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a  b  s  t  r  a  c  t

Catalytic  behavior  of metal–organic-frameworks  (MOFs)  Cu3(BTC)2, MIL-100(Fe)  and  MIL-100(Cr)  was
investigated  in p-xylene  acylation  with  benzoyl  chloride  and  compared  with  the  behavior  of  large  pore
zeolites  Beta  and  USY.  It has been  clearly  shown  that  MIL-100(Fe)  exhibit  much  higher  conversion  of
benzoyl  chloride  with  excellent  selectivity  in  p-xylene  acylation.  The  performance  of MIL-100(Fe)  cata-
lyst was  favorable  with  those  of other  conventional  heterogeneous  catalysts  like zeolites.  Conversion  of
benzoyl  chloride  equal  to 100% was  achieved  over  MIL-100(Fe)  with  20–30  min  under  optimized  reac-
eywords:
cylation
-Xylene
enzoyl chloride
eolites
etal–organic-frameworks

tion  conditions.  It is  assumed  that  unsaturated  Lewis  acid  sites  associated  with  the  presence  of Fe exhibit
optimum  acid  strength  for catalyzing  this  acylation  reaction.

© 2011 Elsevier B.V. All rights reserved.
IL-100(Fe)

. Introduction

Alkyl–aryl and aryl–aryl ketones represent important groups
f organic compounds with a broad range of applications as
ntermediates or final products in pharmaceutical or perfume
ndustry. The formation of these ketones is mainly performed
sing Friedel–Crafts acylations of aromatic compounds. However,
raditional homogeneous Friedel–Crafts catalysts like AlCl3, BF3
nd H2SO4 involve serious problems with separation and recov-
ry, disposal of spent catalyst, corrosion, and high toxicity. The
isadvantages of homogeneous catalysts can be overcome using
eterogeneous catalysts like zeolites including two-dimensional
nes, metal–organic-frameworks or mesoporous molecular sieves
1–4]. Recently, different structural types of molecular sieves have
een evidenced to catalyze acylations of aromatic compounds, for
xample, anisole [5] veratrole [6],  2-methoxynaphthalene [7],  fer-
ocene [8] or naphthalene [9].  The success of zeolites for acylation
eactions was evidenced by Rhodia company in a commercial appli-
ation of zeolites Beta and Y for acylation of anisole and veratrole
ith acetic anhydride [6]. Numerous papers published on acyla-
ion ability of zeolites resulted in a better understanding of their
ey chemical and textural parameters including tuned acidity, con-
rolled site density, high thermal and hydrothermal stability, and

∗ Corresponding author.
E-mail address: Jiri.cejka@jh-inst.cas.cz (J. Čejka).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.08.001
shape selectivity towards reactants, products, and restricted tran-
sition states [10]. While zeolites are well-established and mature
catalysts for fine chemical synthesis with still limited pore sizes to
about 1 nm,  mesoporous molecular sieves show some potential,
and metal–organic-frameworks represent novel type of materi-
als with not yet completely understood properties and recognized
potential, particularly in catalysis [11].

Metal–organic-frameworks (MOFs) are hybrid organic–
inorganic molecular sieves with tremendous opportunities to
tailor their pore sizes, their shapes as well as dimensionality
[12,13]. In addition, chemical environment can be finely con-
trolled by combining appropriate building blocks, including metal
species (metals, oxide, etc.) with organic linkers. Porous copper
trimesate, Cu3(BTC)2 (known as HKUST-1, BTC = benzene-1,3,5-
tricarboxylate) [14], is a rigid MOF  with a zeolite-like structure
and free coordination sites on the Cu2+ ion. It consists of main
channels of a square cross-section of ca. 0.9 nm diameter and
tetrahedral side pockets of ca. 0.5 nm, which are connected to the
main channels by triangular windows of ca. 0.35 nm diameter.
MIL-100(Fe) [15] and MIL-100(Cr) [16] are the isomorphous cubic
metal(III) trimesates with giant pores. The crystalline iron(III)
trimesate MIL-100(Fe) is commonly built up from oxo-centered
trimers of iron(III) octahedra (three iron(III) octahedra sharing a

