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a b s t r a c t
We investigated the effects of mesopore generation in a MFI zeolite when used as a catalyst in liquid-phase
Friedel–Crafts acylation reactions of bulky aromatic compounds. For this investigation, we obtained an
MFI zeolite with nanosponge morphology, following a seed-assisted hydrothermal synthesis route using
C22 H45 –N+ (CH3 )2 –C6 H12 –N+ (CH3 )2 –C6 H13 . The zeolite nanosponge exhibited a narrow distribution of
mesopore diameters centered at 4 nm, in which the mesopores were built with a disordered network
of 2.5-nm thick MFI zeolite layers. This zeolite exhibited high catalytic performance in various acylation
reactions, compared with bulk MFI zeolites, beta zeolite and mesoporous materials composed of amorphous aluminosilicates. The high catalytic performance corresponded to the strong Brönsted acid sites
existing on the mesopore walls.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Friedel–Crafts (FC) acylation is an electrophilic substitution of
hydrogen in aromatic compounds by acyl groups in acyl chlorides or acid anhydrides (Scheme 1). FC acylation is important
for the synthesis of aromatic ketones that are highly demanding
as intermediates in various chemical processes to produce fragrances and pharmaceutical products [1]. In FC acylation, Lewis
acids (e.g., AlCl3 , ZnCl3 and SnCl4 ) or strong protic acids (e.g., H2 SO4 )
are conventionally used as catalysts in a homogeneous state with
reaction media [2,3]. In recent years, there were many attempts
to replace these homogeneous catalysts with heterogeneous catalysts such as mesoporous aluminosilicates, zeolites, and other
nanoporous solids possessing Lewis or Brönsted acid sites [4–7].
Among the heterogeneous catalysts, zeolites have attracted considerable attention due to the advantages of high concentrations of
strong Lewis and Brönsted acid sites, shape selectivity, high stability and easy regenerability [3,4,8]. However, the small micropores
of the zeolite catalysts often cause diffusion limitations or inaccessibility of bulky aromatic reactants. Hence, zeolite beta and Y are
typically chosen in the reactions. However, even these 12-MR pore
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zeolites still have limitations [4,9]. In order to resolve this problem, mesoporous aluminosilicates (typically, Al-MCM-41) were
used as catalysts for acylation. The mesopores are large enough for
almost all target molecules for FC acylation. However, Al-MCM-41
exhibited much lower catalytic performance in most cases than
zeolite beta and Y, which is due to weak acidity of the Al sites
located in amorphous frameworks [5,10]. Therefore, mesoporous
materials composed of crystalline zeolitic frameworks have been
thought to be desirable for FC acylation. There have been reports on
assembling zeolite nanocrystals into mesoporous structures using
organic surfactants, but the catalytic activity was not dramatically
improved [11,12].
In 2009, Ryoo and coworkers discovered a hydrothermal synthesis route to mesostructured zeolites of ultrathin (<5 nm) framework
thicknesses, using surfactants that could serve as a dual structuredirecting agent in the micro and meso length scales [13,14].
For example, MFI zeolite nanosheets of 2.5-nm thickness were
synthesized using C22 H45 –N+ (CH3 )2 –C6 H12 –N+ (CH3 )2 –C6 H13 . The
MFI zeolite nanosheets could be arranged into a multi-lamellar
mesostructure or a disordered assembly possessing mesopores in
the void space between nanosheets. Recently, the hydrothermal
synthesis could be proceeded rapidly by the addition of bulk MFI
zeolite as seeds [15]. Furthermore, when the synthesis was seeded,
the nanosheets became self-bridged in a way to retain mesopores
with uniform diameters (∼4 nm). Such a mesoporous MFI zeolite
synthesized via a surfactant-directed method exhibited high catalytic activity and longevity in the liquid-phase FC alkylation of
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Scheme 1. Acylation of an aromatic compound with an anhydride-type acylating agent over the zeolite catalyst.

