal of the extra-framework Al species from the hierarchi-
cally porous structure of the beads during the washing steps
that were carried out after the hydrothermal synthesis of these
materials.

In order to evaluate the type and strength of acid sites in
the zeolite Beta samples (as the most active catalysts in this
study, vide infra), FTIR analysis of adsorbed pyridine was carried
out at 150, 350 and 450 °C (Figure 7). The characteristic bands
in the range of 1430–1475 cm� 1 that correspond to pyridine
adsorbed on Lewis acid sites, and between 1515–1565 cm� 1 for
pyridine adsorbed on Brønsted acid sites were integrated for
the above-mentioned temperatures and the results are shown
in Table 2.[47] At all three temperatures, the amount of Lewis
acid sites was higher than that of Brønsted acid sites. This
feature has been observed before in Beta zeolites with relatively
low Si/Al (as in our case) and is likely due to the presence of
extra-framework Al species in these samples (also detected by
27Al MAS NMR, Figure 6A).[44–46] In addition, the ratio between
Lewis and Brønsted acidity increased by increasing the temper-
ature, indicating the milder nature of the Brønsted acid sites
compared with the Lewis acid sites. Furthermore, at all temper-
atures, the powder sample displayed higher total acidity
(Table 2). This is attributed to the presence of residual Na in the
H-Beta-Beads sample (as evidenced by XRF, see Table 1,
entry 1), which indicates that the ion-exchange step to convert
this zeolite into its H-form was incomplete. Additionally, the
lower degree of crystallinity of H-Beta-Beads compared to H-
Beta-Pow (vide supra) might imply that some Al sites in
tetrahedral coordination but in an amorphous domain display
too low acidity and thus too weak adsorption of pyridine to be

Figure 6. 27Al MAS NMR spectra of: (A) H-Beta-Beads and H-Beta-Pow; (B) H-
ZSM-5-Beads and H-ZSM-5-Pow; (C) H-Y-Beads and H-Y-Pow.

Figure 7. FT-IR spectra of pyridine adsorbed at 150 °C (red), 250 °C (blue) and
450 °C (green) on (A) H-Beta-Pow and (B) H-Beta-Beads.

Table 2. Type and amount of surface acid sites of the zeolite Beta samples in powder and bead format.

Catalyst Brønsted acidity [mmol g� 1] Lewis acidity [mmol g� 1] Lewis/Brønsted acid ratio
150 °C 350 °C 450 °C 150 °C 350 °C 450 °C 150 °C 350 °C 450 °C

H-Beta-Pow 0.171 0.070 0.026 0.298 0.221 0.186 1.74 3.16 7.15
H-Beta-Beads 0.123 0.070 0.018 0.206 0.158 0.141 1.67 2.26 7.83
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detected by FTIR. It should be noted that both Brønsted and
Lewis acid sites have been reported to be able to catalyze the
acylation of anisole.[48,49] The generally accepted mechanism
involves the formation of an acylium ion from acetic anhydride
(promoted by either type of acid), followed by attack of the
acylium ion on the aromatic ring.[6]

In order to analyze the hydrophilicity of our catalysts,
thermogravimetric analysis (TGA) was carried out on all zeolites
in bead and powder format (Figure S4). These data allowed
estimating the amount of water molecules adsorbed per nm2 of
each material (Table 1). While the H-ZSM-5 zeolites are relatively
hydrophobic in line with their relatively low Al content, the H-
Beta zeolites displayed similar yet higher hydrophilicity than the
H-Y zeolites, despite the higher Al content of the latter. The
relatively higher hydrophilicity of the H-Beta materials could be
caused by a larger population of silanol groups on the external
surface of the zeolite particles,[50] which would promote water
adsorption but would be expected to have no or minor
influence on the catalytic activity, which occurs mainly within
the zeolite pores. It is worth noting that for each zeolite
framework type, the material in bead format displayed lower
hydrophilicity compared to the powder sample. This might be
attributed to the condensation between the zeolite crystals that
form the walls of the beads, which would imply a lower
population of hydrophilic silanol groups on the external surface
of the crystals compared to the discrete particles in the powder
sample.

Catalytic performance of zeolite beads and powders in the
acylation of anisole in batch mode

The catalytic performance of the zeolite beads in the Friedel-
Crafts acylation of anisole using acetic anhydride as acylation
agent (Scheme 1) was investigated initially in batch reactors.
Based on the characterization study (vide supra), the beads have
several attractive features for this catalytic application: (i) they
have a macroscopic bead format that allows their easy
separation from the reaction mixture by spontaneous settling
upon stopping of the stirring, without any need for filtration or
centrifugation; (ii) they consist of interconnected zeolite crystals

in their H-form (acid sites), which can be accessed through a
network of meso- and macropores that is expected to improve
the mass diffusion and increase the accessibility to the active
sites within the zeolitic micropores. In order to determine
suitable reaction conditions for the catalytic acylation of anisole,
the effect of temperature and mass of catalyst were inves-
tigated in a series of preliminary tests using H-Beta-Pow and H-
Beta-Beads (Table S1 and S2). Based on the obtained results,
90 °C and 0.25 g of catalyst were found to give the highest
selectivity and yield and were selected for further study. It is
worth noting that the chosen reaction temperature (90 °C) is
relatively mild compared to previous catalytic studies for this
reaction (see Table S3).[51] Afterwards, the different catalytic
beads (H-Beta-Beads, H-ZSM-5-Beads, H-Y-Beads) were tested in
the acylation of anisole in batch mode and their performance
was compared with the corresponding materials in powder
format (H-Beta-Pow, H-ZSM-5-Pow, H-Y-Pow). Among all tested
catalysts, H-Beta-Pow and H-Beta-Beads demonstrated the best
catalytic performance in terms of acetic anhydride conversion
(�95%) and selectivity toward p-MAP (80–83%), with the
zeolite in powder format performing slightly better than the
beads (Table 3, entry 1 and 2), in agreement with the largest
population of acid sites observed by FTIR of adsorbed pyridine
for the powder sample (Table 2). The better performance of
zeolite H-Beta compared with H-ZSM-5 and H-Y (higher
conversion and p-MAP yield achieved in a shorter reaction
time) is consistent with previous studies,[49,52–56] and is attributed
to the specific pore architecture of zeolite Beta having large,
intersecting channels defined by 12-membered rings.[39,52,56,57]