common vertex of �3-O) with terminal ligands (F/OH, H2O). In
the as-synthesized form, in the terminal position of the octahedra
of the iron trimer there are two  H2O molecules and, depend-
ing on the synthesis conditions, either F− or OH− anions. Their

dx.doi.org/10.1016/j.cattod.2011.08.001
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:Jiri.cejka@jh-inst.cas.cz
dx.doi.org/10.1016/j.cattod.2011.08.001
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Scheme 1. (a) Schematic view of one unit cell of MIL-100(Fe) and

inkages to the rigid trimesate (1,3,5-benzenetricarboxylate) ligand
enerate microporous super-tetrahedral units. The structure has

 cubic array of very large pores (2.5–2.9 nm)  accessible through
icroporous windows (0.47–0.86 nm)  with a large BET surface

rea (>2000 m2 g−1). The structure of MIL-100(Fe), the most active
OF catalysts in this study, is provided schematically in Scheme 1.
It is expected that MOFs can be efficient catalysts particularly

n liquid phase reactions being performed at temperatures up to
50 ◦C as their thermal stability under reaction conditions is usually

imited. Many examples of reactions catalyzed by MOFs have been
ecently reported in the literature [11] including acylations [15],
yanosilylations [17], oxidations [18,19],  condensations [20,21],
tc. Mostly, different MOF  catalysts exhibit high conversions and
electivities, however, without reporting on the comparison with
onventional heterogeneous catalysts.

This contribution focuses on the acylation of p-xylene with ben-
oyl chloride over MOFs (MIL-100(Fe), MIL-100(Cr), and Cu3(BTC)2)
nd on the comparison of their behavior with large pore zeolites
eta and USY. The effects of the type of acid site, activation proce-
ure, reaction conditions and molar ratio between acylating agent
nd substrate on the course of the reaction were investigated.

. Experimental

.1. Chemicals

p-Xylene and benzoyl chloride (Sigma–Aldrich) were used with-
ut any treatment.

.2. Catalysts

Zeolites Beta and USY with different Si/Al ratio were inves-
igated as catalysts (for their provenience and properties, see
able 1).

Cu3(BTC)2 was synthesized by microwave method using a solu-

ion of copper sulfate trihydrate (Cu(SO4)2·3H2O), BTC and ethylene
lycol as solvent similarly as described elsewhere [22]. MIL-100(Fe)
as prepared from hydrothermal reaction of BTC with metallic iron,
F, nitric acid and H2O at 150 ◦C for 8 h, as reported elsewhere

able 1
haracteristics of MOFs and zeolites used in this study.

Catalyst Origin Channel structure 

Beta Zeolyst 3D 

USY Zeolyst 3D 

Cu3(BTC)2 3D 

MIL-100(Fe) MTNa 3D 

MIL-100(Cr) MTN 3D 

a Zeolite structural code.
o types of mesoporous cages in polyhedral mode of MIL-100 (Fe).

[23]. MIL-100(Cr) was hydrothermally synthesized at 220 ◦C for 8 h
according to the previous method [15].

2.3. Characterization

For zeolites Beta and USY, the concentration and type of
acid sites were determined by adsorption of d3-acetonitrile as
probe molecule followed by FTIR spectroscopy (Nicolet Protégé
460) using the self-supported wafer technique. The concentra-
tions of Lewis and Brønsted acid sites in the samples were
calculated with the extinction coefficients (for d3-acetonitrile
ε(B) = 2.05 ± 0.1 cm �mol−1, ε(L) = 3.6 ± 0.2 cm �mol−1, pyridine
ε(B) = 1.67 ± 0.1 cm �mol−1, ε(L) = 2.22 ± 0.1 cm �mol−1) [24].

Determination of the concentrations of Lewis acid sites in MOFs
under study is much more complex problem. Pyridine was used for
this purpose and it looks that the average value for MIL-100(Fe)
is approx. 2.0 mmol/g after activation around 180–200 ◦C in vacuo
[25]. The adsorption and localization of water in MOF  materials is
currently under detailed experimental and theoretical investiga-
tions (e.g. [26]). A detailed study is currently in progress.