benzene with benzyl alcohol and annulation of phenol with 2methyl-3-buten-2-ol [16,17]. This result indicated that the MFI
zeolite nanosheets contained a large amount of strong Brönsted
acid sites at the external surfaces. On this ground, we investigated possibilities of the mesoporous MFI zeolite nanosponge as
a catalyst in FC acylation of bulky aromatic compounds, similar
to the case of FC alkylation. We performed the FC acylation of
anisole, methoxynaphthalene, naphthalene and dimethylbenzene
with acetic anhydride. The FC acylation was also changed to benzoic anhydride, butanoic anhydride and hexanoic anhydride. These
results were discussed in comparison to the catalytic performance
of bulk MFI zeolite, bulk beta zeolite and Al-MCM-41.
2. Experimental
2.1. Material synthesis
MFI zeolite nanosponge was synthesized following the seedassisted hydrothermal method using [C22 H45 –N+ (CH3 )2 –C6 H12 –
N+ (CH3 )2 –C6 H13 (Br− )2 ] as a dual structure-directing surfactant,
as described elsewhere [15]. In brief, water glass (SiO2 = 29 wt%,
Si/Na = 1.75, Shinheung Chemical) was added dropwise into a NaOH
solution containing both an alumina source [Al2 (SO4 )3 ·18H2 O,
98%, Sigma–Aldrich] and the surfactant. The mixture was stirred
at 333 K for 2 h. The pH of this mixture was adjusted to
10 using 1-M sulfuric acid. Subsequently, a small amount
(5 wt% of the total silica) of bulk MFI zeolite powder was
added. The ﬁnal synthesis gel mixture with gel composition
of 100SiO2 /1Al2 O3 /7.5C22-6-6 /30Na2 O/21H2 SO4 /5000H2 O was further stirred at 333 K for 2 h. The resultant gel was heated in a
Teﬂon-lined autoclave at 413 K for 2 days, for zeolite crystallization. The bulk crystalline MFI and beta zeolite samples were also
hydrothermally synthesized in autoclaves, using tetrapropylammonium hydroxide (TPAOH) and tetraethylammonium hydroxide
(TEAOH), respectively. The details of the synthesis are described
elsewhere [16]. The mesoporous Al-MCM-41 sample was synthesized following a method in the literature [18]. All the synthesized
samples were ﬁltered, washed with distilled water, dried at 373 K,
and calcined under an air ﬂow at 823 K. The samples were then
ion-exchanged with NH4 + , and calcined again to convert to the H+
form, following the procedure in the literature [16].

(concentration, strength, and locations) were analyzed using 31 P
NMR after adsorbing phosphine oxides as probe molecules [19,20].
Trimethylphosphine oxide was used to detect total Brönsted acid
sites existing in the entire range of the zeolite crystals. Tributylphosphine oxide was used to measure the Brönsted acid sites
located on external surfaces of the MFI zeolite. In the case of beta
zeolite, triphenylphosphine oxide was used for the detection of
external acid sites. The strength of the Brönsted acid sites could be
determined by the chemical shifts of the peaks of the NMR spectra.
2.3. Catalytic reactions
FC acylation was measured in the liquid phase using a Pyrex
batch reactor. Prior to a reaction measurement, 50 mg of the H+
form of a catalyst sample was dehydrated in the reactor, under
vacuum at 573 K for 3 h. After cooling the reactor to room temperature, a solution containing aromatic reagent, acylating agent and
solvent (4 ml of nitrobenzene) was added to the reactor containing the catalyst sample, in a glove box to minimize the moisture
content. The amounts of the aromatic reagent and the acylating
agent are given in Table 2. The reactor was plugged with a septum cap and heated quickly (<3 min) to the reaction temperature
(Table 2). Small aliquots (0.1 ml) were sampled from the reactor at
various reaction times. The samples were rapidly cooled to room
temperature, and ﬁltered to remove the acylation catalyst using a
syringe ﬁlter (0.2 m PVDF, Whatman). The liquid portion was analyzed on a gas chromatograph (GC, Younglin, Acme-6000), which
was equipped with a ﬂame ionization detector and a HP-1column
(Agilent, 30 m long, 0.32 mm ID, and 1 m thick coating).
2.4. Deactivation study
Recyclability of the catalyst was investigated in the case of 1methoxynaphthalene acylation with acetic anhydride. After 20 h of
reaction, the catalyst was ﬁltered and dried for 6 h at 353 K. The
dried catalyst was washed three times with a benzene–ethanol
solution. The solution was then analyzed with a GC-mass analyzer (Agilent 7890A GC coupled with 5975C inert MSD), to identify
the organic species that existed in the used catalyst. In addition,
the dry catalyst sample before washing was analyzed thermogravimetrically (TGA, Q50, TA instruments) to determine the total
organic content.