For the H-Beta Beads catalyst we conducted a kinetic test
(Figure 8A), which allowed us to determine the Conv.acetic anhydride
(25%) and Yieldp-MAP (14%) after 25 min of reaction, and thus to
determine the initial reaction rate (see SI for details). Based on
these data, we used the Weisz-Prater criterion to estimate
whether internal mass transfer inside the beads limited the
reaction rate. The calculated Weisz-Prater number (CWP) is !1
(see SI for details), which indicates that the reaction is not
limited by internal diffusion in the bead-shaped catalyst. While
H-Beta-Pow slightly outperformed H-Beta-Beads, the trend with
the H-ZSM-5 catalysts was the opposite: H-ZSM-5-Pow displayed
only 9% conversion after 16 h and no acylation product was

Table 3. Catalytic performance of zeolitic powders and beads in the batch-mode acylation of anisole.[a]

Entry Catalyst Anisole/
acetic
anhydride
molar
ratio

Reaction
time [h]

Acetic
anhydride
Conv. [%][b]

p-MAP
Yield [%]

p-MAP
Sel. [%]

o-MAP
Sel. [%]

Hydrolysis
of acetic
anhydride
Sel. [%]

1 H-Beta-Beads 5 :1 6 95 76 80 0 20
2 H-Beta-Pow 5 :1 6 100 83 83 0 15
3 H-ZSM-5-Beads 5 :1 16 18 4 24 0 76
4 H-ZSM-5-Pow 5 :1 16 9 0 0 0 100
5 H-Y-Beads 5 :1 20 37 0 0 0 100
6 H-Y-Pow 5 :1 20 31 0 0 0 100
7 H-Y-Bead-SC 5 :1 6 36 18 49 0 51

[a] Reaction conditions: anisole=50 mmol, acetic anhydride=10 mmol, mesitylene (as internal standard)=25 mmol, catalyst mass=0.25 g, temperature=

90 °C. [b] The conversion was measured based on acetic anhydride, as this is the limiting reactant with the employed 5 :1 ratio between anisole and acetic
anhydride.
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detected in this test (Table 3, entry 4), whereas H-ZSM-5-Beads
exhibited 18% conversion of acetic anhydride and 24%
selectivity toward p-MAP, resulting in a final yield of 4% after
16 h (Table 3, entry 3). This result highlights the influence of the
hierarchical porosity of H-ZSM-5-Beads on improving the
catalytic performance of this zeolite, whose micropores (10-
membered rings) are significantly smaller and thus more prone
to steric and diffusion limitations than those of zeolite
Beta.[54,57–60] With the purpose of enhancing the yield of the
acylation reaction over H-ZSM-5-Beads, we performed a kinetic
study using a higher anisole to acetic anhydride ratio (8 : 1) and
a higher reaction temperature (100 °C). In this test, a maximum
acetic anhydride conversion of 69% was reached after 20 h,
with the final p-MAP yield being 59% (Figure 8B). The increase
in the selectivity towards the acylation product with increasing
conversion of acetic anhydride that was observed in the kinetic
tests (Figure 8) is probably due to the gradual increase in the
molar ratio between anisole and acetic anhydride as the
reaction proceeds (from the initial 8 : 1 to a theoretical 15 :1 at
50% conversion of acetic anhydride). A higher ratio is expected
to enhance the probability of acetic anhydride to react with
anisole rather than to undergo hydrolysis, thus leading to the
observed trend of increasing selectivity. In the case of zeolite Y,
no acylation product was observed for either H-Y-Beads or H-Y-
Pow after 20 h and only conversion of acetic anhydride by

hydrolysis into acetic acid was observed (37% and 31%,
respectively, see Table 3, entries 5 and 6). This poor catalytic
performance is ascribed to the inefficient conversion of the
original Na-Y zeolites into their H-form by ion-exchange, as
indicated by the high Na/Al ratio (0.48) of these materials
measured by XRF (Table 1, entries 5 and 6), which implies a
much lower population of acid sites than what would be
expected for a Y zeolite fully in H-form. Additionally, these
samples display relatively low crystallinity (vide supra), which
means that some Al sites in tetrahedral coordination are in an
amorphous domain and thus display lower acid strength
compared to those in crystalline zeolitic domains. Furthermore,
H-Y-Pow showed a highly hydrophilic nature (based on TGA,
see Table 1, entry 6), which might hinder diffusion of the
relatively apolar anisole. Although H-Y-Beads or H-Y-Pow
showed to be poor catalysts for the acylation of anisole, a batch
of catalytic beads synthesized in the absence of TMA+ as SDA
and possessing lower crystallinity (H-Y-Beads-SC) gave 36%
conversion of acetic anhydride, with 49% selectivity toward p-
MAP after 6 h of reaction (Table 3, entry 7). This catalytic
behavior is likely due to the fact that this zeolite does not
contain Na and is fully in H-form (Table 1, entry 7), indicating
that a larger fraction of the Al sites generates Brønsted acid
centers. Additionally, H-Y-Beads-SC displayed a higher Si
content (Si/Al=9) compared to H-Y-Beads, which implies that