The shape and size of zeolite crystallites were determined
by scanning electron microscopy (Jeol, JSM-5500LV). The crys-
tallinity of zeolites was  determined by X-ray powder diffraction
with Bruker D8 X-ray powder diffractometer equipped with a
graphite monochromator and position-sensitive detector using Cu
K� radiation in the Bragg–Brentano geometry. Textural proper-
ties of zeolites and studied were determined with a Micromeritics
ASAP 2020 volumetric instrument at −196 ◦C. The activation of
these materials was  carried out at 150 ◦C for and 300 ◦C for zeo-
lites while for other details, see Ref. [27]. In the case of MOF
catalysts, X-ray powder diffraction patterns of all the samples
were recorded by a Rigaku diffractometer (D/MAX IIIB, 2 kW)
using Ni-filtered Cu K�-radiation (40 kV, 30 mA,  � = 1.5406 Å) and
a graphite crystal monochromator. BET specific surface areas
of catalysts were measured by N2 physisorption isotherms at

−196 ◦C using a sorption analyzer (Micromeritics, Tristar 3000)
and standard multipoint BET analysis method. Samples were
degassed in flowing N2 for 5 h at 150 ◦C before N2 physisorption
measurements. The specific surface areas were evaluated using

Channel diameter
(nm)

Surface area
(m2 g−1)

Si/Al ratio

0.64 × 0.76
0.56 × 0.56

674
642

12.5
37.5

0.74 769
774

15
40

0.35, 0.50, 0.90 1720 n.a.
0.47 × 0.55, 0.86 2050 n.a.
0.47 × 0.55, 0.86 1980 n.a.
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Fig. 3 provides the time-on-stream dependence of benzoyl
chloride conversion over different zeolites and metal–organic-
framework catalysts. While only slight differences were observed
for zeolites Beta and USY, MOF  catalysts exhibited very
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he Brunauer–Emmett–Teller (BET) method in the p/p0 range of
.05–0.2.

.4. Catalytic test

Acylation of p-xylene with benzoyl chloride was  investigated in
 liquid phase under atmospheric pressure at the reaction tem-
eratures between 80 and 130 ◦C in a multi-experimental work
tation StarFish (Redleys Discovery Technologies, UK). The reac-
ions were performed in a 50 ml  round bottom flask equipped
ith a condenser. In a typical experiment, 97 mmol  of p-xylene,

6 mmol  of benzoyl chloride, 0.5 g of dodecane (internal standard)
nd 0.2 g of catalyst were used. The zeolite catalysts were activated
y heating at 450 ◦C for 90 min  with a temperature rate 10 ◦C/min
hile MOF  catalysts at 130–200 ◦C (standard temperature of acti-

ation = 150 ◦C with a temperature rate 2 ◦C/min) for 90 min. The
mount of catalyst was  varied between 0.1 and 0.4 g and molar
atio of p-xylene to benzoyl chloride from 8:1 to 2:1.

Typical reaction was carried out as follows: activated catalyst,
nternal standard, substrate were introduced in the flask, stirred
nd heated. Acylating agent was added into the vessel with a
yringe when the desired reaction temperature was  reached.

Samples of the reaction mixture were taken periodically from
he reaction vessel and analyzed by a gas chromatography (Agi-
ent 6850) using nonpolar DB-5 column (length 20 m,  diameter
.180 mm,  film thickness 0.18 �m).  Reaction products were iden-
ified using mass spectrometry (ThermoFinnigan, FOCUS DSQ II
ingle Quadrupole GC/MS).