2.2. Characterization
3. Results and discussion
Si/Al molar ratios in H+ -exchanged samples were determined
by an elemental analysis using inductively-coupled plasma atomic
emission spectroscopy (OPTIMA 4300 DV, Perkin Elmer). The samples were characterized by X-ray powder diffraction, scanning
electron microscopy, transmission electron microscopy and nitrogen sorption at 77 K [16]. In detail, powder X-ray diffraction (XRD)
patterns were measured with a Rigaku SmartLab diffractometer
equipped with Cu K␣ radiation (40 kV, 30 mA). SEM images were
taken with a VeriosTM 460L (FEI Company) microscope operating at 1 kV (decelerating voltage: 3.0 kV) without a metal coating.
TEM images were obtained using an aberration-corrected TitanTM
ETEM G2 (FEI Company) at an operating voltage of 300 kV. The
nitrogen sorption isotherms were measured using a volumetric
Micromeritics ASAP-2020 instrument. Brönsted acidic properties

Characterization data on the structure and acid properties are
presented in Table 1, Figs. 1 and S1. As the results show, the zeolite nanosponge had a mesoporous texture, which was composed
of highly crystalline MFI zeolite layers of 2.5-nm thickness. The
zeolite layers were somewhat aligned with preferred orientations
more or less parallel to the ac plane of the MFI crystal structure.
The layers were self-connected through pillars about 4 nm high.
No amorphous silicate particles, bulk MFI zeolite particles or other
zeolite-type impurities were detected in the zeolite sample by SEM,
TEM and XRD. This MFI nanosponge possessed a large volume
(0.5 cm3 g−1 ) of mesopores with a narrow distribution of diameters centered at 4 nm. Due to the highly mesoporous texture, the
MFI zeolite exhibited a very high speciﬁc area of external surfaces
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Table 1
Physicochemical properties of the MFI nanosponge, bulk MFI, bulk beta and Al-MCM-41.
Catalyst

Si/Ala

SBET b (m2 g−1 )

Sext c (m2 g−1 )

Vtot d (cm3 g−1 )

BAtot e (mol g−1 )

BAext f (mol g−1 )

MFI nanosponge
Bulk MFI
Bulk beta
Al-MCM-41

46
50
48
46

640
320
430
1050

460
60
70
930

0.55
0.19
0.24
0.65

167
185
175
160

47 (11)g
7 (1)
6 (1)
160 (0)

a
b
c
d
e
f
g

Si/Al mole ratio obtained from inductively-coupled plasma atomic emission spectroscopy analysis.
SBET is the BET surface area obtained from N2 adsorption in relative pressure range (P/P0 ) of 0.05–0.20.
Sext is the external surface area evaluated from the t-plot method.
Vtot is the total pore volume obtained at P/P0 = 0.95.
BAint is the concentration of total Brönsted acid sites.
BAext is the concentration of external Brönsted acid sites.
The values in parenthesis indicate the concentration of the strong Brönsted acid sites.