Figure 8. Kinetic study: (A) over H-Beta-Beads, temperature=90 °C, catalyst mass=0.25 g, anisole=50 mmol, acetic anhydride=10 mmol (anisole to acetic
anhydride molar ratio=5 :1); (B) over H-ZSM-5-Beads, temperature=100 °C, catalyst mass=0.25 g, anisole = 40 mmol, acetic anhydride = 5 mmol, (anisole to
acetic anhydride molar ratio=8 :1); (C) over H-Y-Beads-SC, temperature=90 °C, catalyst mass=0.25 g, anisole=50 mmol, acetic anhydride=10 mmol (anisole
to acetic anhydride molar ratio=5 :1).
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H-Y-Beads-SC is a less hydrophilic material. H-Y-Beads-SC
showed better catalytic performance than H-ZSM-5-Beads
(Table 3, compare entries 3 and 7). This is ascribed to its large
12-member ring pores with sodalite type cavities and consid-
erably higher specific surface area, which increase the accessi-
bility to the active sites (Table 1, entries 3 and 7). A kinetic test
was performed for H-Y-Bead-SC at 90 °C for 20 h: the conversion
of acetic anhydride reached 29% after 2 h and then gradually
increased to 52% after 20 h (Figure 8C). However, this is still
much lower than the catalytic activity displayed by H-Beta-
Beads after only 6 h (Table 3, entry 1), in line with the lower
activity of zeolite H-Y compared to zeolite H-Beta reported in
the literature.[49,52,53,56] It is worth noting that the color of H-Beta-
Beads changed to dark brown by the end of the 6 h reaction
(Figure S8A), whereas the color of H-ZSM-5-Beads and H-Y-
Beads-SC after running the reaction for 20 h was also brown
(Figure S8B-C), but significantly lighter than in the case of H-
Beta-Beads. The same trend in darkening of the zeolite catalysts
was observed for the powder samples. The fact that the degree
of darkening seems correlated to the degree of conversion of
acetic anhydride indicates that some of the reaction products
(possibly oligomeric species) tend to adsorb on the catalyst
surface.[61] To quantify the adsorption of carbonaceous com-
pounds on different catalysts, we conducted TGA analysis (30 to
800 °C in air) on selected used catalysts (H-Beta-Pow, H-Beta-
Beads, H-Y-Beads and H-ZSM-5-Beads, see Figure S9). The mass
loss below 200 °C is related to removal of adsorbed water,
whereas the amount of carbonaceous residues was estimated
from the mass loss above 200 °C. As anticipated, the amount of
carbonaceous deposit was higher for the most active catalysts
(13.1 wt% for H-Beta-Beads and 12.5 wt% for H-Beta-Pow)
compared to the other zeolites (9.1 wt% for H-Y-Beads-SC and
8.6 wt% for H-ZSM-5-Beads). It should be noted that the mass
of adsorbed carbonaceous species corresponds to 0.3–0.5% of
the mass of the organic reactants used in each catalytic test
(Figure S9) and thus does not affect the carbon balance of these
reactions, which was nearly complete in all cases.

Comparison between zeolite Beta powder, beads and
extrudates as catalysts for the acylation of anisole in batch
mode

Zeolite Beta, either in powder or bead format, was identified as
the most promising catalyst for the acylation of anisole among
the different zeolites that were tested. Therefore, this zeolite
framework was selected for further study. With the purpose of
comparing our binder-free H-Beta-Beads with a conventional
pelletized catalyst, we prepared extrudates by mixing H-Beta-
Pow with kaolin or bentonite as binder (10 to 50 wt% of
binder). Kaolin and bentonite were selected for this purpose as
these clays are often used as binders in industrial pellets.[26,62]

The specific surface area and pore volume of these lab-made
extrudates were analyzed using N2 physisorption and showed a
decreasing trend by increasing the mass ratio of kaolin or
bentonite binder (Table 1, entries 8–13). The decrease in the
micropore volume is attributed to the lack of micropores in the

binder and to partial blocking of the entrance of the zeolitic
micropores by the binder, whereas the drop in surface area of
the extrudates is due to the low specific surface area of the two
clays used as binders (Table 1, Entry 14 and 15). While the
micropore volume and the specific surface area of the
extrudates were inferior to that of the binder-free H-Beta-Beads
and of H-Beta-Pow, the values of the meso/macropore volumes
were significantly higher compared with H-Beta-Pow and H-
Beta-Beads (Table 1, entries 1 and 2 and 8–13). The latter
feature is attributed to the larger particles of the clays
compared with the zeolite particles as visualized by SEM images
(compare Figure 9, A and B, with Figures 1F and S5A). This
hypothesis is supported by the SEM images of the extrudates
(Figure 9C and D), which highlight how the plate-like particles
of clay are mixed with the smaller zeolite particles forming a
composite with large pores.[26] Elemental analysis by XRF
indicated that the Al content of the extrudates increased with
the relative amount of clay, in agreement with the fact that
both kaolin and bentonite have much lower Si/Al ratio
compared to zeolite Beta.[63]

The performance of the extrudates as catalysts for the
acylation of anisole was compared to that of H-Beta-Beads and
H-Beta-Pow under more challenging conditions than those that
were employed in the tests performed in the first part of this
work (e.g. using shorter reaction time and a lower loading of
catalyst relative to anisole and acetic anhydride, see Table 4).
Under these conditions, only intermediate conversions are
obtained (Table 4), which allows highlighting better the differ-
ences in activity between the catalysts. Compared with H-Beta-
Pow as the reference catalyst, the extrudates displayed lower
activity, with the decrease being monotonically correlated with
the increase in binder content (Table 4, entry 1 and 3–8). This
trend can be attributed to the expected lack of active sites in
the clays used as binder[62-64] and, to a lesser extent, to the
observed decrease in surface area and to the possible ion
exchange of alkali metals present in the clays with the Brønsted
acid sites of the zeolite, leading to their neutralization.[62-64]

Bentonite-containing extrudates displayed slightly lower activity
than their kaolin-containing counterparts, which can be

Figure 9. SEM images of: (A) Pure kaolin; (B) Pure bentonite; (C) Beta50-
Kao50-Extr; (D) Beta50Ben50-Extr.
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attributed to their slightly lower surface area (Table 1, entries 8–
13). On the other hand, H-Beta-Beads showed to be more active
than the extrudates because it consists of zeolite Beta
crystallites that are not diluted by the presence of binders and
owing to its higher surface area. This result demonstrates the
benefit of preparing the catalysts in the format of binder-free
zeolite beads.

The reusability of H-Beta-Beads and H-Beta-Pow was
evaluated in 4 consecutive runs in batch mode (Figure 10).
Although some fluctuations in activity were observed in these
recycling tests, the overall trend is that the activity of both
catalysts was preserved upon reuse, as particularly clear when
comparing the activity of H-Beta-Beads in the first and last run.
The average conversion obtained with H-Beta-Beads over the 4
reaction runs was 91%, with the highest and lowest conversions
being 95% and 86%, respectively. The average conversion
achieved with H-Beta-Pow over the 4 reaction runs was also
91%. The selectivity of both catalysts remained nearly constant
in the 79–83% range throughout the reusability tests. Alto-

gether, these results demonstrate the high degree of reusability
of H-Beta-Beads (and H-Beta-Pow) in consecutive runs.