. Results and discussion

.1. Characterization

Zeolites Beta/12.5, USY/15, and USY/40 were evaluated for the
rystallinity using X-ray powder diffraction (not shown here) con-
rming clear evidence of the high crystallinity and phase purity.
he size of the crystallites was determined from SEM images,
hile showing that zeolite Beta exhibits small crystals of about

.1–0.2 �m,  zeolites USY possess crystals around approximately

.6 �m.
Acidic properties of zeolites, namely type and concentrations of

rønsted and Lewis acid sites were assessed using d3-acetonitrile.
ll three zeolites exhibit characteristic absorption band at about
740–3745 cm−1 being assigned to the silanol OH groups. The inter-
ction of this band with d3-acetonitrile is rather weak not changing
he intensity of this band after adsorption of d3-acetonitrile. The
bsorption bands of acidic bridging OH groups appear at 3610 cm−1

or zeolite Beta and at 3565 and 3630 cm−1 for USY zeolites [28,29].
dsorption of d3-acetonitrile removed these bands while new
ands appeared in the region 2250–2350 cm−1. The absorption
and around 2300 cm−1 is due to the interaction of d3-acetonitrile
ith Brønsted acid sites while new band around 2325 cm−1 is
haracteristic of the d3-acetonitrile on Lewis acid site. The con-
entrations of individual Brønsted and Lewis acid sites (using
xtinction coefficients from Ref. [24]) are provided in Table 2.

able 2
oncentrations of Brønsted and Lewis acid sites of zeolites under study, determined

rom adsorption of d3-acetonitrile followed by FTIR spectroscopy.

Zeolite CLc (mmol/g) cBc (mmol/g)

Beta/12.5 0.39 0.14
Beta/37.5 0.11 0.17
USY/15 0.34 0.20
USY/40 0.04 0.02
Fig. 1. XRD patterns of metal–organic frameworks (a) Cu3(BTC)2, (b) MIL-100(Cr)
and  (c) MIL-100 (Fe).

Fig. 1 shows typical XRD patterns of the as-synthesized MOFs
such as Cu3(BTC)2, MIL-100(Cr) and MIL-100(Fe). To confirm the
permanent porosity, we obtained N2 physisorption isotherms of
the MOFs at −196 ◦C after evacuation at 150 ◦C for 12 h (Fig. 2).
Cu3(BTC)2 showed a type I isotherm, which adsorbs the large
amount of N2 at relatively low pressure. In the case of MIL-100(Fe)
and MIL-100(Cr), the adsorption isotherm was  between type I
and type IV with two  point uptakes at p/p0 = 0.06 and 0.12 cor-
responding to the micropore windows and mesopore cages as
previously described [16]. From fitting the BET equation between
p/p0 = 0.05 and 0.2 to the resulting N2 isotherm, the BET surface
areas of Cu3(BTC)2, MIL-100(Cr) and MIL-100(Fe) are 1720 m2 g−1,
1980 m2 g−1, and 2050 m2 g−1, respectively.

3.2. Catalysis

p-Xylene acylation with benzoyl chloride was used in this study
from two  main reasons: (i) primary product of this acylation
reaction is always 1-benzoyl-2,5-dimethyl benzene and all other
possible products are formed by competitive or subsequent reac-
tions; (ii) the primary product is relatively bulky, thus, size of the
channels can play a substantial role in the acylation reaction.
0.0 0.2 0. 4 0.6 0.8 1.0
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Fig. 2. N2 physisorption isotherms of MOFs: (a) Cu3(BTC)2, (b) MIL-100(Cr) and (c)
MIL-100 (Fe).
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Fig. 3. Time-on-stream behavior of different zeolites and MOF  catalysts in p-xylene
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Fig. 4. Time-on-stream dependence of benzoyl chloride conversion over MIL-
◦
enzoylation; benzoyl chloride conversion over Beta/12.5 (�); USY/15 ( ); USY/40

 ); Cu3(BTC)2 ( ); MIL-100(Fe) ( ); MIL-100(Cr) ( ) (activation temperature
30 ◦C).