(460 m2 g−1 ). The mesoporosity of the zeolite nanosponge was
comparable to that of the Al-MCM-41 sample which was considered in this work (mesopore volume of Al-MCM-41 = 0.6 cm3 g−1 ,
distribution of pore diameters centered at 4.1 nm). In contrast to the
MFI nanosponge, the MFI zeolite sample synthesized with TPAOH
exhibited bulk crystal morphologies (Fig. 1b). The beta zeolite (synthesized with TEAOH) exhibited similarly crystal morphologies
(Fig. 1c). Both zeolites with bulk crystal morphologies had very
small external surface areas (Sext = 60 m2 g−1 for MFI, 70 m2 g−1 for
beta), compared with the MFI nanosponge. All the synthesized zeolite samples and Al-MCM-41 samples had very similar Si/Al ratios
(46–50 in Table 1). Despite the similar Si/Al ratios, these samples
exhibited remarkable differences in the Brönsted acidic properties.
The MFI nanosponge possessed a very large amount (53 mol g−1 )
of Brönsted acid sites at external surfaces. This was in big

contrast to the bulk MFI (7 mol g−1 ) and beta zeolites
(6 mol g−1 ). Among the external Brönsted acid sites in the MFI
nanosponge, a 23% portion could be assigned to strong acid by the
31 P NMR analysis.
The FC acylation results are presented in Fig. 2, Table 2, and
also Figs. S2 and S3. Among the results, the catalytic conversion of
1-methoxynaphthalene (‘1-MN’ for brevity) is plotted with reaction times in Fig. 2a. The product selectivity is shown in Fig. S2. The
result indicates that the 1-MN conversion over the MFI nanosponge
increased very rapidly to 40% within 1 h of the initial reaction
period. Afterward, the catalytic conversion increased slowly, reaching a limit of 70% at about 14 h. The value of 70% was equivalent to
14 mmol of 1-MN per g MFI zeolite. The product at this level of conversion was almost exclusively 1-acetyl-4-methoxynaphthalene
(98% selectivity). The high para selectivity is attributed to the steric

Fig. 1. Representative SEM images of MFI nanosponge (a), bulk MFI (b), bulk beta (c), and Al-MCM-41 (d). TEM image of the MFI nanosponge was also included in the inset
of (a).
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Fig. 2. Conversion of 1-MN (a) and anisole (b) plotted as a function of reaction time:
MFI nanosponge (䊉), bulk beta (), bulk MFI () and Al-MCM-41 (). (Reaction
condition for 1-MN acylation: 1 mmol of 1-MN, 2 mmol of acetic anhydride, 4 ml
of nitrobenzene, 50 mg of catalyst, 393 K, and reaction condition for anisole acylation: 4 mmol of anisole, 8 mmol of acetic anhydride, 4 ml of nitrobenzene, 50 mg of
catalyst, 393 K).

hindrance of the acylating group with the existing methoxy group
in 1-MN. On the other hand, the acylation of 1-MN using the AlMCM-41 catalyst proceeded very slowly. The conversion at 1 h was
only 2%, which was 40 times lower than the 1-MN conversion
achieved by MFI nanosponge during the same period. Even at 40 h,
the 1-MN conversion over Al-MCM-41 did not increase beyond the
level of 10%. When the bulk MFI and beta zeolites were tested as
catalysts, the 1-MN conversion was even worse than the result

with Al-MCM-41. To summarize, the 1-MN acylation performance
decreased in the order of MFI nanosponge  Al-MCM-41  bulk
beta > bulk MFI (Fig. 2a).
The low catalytic performance of the bulk MFI zeolite shown
in Fig. 2a is in good agreement with a previous result reported by
Yadav and Krishnan [21]. This low catalytic performance of the bulk
MFI zeolite sample for 1-MN acylation is attributed to a diffusion
limitation into the zeolitic micropores, where the pore structure is
composed of two types of intersecting microporous channels. The
micropore apertures are 10-membered oxygen rings (10-MR) with
cross-sections of 0.53 × 0.56 nm and 0.51 × 0.55 nm, respectively.
These pores are too narrow for the diffusion of 1-MN (molecular diameter = 0.56 × 0.77 nm), and therefore, it may be assumed
that the reaction would not easily occur inside the micropores.
The acylation reaction could occur at external surfaces. However,
the external surface area of the bulk MFI zeolite (Sext = 60 m2 g−1 )
was so small that the external reaction could be disregarded. On
the other hand, the MFI nanosponge possessed very high external
surfaces (460 m2 g−1 ) and a high concentration of strong Brönsted
acid sites (53 mol g−1 ). When the strong Brönsted acid sites of the
MFI nanosponge were neutralized by ion exchange of H+ into Na+
using an aqueous solution of NaCl, the resultant MFI nanosponge
completely lost its catalytic ability for the FC acylation. The high
catalytic performance of the nanosponge hence could be attributed
to the external Brönsted acid sites. In the case of the mesoporous
Al-MCM-41 sample, the accessible surface area to 1-MN was also
high. However, due to the amorphous nature of the aluminosilicate frameworks, the Brönsted acidity was not high enough to
catalyze the acylation reaction rapidly (see Table 1 for Brönsted
acid properties) [5].
The catalytic conversion of anisole is plotted with reaction times
in Fig. 2b. The reaction condition was the same as for the 1-MN