Comparison between the catalytic performance of zeolite
Beta beads, powder and extrudates as catalysts for the
acylation of anisole in a fixed-bed reactor

In order to evaluate the potential of our binder-free zeolite Beta
beads for larger-scale application, we tested their time-on-
stream catalytic activity in continuous flow mode in a fixed-bed
reactor. The catalyst lifetime is influenced by several factors in
fixed-bed reactors, such as the flow rates of reactants, the
removal of products from the reaction mixture and the pressure
drop. To study the effects of the feed flow rate at atmospheric
pressure, the three best catalysts identified in the previous
section (H-Beta-Pow as reference catalyst, H-Beta-Beads and
Beta70Kao30-Extr) were further tested in the acylation of
anisole under continuous flow for 6 h in a fixed-bed set-up (see
Experimental section). Beta70Kao30-Extr was chosen for this
test even if it presented slightly lower activity than Beta90-
Kao10-Extr in the batch-mode tests (Table 4), because the latter
has poor mechanical stability due to its low binder content. In a
preliminary test, three different liquid hourly space velocities
(i. e. LHSV of 0.5, 1.0 and 1.5 gfeed · min

� 1 · gcat.bed
� 1) were inves-

tigated with H-Beta-Pow and H-Beta-Beads as the catalysts. In
line with logical expectations, the conversion of acetic anhy-
dride and the yield of p-MAP decreased by increasing the LHSV
and thus decreasing the contact time between reactants and
catalyst (Table 5, entries 1–3 and 4–6). Under all tested con-
ditions, H-Beta-Pow was slightly more active than H-Beta-Beads,
in agreement with the results obtained in batch mode (vide
supra). It is worth noting that the drop in conversion between
LHSV 0.5 and 1.0 gfeed ·min

� 1 · gcat.bed
� 1 was much more signifi-

cant over H-Beta-Pow (from 64 to 42%, Table 5, entries 1–2)
than over H-Beta-Beads (from 40 to 32%, Table 5, entries 4–5).
The intermediate LHSV (1 gfeed ·min

� 1 ·gcat.bed
� 1) was selected for

a time-on-stream investigation in which H-Beta-Pow, H-Beta-
Beads, and Beta70Kao30-Extr were compared (Figure 11). Nota-
bly, H-Beta-Beads displayed slightly higher initial activity (i. e.

Table 4. Activity of powder and shaped zeolite Beta catalysts in the batch-mode acylation of anisole.[a]

Entry Catalyst Acetic
anhydride
Conv. [%][b]

p-MAP
Yield [%]

p-MAP
Sel. [%]

o-MAP
Sel. [%]

Hydrolysis
of acetic
anhydride
Sel. [%]

1 H-Beta-Pow 59 41 70 0 30
2 H-Beta-Beads 42 22 52 0 46
3 Beta90Kao10-Extr 41 19 47 0 53
4 Beta70Kao30-Extr 38 18 47 0 53
5 Beta50Kao50-Extr 32 14 43 0 57
6 Beta90Ben10-Extr 40 20 49 0 51
7 Beta70Ben30-Extr 36 14 40 0 60
8 Beta50Ben50-Extr 23 5 21 0 79

[a] Reaction conditions: anisole=25 mmol, acetic anhydride=5 mmol, mesitylene (as internal standard)=12.5 mmol, catalyst mass=0.03 g, reaction time=

2.5 h, temperature=90 °C. [b] The conversion was measured based on acetic anhydride, as this is the limiting reactant with the employed 5 :1 ratio
between anisole and acetic anhydride.

Figure 10. Reusability test of H-Beta-Beads and H-Beta-Pow in 4 consecutive
batch runs. Reaction conditions: temperature=90 °C, catalyst mass=0.25 g,
anisole=50 mmol, acetic anhydride=10 mmol (anisole to acetic anhydride
molar ratio=5:1), reaction time=6 h.
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within the first 50 min) compared to H-Beta-Pow and much
higher than Beta70Kao30-Extr. However, the activity of H-Beta-
Beads decreased more rapidly than that of the other two
catalysts at longer time on stream, probably due to the
adsorption of reaction products on the catalyst surface. This
might be due to the higher hydrophilicity of H-Beta-Beads
compared to H-Beta-Pow and Beta70Kao30-Extr (compare
values of adsorbed H2O molecule per surface unit in Table 1),
which can lead to a higher degree of adsorption of acetic acid
or other reaction products on the catalyst surface, thus causing
faster deactivation.[4,51,65] Nevertheless, over the tested 6 h range,
the average p-MAP yield obtained over H-Beta-Beads was 37%,
which is higher than that obtained over Beta70Kao30-Extr
(30%). Future studies can be dedicated to understanding more
in depth and minimizing the causes of deactivation of these
catalysts.

Similarly to what was done for the test in batch mode (vide
supra), the Weisz-Prater criterion was used to estimate if internal
mass transfer limitation occurred in H-Beta-Beads when tested

in a fixed bed reactor. Also in this case, the calculated Weisz-
Prater number is !1 (see SI for details), indicating that the
reaction is not limited by internal diffusion.