Table 2
Conversion of substrate in the FC acylation over the MFI nanosponge and bulk beta catalysts at 20 h of reaction time.a
Entry

Substrate

Acylating agent

Temperature (K)

Substrate conversion (mmol gcat −1 )
MFI nanosponge

Bulk beta

1

393

14

n.d.c

2b

393

62

20

3

413

10

n.d.

4

413

6

n.d.

5

423

17

n.d.

6

433

2

n.d.

7

403

11

n.d.

a
b
c

Reaction condition: 1 mmol of aromatic compound, 2 mmol of acylating agent, 4 ml of nitrobenzene, 50 mg of the catalyst.
Reaction condition: 4 mmol of anisole, 8 mmol of acetic anhydride, 4 ml of nitrobenzene, 50 mg of the catalyst.
Not detected.
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Table 3
Recyclability test of MFI nanosponge in the FC acylation of anisole with acetic
anhydride.a
Cycle

Conversion (%)

Selectivity (%)

1
2
3
4
5

62.5
62.4
61.8
61.3
60.9

98.0
98.0
98.0
98.0
98.0

a
Reaction condition: 4 mmol of anisole, 8 mmol of acetic anhydride, 4 ml of
nitrobenzene, 50 mg of catalyst, 393 K.

acylation, except for the substitution of 1-MN with anisole. The
result shown in Fig. 2b is also very similar to the result for 1-MN in
Fig. 2a. The only notable difference is that the reactant conversion
was somewhat increased in the case of beta zeolite. The difference
with beta zeolite can be explained by catalytic reactions occurring
within micropores (12-MR aperture, 0.64 × 0.76 nm) of the zeolite
structure, whereas the anisole (molecular diameter = 0.63 nm)
diffusion is possible [22]. So far, beta zeolite was known as the
most effective heterogeneous catalyst for FC acylation among
zeolites, due to the 12-MR pores equipped with strong Brönsted
acid sites. Fig. 2b shows that the MFI zeolite nanosponge gave
more than a twofold higher product yield, even compared with
beta zeolite. The catalytic conversion was accurately analyzed
during an early reaction period before 1 h (Fig. S3). During this
period, the anisole conversion was still sufﬁciently low (<15%) so
that the conversion could be assumed to increase linearly with
respect to the reaction time. The initial catalytic activity could
therefore be evaluated from the slope of the linear plot, excluding
the inﬂuence of deactivation. This investigation conﬁrmed that the
−1
MFI nanosponge exhibited higher initial activity (20 mmol g−1
cat h )

−1
than the bulk beta zeolite (12 mmol g−1
cat h ). The high catalytic
performance of the MFI zeolite sponge could be explained by the
high concentration of strong Brönsted acid sites at the external
surfaces, similar to the case of 1-MN acylation. The beta zeolite
also had a high concentration of strong Brönsted acid sites, but
most of the acid sites were located within micropores. The reaction
therefore would be impeded by a diffusion limitation. The product
selectivity of all the investigated catalyst samples was always very
high to p-acetylanisole (∼98%, Fig. S2), regardless of whether the
reaction occurred inside micropores or on the external surfaces.
Table 2 summarizes the catalytic conversions attained by the
MFI zeolite nanosponge for 20 h in various FC alkylation reactions.
The catalytic test results include the aforementioned acetylations
of 1-MN and anisole (Entries 1 and 2, respectively). The conversion in each reaction is compared between the MFI nanosponge
and the bulk beta zeolite. The comparison indicates that the MFI
zeolite nanosponge was a superior catalyst in all the FC acylation
reactions of anisole using butanoic anhydride (Entry 3), hexanoic
anhydride (Entry 4) and benzoic anhydride (Entry 5), as well as
acetyl anhydride. In all cases, the MFI nanosponge yielded much
higher conversions than bulk beta zeolite. It is noteworthy that
the MFI nanosponge exhibited considerably high catalytic activities
for the FC acylations of naphthalene (Entry 6) and dimethylbenzene (Entry 7). These aromatic compounds were not functionalized
with an acylation-promoting group such as –OCH3 . The aromatic
compounds without an acylation-promoting group can be acylated
if the Brönsted acids are sufﬁciently strong [23]. The high catalytic activity of the MFI nanosponge in the acylation reactions of
naphthalene and dimethylbenzene indicates that large amount of
Brönsted acid sites at the external surfaces are sufﬁciently strong
to catalyze the acylation reactions. Beta zeolite does not readily
catalyze FC acylation of such compounds.
As shown above, the MFI nanosponge exhibited much better
catalytic performance in FC acylation of various compounds than
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bulk MFI zeolite, bulk beta zeolite and mesoporous Al-MCM-41.
However, in every test, the catalytic conversion stopped increasing after a certain level was reached, even when the reaction time
was increased beyond 20 h. This phenomenon was very similar to
the catalytic deactivation reported in a recent work on FC alkylation [16]. The deactivation of the alkylation catalyst was attributed
to the adsorption of the reaction products on the mesopore walls
in zeolite catalysts. The adsorbed species were believed to interrupt subsequent access of other reactant molecules to the catalytic
sites [22]. We therefore analyzed the organic content of the MFI
nanosponge using TGA and GC–mass spectroscopy after anisole
acylation for 20 h. The result of this analysis indicated that 0.04 g
p-acetylanisole per g catalyst existed in the MFI nanosponge. This
p-acetylanisole could easily be removed through washing with a
benzene–ethanol mixture. After the washing treatment, the zeolite
nanosponge regained the initial catalytic activity almost completely (Table 3). Moreover, the nanosponge catalyst still exhibited
97% of its pristine activity even after repeating ﬁve cycles of the
reaction–regeneration process. In contrast, the bulk zeolite beta
lost 85% of its pristine catalytic activity after ﬁve cycles (Table S1).
This dramatic difference in recyclability could be explained by the
difference in the locations of the reaction sites between the two
different zeolite samples. In the case of the MFI nanosponge, we
believe that the major catalytic sites existing on the mesopore walls
could easily be regenerated by solvent washing processes. On the
other hand, in the zeolite beta, most of the catalytic sites could
be located inside the zeolitic micropores. It is therefore reasonable
that the adsorption of the product molecules would be strong in the
micropores, due to pore-ﬁlling phenomena in the narrow micropores. The strong adsorption could make it difﬁcult to remove the
adsorbed products through the solvent washing process.
4. Conclusion
So far, among zeolites, zeolite beta was known as the most
efﬁcient catalyst for the Friedel–Crafts acylation of aromatic compounds due to its 12-MR micropores with strong Brönsted acid
sites. Conventional bulk MFI zeolites were not suitable as a FC
acylation catalyst, whereas the 10-MR micropores were too small
for the diffusion of bulky aromatic reactants. However, the situation is dramatically changed when the MFI zeolite is synthesized
to have a nanosponge morphology. The large area of the external
surfaces in such zeolite nanosponge is equipped with a number
of strong Brönsted acid sites. The external acid sites can be excellent catalytic active centers for the FC acylation of bulky aromatic
compounds. Hence, the MFI nanosponge can exhibit much better
catalytic performance in FC acylation than beta zeolite. The significance of external surfaces may be extended to other zeolites with
hierarchically porous morphologies.
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