Conclusions

In this study, three different binder-free zeolite beads (H-Beta-
Beads, H-ZSM-5-Beads and H-Y-Beads) with hierarchical porous
structure and macroscopic spherical format (d=215–840 μm)
were synthesized using commercially available anion-exchange
Amberlite IRA-900 resin beads as hard template. A thorough
physicochemical characterization with a combination of techni-
ques demonstrated that the beads consist of interconnected
crystalline zeolite particles that generate a hierarchical porous
structure in which the micropores are accessible through a
network of interparticle meso- and macropores. While a high
degree of crystallinity was achieved in H-Beta-Beads and H-
ZSM-5-Beads, the structure of H-Y-Beads was partially amor-

Table 5. Catalytic performance of H-Beta-Pow, H-Beta-Beads and Beta70Kao30-Extr in the acylation of anisole in a fixed-bed reactor. The values provided in
this table were measured after 6 h on stream.[a]

Entry Catalyst LHSV
[gfeed ·min

� 1 · gcat. bed
� 1]

Acetic
anhydride
Conv. [%][b]

p-MAP
Yield[c] [%]

p-MAP
Sel. [%]

o-MAP
Sel. [%]

Hydrolysis
of acetic
anhydride
Sel. [%]

1 H-Beta-Pow 0.5 64 51 79 0 21
2 H-Beta-Pow 1.0 42 29 69 0 31
3 H-Beta-Pow 1.5 35 22 63 0 37
4 H-Beta-Beads 0.5 40 26 65 0 35
5 H-Beta-Beads 1.0 32 22 68 0 32
6 H-Beta-Beads 1.5 25 13 51 0 49
7 Beta70Kao30-Extr 1.0 39 28 71 0 29

[a] Reaction conditions: anisole to acetic anhydride molar ratio=5 :1, anisole to mesitylene molar ratio=2 :1, catalyst mass=0.11 g, temperature=90 °C,
reaction time=6 h. [b] The conversion was measured based on acetic anhydride, as this is the limiting reactant with the employed 5 :1 ratio between
anisole and acetic anhydride.

Figure 11. Comparison between the catalytic performance of H-Beta-Pow (blue), H-Beta-Beads (red) and Beta70Kao30-Extr (green) in a fixed-bed reactor at
LHSV=1.0 gfeed ·min

� 1 · gcat.bed
� 1. Reaction conditions as reported in Table 5.
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phous. Notably, all the zeolite beads displayed a larger ratio
between Al atoms in tetrahedral and octahedral coordination
compared to their counterpart zeolites prepared in powder
format. The presence of both Lewis and Brønsted acid sites was
evidenced in H-Beta-Beads by FTIR analysis of adsorbed
pyridine. All the zeolite beads were tested as heterogeneous
catalysts for the liquid-phase acylation of anisole using acetic
anhydride in both batch and continuous flow reactors. Among
all the catalytic beads, H-Beta-Beads showed the highest activity
and selectivity in batch-mode tests (95% acetic anhydride
conversion and 80% p-MAP selectivity after 6 h). This promising
activity was coupled with a high reusability in four successive
catalytic runs. H-Beta-Beads was also tested in continuous flow
in a fixed-bed reactor using different LHSVs, displaying excellent
initial activity but gradually deactivating at longer time on
stream. Overall, the activity of H-Beta-Beads was superior
compared to extrudates prepared by mixing zeolite Beta
powder with a binder (kaolin or bentonite), demonstrating the
advantages of our binder-free catalysts. Future studies should
be aimed at defining a regeneration procedure and at
minimizing the deactivation of the zeolite beads when the
acylation reaction is carried out in a fixed-bed reactor.

Experimental Section

Materials

Tetrapropylammonium hydroxide (TPAOH, 1.0 M in H2O), tetraethy-
lammonium hydroxide (TEAOH, 35 wt% in H2O), tetrameth-
ylammonium hydroxide (TMAOH, 25 wt% in H2O), silica gel (high
purity grade 9385), anisole (99%), acetic anhydride (Reagent Plus,
99%), mesitylene (99%), 4-methoxyacetophenone (99%), Amberlite
IRA-900 (with Cl� as anions), 2-methoxyacetophenone (99%), acetic
acid (Reagent Plus, 99%), bentonite (Al2O12Si4) and kaolin
(Al2O7Si2.2H2O) were purchased from Sigma-Aldrich. Sodium alumi-
nate anhydrous (purity 99.5%) was purchased from Riedel-de Haën.
MilliQ water was used in all preparation steps in this work. All the
above-mentioned chemicals for catalysts synthesis and catalytic
reaction tests were applied without further purification.

Catalysts synthesis

The general procedure used to prepare the zeolite beads with
hierarchical porosity reported in this work is shown in Figure 12.

ZSM-5 beads were prepared by adapting a protocol previously
reported for the synthesis of ZSM-5 powder.[66] In a typical synthesis,
4.58 g of silica gel was partially dissolved in 20.24 g of tetrapropy-
lammonium hydroxide solution (TPAOH, 1 M solution in H2O) and
stirred at 100 °C for 1 h. Afterwards, a solution obtained by
dissolving 0.64 g NaAlO2 in 10.7 g H2O upon stirring for 10 min was
added dropwise (in ~10 min) to the first solution and then stirred
for 1 h. Afterwards, the resin beads were directly added to the
solution with a solution-to-bead mass ratio of 20 :1.[14] This mixture
was transferred into a 50 ml Teflon-lined autoclave and the
hydrothermal crystallization was carried out statically by placing
the autoclave in an oven at 150 °C for 6 days. Next, the autoclave
was allowed to cool down to room temperature and then opened.
The obtained sample contained a mixture of powder and beads,
which were separated from the liquid phase by filtration, washed
with H2O (1 L) until the pH reached approximately 7–8 and dried at
100 °C overnight in an oven. The dried ZSM-5 beads and the
powder were separated by sieving on a sieve with an aperture size
of 160 μm. The obtained beads consisted of a composite of
crystalline ZSM-5 and Amberlite IRA-900 resin beads. In order to
remove the resin template and the TPA+ used as micropore
structure directing agent (SDA), calcination was performed with a
two-step temperature program in a muffle furnace in static air from
ambient temperature to 200 °C at 3 °C/min, 6 h at 200 °C, from
200 °C to 600 °C at 2 °C/min, 6 h at 600 °C. The same calcination
protocol was used to remove the TPA+ from the powder samples.
The obtained ZSM-5 beads and powder were in their sodium form.
In order to convert both beads and powder to their H-form, the
materials were suspended in a 1 M NH4NO3 solution (10 ml of
solution per each gram of zeolite) at 80 °C for 8 h under stirring.
Afterwards, the materials were washed with H2O to reach pH
around 7–8 and then dried at 100 °C overnight and calcined with
the same temperature program applied for the first calcination
step. These beads and powders were labeled as H-ZSM-5-Beads
and H-ZSM-5-Pow, respectively.

Zeolite Beta beads were prepared by modifying an established
hydrothermal synthesis procedure for the preparation of zeolite
Beta powder.[67] First, 4.58 g of silica gel was partially dissolved in
17.71 g of tetraethylammonium hydroxide solution (TEAOH,
35 wt% in H2O) and stirred at room temperature for 1 h. Next, a
second solution was prepared by dissolving 0.57 g NaAlO2 in
10.74 g H2O upon stirring for 10 min, and then added dropwise to
the first solution followed by stirring for 1 h. Afterwards, the
Amberlite IRA-900 resin beads were added to this solution in an
amount corresponding to one-twentieth of the mass of the
solution.[14] The obtained mixture was transferred into a Teflon-lined
50 ml autoclave and hydrothermally crystallized at 150 °C for
6 days. The following steps of the synthesis were carried out with a
similar procedure to that employed for the ZSM-5 beads (see

Figure 12. Procedure employed for the synthesis of zeolite beads using resin beads as hard templates (here, the H-Beta-Beads sample is shown).
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above). The H-form Beta beads and powder were denoted as H-
Beta-Beads and H-Beta-Pow, respectively.

Zeolite Y powder is generally synthesized without using any kind of
organic SDA (e.g. quaternary ammonium salts). However, the SDA-
free methods described in the literature[68] were not successful in
producing zeolite Y in bead format with a high degree of
crystallinity. Although a series of experiments was performed in
which several synthetic parameters such as temperature, mass ratio
of polymeric beads, aging time and hydrothermal treatment
conditions (e.g. temperature and time) were varied, only amor-
phous or partially crystalline beads possessing high mechanical
strength were produced (see Figure S1). Therefore, a new synthesis
route was developed by using tetramethylammonium hydroxide
(TMAOH, 25 wt% in H2O) as SDA for the micropores with the
purpose of producing zeolite Y beads with higher degree of
crystallinity. In a typical synthesis, 15 g TMAOH aqueous solution,
15 g H2O and 2 g NaOH were mixed and stirred until NaOH was
completely dissolved in the mixture. Then, 1.45 g NaAlO2 was
gradually added to the solution, followed by further stirring for 1 h.
Finally, 3 g of silica gel was added in small portions to the mixture,
which was further stirred for 30 min.[69] Next, Amberlite IRA-900
beads were added to the mixture with the same mass ratio as in
the aforementioned synthesis recipes (20 :1) and this mixture was
transferred to a Teflon bottle. The bottle was tightly closed with a
screw cap and the mixture was aged for 7 days at room temper-
ature under static conditions. Afterwards, hydrothermal treatment
was conducted with a two-step temperature program. First, the
Teflon bottle was placed into an oven at 50 °C for 48 h and then
the temperature was increased to 100 °C with a ramp of 1 °C/min,
and kept for 30 h at this temperature.[69] The following steps of the
synthesis were carried out as for the ZSM-5 beads (see above).
Using this recipe, the final crystallinity of bead-shaped zeolite Y was
significantly increased. The beads and powder of this sample were
labeled as H-Y-Beads and H-Y-Pow, respectively. The best (i. e. most
crystalline) bead sample obtained in the absence of SDA was
labeled as H-Y-Beads-SC, in which SC indicates the semi-crystalline
nature of the beads. The powder sample obtained together with H-
Y-Beads-SC was highly crystalline zeolite Y (labelled as H-Y-powder-
no-SDA, see Figure S1).

Zeolite Beta extrudates were prepared by mixing the lab-made
zeolite Beta powder (H-Beta-Pow) with two types of clay binders
(kaolin or bentonite) using a lab-scale extruder. Various relative
masses of the binders (10, 30 and 50 wt% on the basis of dry mass
ratios) were used. In order to increase the pastiness of the noodles
passing through the extruder chamber, empirical amounts of H2O
were added to the zeolite-clay mixture. These extrudates were
produced using an extruder die with an outer aperture diameter of
0.5 mm. After drying at 100 °C, the extruded noodles were calcined
with the above-mentioned calcination program for ZSM-5 and,
next, were cut into the appropriate length (average length of 1–
2 mm, see Figure S2). The extrudates were labeled as BetamKaon-
Extr and BetamBenn-Extr in which “Kao” and “Ben” are indicating
kaolin and bentonite, respectively. The “m” and “n” suffixes are
referring to the dry mass percentages applied for Beta powder and
binders, respectively.

Catalytic tests

Anisole acylation using catalysts in powder form (H-Beta-Pow, H-
ZSM-5-Pow, H-Y-Pow) was carried out in batch mode using a 48-
well block heating plate under stirring at 800 rpm. Highly crystalline
zeolitic beads (i. e. H-Beta-Beads, H-ZSM-5-Beads and H-Y-Beads) do
not withstand stirring rates higher than 350 rpm using a magnetic
stirring bar (i. e. they turn into powder). The tendency toward
disintegration of the macroscopic structure under this stirring

mode was even more acute for the binder-containing extrudates,
indicating that the latter have lower mechanical strength compared
to our binder-free zeolite beads. To tackle this issue, we used a lab-
made rotating vial instead of employing a stirring bar for the
agitation of the reaction mixtures in the case of beads and
extrudates. In such a set-up, a mechanical stirrer was connected to
the reaction vial, which was then placed in an oil bath for heating
(Figure S3). Using this system, all catalytic beads and extrudates
remained fully intact throughout the catalytic test.

In a typical batch reaction, 50 mmol anisole, 10 mmol acetic
anhydride, 25 mmol mesitylene (internal standard) and 0.25 g
catalyst (in powder, bead or extrudate form) were loaded in a 15 ml
glass vial and the reaction was performed at 90 °C and atmospheric
pressure under vigorous stirring or rotation (800 rpm) for 6 h. To
highlight better the differences in catalytic performance and
lifetime of different catalysts, another set of batch reactions was
conducted with lower catalysts loading, i. e. employing one-eighth
of the previous catalyst mass (i. e. 31 mg), while using half of the
above-mentioned reactant quantities (i. e. 25 mmol anisole, 5 mmol
acetic anhydride, 12.5 mmol mesitylene) and a shorter reaction
time (2.5 h). The main product of this reaction was para-meth-
oxyacetophenone (p-MAP) in all cases. However, traces of ortho-
methoxyacetophenoe, o-MAP with low selectivity (<1%) was
observed in some cases (Scheme 1).

Anisole is not only a reactant but also acts as a solvent in this
liquid-phase reaction and help remove the adsorbed products from
the zeolite surface. This can prevent rapid deactivation and thus
increase the catalyst lifetime. Therefore, in all the catalytic tests an
anisole-to-acetic-anhydride molar ratio of 5:1 was employed. After
each batch-mode reaction using catalysts in powder form, the
catalyst was separated from the mixture by filtration. In contrast,
beads and extrudates immediately and spontaneously settled at
the bottom of the reaction vial after turning off the mechanical
rotation, without any need for further separation steps.

For the reusability tests, H-Beta-Pow and H-Beta-Beads were
selected and examined in 4 consecutive runs in batch reactor
mode. After each run, the collected catalyst from the reaction
mixture was washed with 25 ml acetone and then 25 ml water to
remove the residue of adsorbed products from the catalyst. This
step was repeated three times. Afterwards, the catalyst was dried at
100 °C overnight and calcined at 550 °C (with the aforementioned
temperature ramp). The amount of reaction solution for the second,
third and fourth run was recalculated based on the recovered
amount of catalyst after the calcination step performed for the
removal of carbonaceous adsorbed products.

For continuous-flow tests, a bench-scale fixed-bed reactor was
used. The in-house built set-up consists of a programmable single
syringe pump (NE-1000, Swagelok), stainless steel tubings (length:
45 cm), a stainless steel fixed-bed reactor (length: 24 mm, inner
diameter: 4 mm), two on-off valves, a pressure indicator, a K-type
thermocouple mounted on the reactor wall and an internal
thermocouple inside the catalyst bed (see Figure 13). The syringe
pump was connected to the fixed-bed reactor through the inlet
pipeline equipped with an on-off valve and the reactants were
pumped into the reactor using a downward flow mode. A pressure
indicator was installed before the fixed-bed reactor. All temper-
atures were controlled using a CN616 OMEGA PID temperature
controller and OMEGA SYNC software with an error range of
�0.5 °C. Samples were taken from the bottom of the reactor at
different time intervals via an on-off needle valve. The whole
system was heated using heating tapes connected to the PID
controller to set the bed temperature at 90 °C. In addition, the
feeding lines and all connectors in the direction toward the reactor
were insulated with ceramic fiber blankets located on the top of
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the heating tapes. For preparing the catalytic bed, a mesh was fixed
at the bottom of the reactor and a thin layer of quartz wool was
placed on the top of the mesh. Next, the bed was filled with 0.11 g
of the chosen catalyst and, finally, another thin layer of quartz wool
was placed on the top of the catalytic bed. The filled reactor was
connected to the thermocouple from top and to the sampling valve
from the downside.

Prior to the catalytic reaction and in order to make sure that there
was no leakage in the set-up, the whole system was pressurized to
9 bar with N2, kept overnight at this pressure and next depressur-
ized to ambient pressure by opening the sampling valve at the
bottom of the system. In order to start the reaction, the whole set-
up was gradually heated up to 90 °C. Next, the reaction was
conducted by stepwise feeding the liquid-phase reactants to the
catalytic bed with the same molar ratios like in the batch tests (i. e.
anisole: acetic anhydride: mesitylene: 5 : 1 : 2). At the initial step, the
inlet line was filled at a volumetric flow rate of 1 ml/min using a
60 ml syringe (inner diameter of 28.45 mm) and preheated for
15 min. Following this, the inlet and outlet valves of the reactor
were opened and the catalytic bed was filled at the same flow rate
until the first drop of liquid was observed in the sampling vial.
Thereafter, the flow rate was switched to the desired quantity and
the reaction time was measured from this point as time zero.
Samples were taken at different intervals and analyzed by GC-FID.
Three different Liquid Hourly Space Velocities (LHSV) of 0.5, 1, and
1.5 gfeed ·min

� 1 · gcat.bed
� 1 (where gfeed ·min

� 1=1feed ·mlfeed ·min
� 1, in

which mlfeed ·min
� 1 is the experimental value of the feed flow and

1feed is the estimated density of the feed, 1feed=
P

1ixi in which 1i is
the density of each of the three feed components (i. e. anisole,
acetic anhydride and mesitylene) and xi is the mass fraction of each
feed component) were chosen for the fixed-bed studies.

At the end of the batch-mode reactions and at certain time
intervals for the fixed-bed set-up, the reaction mixture was
analyzed by gas chromatography (Agilent Technologies 7980B GC)
equipped with an Agilent DB-5#6 (5%-phenyl)-methylpolysiloxane
column (15 m length, 320 μm ID) and FID detector. GC calibration
curves for all reactants and products were obtained using 4
different concentrations of the pure chemicals.

The conversion was measured based on acetic anhydride (being
the limiting reactant) using Equation (1) and determined by
sampling and injection into GC at the end of the reactions (e.g.
after 2.5 or 6 h) for batch-mode reactions and by periodic sampling
for fixed-bed tests:

Conv:AAn ¼
AAn0 � AAn

AAn0
� 100% (1)

in which AAn0 is the initial number of moles of acetic anhydride
while AAn is the number of moles of acetic anhydride at the end of
batch-mode reactions and at the chosen sampling times for fixed-
bed tests.

The selectivity toward para-methoxyacetophenone (p-MAP) as the
main product and ortho-methoxyacetophenone (o-MAP) as the by-
product of the acylation reaction were calculated based on
Equation (2) and (3), respectively:

Sp-MAP ¼
pMAP

AAn0 � AAn � 100% (2)

So-MAP ¼
oMAP

AAn0 � AAn � 100% (3)

in which p-MAP and o-MAP are the moles of these two products at
the end of batch-mode reactions and at the chosen sampling times
for the tests in the fixed-bed reactor.

The yield of p-MAP and o-MAP were calculated using Equation (4)
and (5), respectively:

Yp-MAP ¼ Sp-MAP � Conv:AAn (4)

Yo-MAP ¼ So-MAP � Conv:AAn (5)

The carbon balance was calculated based on the sum of the
unreacted amounts of anisole and acetic anhydride at the end of
the reaction, determined by GC-FID, plus the amounts of all
detected products measured by GC-FID (i. e. p-MAP, o-MAP and
acetic acid).

One mole of acetic acid is formed as side-product for each mole of
acetic anhydride used to produce p-MAP or o-MAP through the
acylation reaction (Scheme 1). As a competitive reaction, acetic
anhydride can also hydrolyze into acetic acid, in which case two
moles of acetic acid are obtained from each mole of acetic
anhydride. The selectivity toward the (unwanted) hydrolysis of
acetic anhydride was calculated using Equation 6:

SAAn ðhydrolysisÞ ¼
ðAAc � pMAP � oMAPÞ=2

AAn0 � AAn
� 100% (6)

in which AAc are the moles of acetic acid at the end of batch-mode
reactions and p-MAP, o-MAP, AAn0 and AAn are as defined above.

Selected tests were performed in duplicate, and showed good
reproducibility. In such cases, the average of the conversion and
yields are reported.

Characterization of the catalysts

X-ray diffraction patterns (XRD) were measured on a Bruker D-8
Advance-Spectrometer, with Cu-Kα radiation of λ=1.5418 Å gen-
erated at 40 kV and 40 mA. The 2θ angle data was collected from 5
to 50° with a step size of 0.02° and a scan rate of 1° ·min� 1. Before
analyzing samples using XRD, the zeolite beads were ground into
powder. The hierarchical structure was investigated by scanning
electron microscopy (SEM) using a Philips XL30 ESEM FEG equip-
ment. Prior to SEM and due to the non-conductive nature of

Figure 13. Schematic representation of the fixed-bed reactor set-up used for
the catalytic acylation of anisole.
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zeolites, all beads and powders were coated with gold. Nitrogen
physisorption was measured on a Micromeritics ASAP 2420
apparatus at � 196 °C. The specific surface area was measured using
the Brunauer-Emmet-Teller (BET) model and the mesopores size
distribution was calculated by the Barret-Joyner-Halenda (BJH)
model on the desorption branch of the physisorption curve.
Transmission electron microscopy (TEM) images were taken using a
CM12 (Philips) electron microscope working at 120 keV. Prior to
TEM analysis, the beads were gently ground into powders. TEM
samples were prepared by suspension of different powder samples
in ethanol by sonication for 40 min. Next, one drop of the prepared
suspension was placed on a TEM 400 mesh copper grid with a
carbon coating. Elemental analysis was performed by X-ray
fluorescence (XRF) using a PANalytical Epsilon 3XLE instrument. In a
typical analysis, 100 mg of a zeolite sample was measured in a
plastic cup equipped with a mylar film. The amount of each
element was calculated assuming that the elements are in their
oxide forms. The hydrophilicity of selected samples was estimated
by thermogravimetric analysis (TGA) on a Perkin Elmer TGA 4000
instrument under N2 atmosphere using a heating rate of
10 °C ·min� 1. The zeolite samples were previously saturated to their
maximum water capacity through water adsorption overnight in a
desiccator containing a saturated aqueous solution of NH4Cl. The
number of water molecules (nH2 O) adsorbed per nm

2 of surface area
of zeolite was calculated from the mass loss between 25 and 300 °C
using the following equation: nH2 O=

Dm
mi
�

NA
ABETMH2O

, where Δm is the
mass loss per gram of zeolite between 25 and 300 °C (i. e. the
temperature at which all TGA plots had reached a plateau, see
Figure S4); mi is the initial mass of the sample at 25 °C (in grams).
NA is the Avogadro constant (6.022 �10

23 mol� 1). ABET is the specific
surface area of the sample (in nm2 ·g� 1); MH2 O is the molar mass of
water (18.0153 g ·mol� 1). In addition, selected used catalysts were
analyzed by TGA under air atmosphere (heating rate: 10 °C ·min� 1)
to quantify the deposition of carbonaceous species. The Si/Al molar
ratio and Al coordination in different zeolitic frameworks were
measured by solid-state NMR (nuclear magnetic resonance) spec-
troscopy. All measurements were carried out on a Bruker Biospin
Avance Neo NMR spectrometer equipped with a 14.1 T magnet and
a 4 mm broadband magic angle spinning (MAS) probe. The
corresponding Larmor frequency for 27Al and 29Si was 156.375 and
119.229 MHz, respectively. All measurements were conducted in
4 mm zirconia rotors (Bruker Biospin) at a spinning rate of 12.5 kHz
and 293 K temperature. 27Al single pulse experiments were done
with a 2 μsec pulse length, 2 sec repetition delay, 5120 scans. 29Si
single pulse experiments were done with a 90° pulse corresponding
to nutation frequency 42.5 kHz and in the case of zeolite Y samples
62.5 kHz, 256 sec repetition delay, and 256 scans. Spectra were
measured using the Bruker Topspin program and peak deconvolu-
tion was performed using the DMFit program.[70] The Si/Al molar
ratio was calculated using the following equation:

Si
Al ¼

400
P4

n¼0 nISi nAlð Þ

,½43�

where I is the relative integrated signal intensity of various Si(nAl)
units [e.g. Si(0Al), Si(1Al), Si(2Al), Si(3Al) and Si(4Al)], with n being
the number of adjacent Al nuclei.[43] The Brønsted and Lewis acid
amounts were measured by pyridine adsorption monitored by FT-
IR using a Bruker Vertex 70 spectrophotometer equipped with a
liquid nitrogen-cooled mercury-cadmium-telluride (LN-MCT) detec-
tor operating at 4 cm� 1 resolution. Thin self-supporting discs were
prepared by pressing approximately 30 mg of each sample (disc
diameter ~1 cm) and next outgassed under vacuum at 200 °C for
1 h before pyridine adsorption. The spectra of chemisorbed
pyridine desorption were recorded at 150, 350 and 450° C for
30 min with a heating rate of 4 °C/min.
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