ifferent conversions of benzoyl chloride. In the case of zeo-
ites, conversions of benzoyl chloride increase in the order
eta/12.5 < USY/15 < USY/40 (Fig. 1). It indicates that both channel
ize of zeolites as well as concentration of acid sites influence the
esulting conversion. Channels of USY zeolites are slightly larger
han those of Beta (Table 1) and conversion of benzoyl chloride
ncreases with decreasing concentration of acid sites. It can be
nferred that adsorption/desorption equilibrium is playing a sub-
tantial role in this reaction. Similar finding was observed also
or other acylation reactions, e.g. [9]. In contrast to the catalytic
ehavior of zeolites Beta and USY, substantial differences in benzoyl
hloride conversion were achieved over individual MOF  catalysts.
he lowest conversion during the whole kinetic run was  obtained
ver MIL-100(Cr) reaching about 20% after 300 min. Cu3(BTC)2
xhibited a higher conversion than zeolite Beta being 37% against
1%, respectively. The highest conversion was obtained over MIL-
00(Fe). In this case, benzoyl chloride conversion reached 100%
ithin about 15 min  of the reaction. This excellent conversion over
IL-100(Fe) can be probably attributed to the presence of Lewis

cid sites connected with Fe in the framework of this MOF  catalyst.
t is well known that acylation reactions can be catalyzed by both
rønsted as well as Lewis acid sites [1,2]. While no Brønsted sites
re reported as for MIL-100(Fe), it is expected that Fe-Lewis sites
re responsible for the catalytic activity. After activation in vacuo,
he amount of Lewis sites determined from pyridine adsorption was
bout 2.0 mmol/g [25]. On the other hand, it is still questionable if
lso other Fe species can catalyze the acylation reaction. The analy-
is of filtrate after the reaction did not show any observable amount
f iron, which could evidence that the activity of MIL-100(Fe) is
ound to the heterogeneous material.

Based on the fact that substantially different conversions of
enzoyl chloride were achieved over individual MOF catalysts, for
urther investigations of the effect of activation, catalyst amount
nd ratio of reactants, we chose the reaction temperature 80 ◦C for
IL-100(Fe) and 130 ◦C for Cu3(BTC)2 and MIL-100(Cr).
Over all catalyst investigated, the selectivity towards the

rimary acylation product, 1-benzoyl-2,5-dimethylbenzene, was
00%. This evidences that under the reaction conditions applied no
econdary reactions proceeded including a possible isomerization

f p-xylene. This result is most probably influenced by some steric
onstraints on the primary acylation product and not a result of
hape selectivity. Large cages inside MIL-100(Cr) and MIL-100(Fe)
ould allow the second acylation step, however, such products
100(Fe) in p-xylene benzoylation for different activation temperatures; 130 C ( );
150 ◦C ( ); 170 ◦C ( ); 200 ◦C (�).

were not observed during our experiments (even at very low con-
centrations). As MIL-100(Fe) exhibited the highest conversion in
p-xylene acylation with benzoyl chloride among other catalysts
investigated, we studied the effect of activation temperature on the
benzoyl chloride conversion. Fig. 4 shows that both initial reaction
rates as well as final conversions of benzoyl chloride do not differ
substantially. Benzoyl chloride conversion after activation at 130 ◦C
for 300 min  of the reaction was equal to 82% while the conversion
over MIL-100(Fe) activated at 150 ◦C was about 77%. In the acti-
vation temperature range between 130 and 200 ◦C we did not find
any straightforward relation between the benzoyl chloride conver-
sion and temperature of activation. Thus, for further experiments
we have chosen the activation of temperature equal to 150 ◦C to
minimize the potential risk of structure degradation of the indi-
vidual catalysts; also the activation prior to other characterization
experiments was done at this temperature.

The effect of the amount of catalysts for all three MOF  materials
under study is provided in Fig. 5. In general, the order of the con-
versions of benzoyl chloride despite the amount of catalyst used
is MIL-100(Fe) > Cu3(BTC)2 > MIL-100(Cr). It should be noted that
experiments reported in Fig. 5 were carried out at reaction tem-
perature of 130 ◦C for Cu3(BTC)2 and MIL-100(Cr) while at 80 ◦C for
MIL-100(Fe). The reaction temperature for acylation experiments
over MIL-100(Fe) was  decreased in order to decrease substantially
the conversion of benzoyl chloride. Conversions of benzoyl chloride
over MIL-100(Fe) at 130 ◦C reached 100% within 15–30 min. Thus,
to properly compare the catalytic behavior at different amounts of
catalysts, the reaction temperature was  decreased. Even after the
decrease in the reaction temperature to 80 ◦C the benzoyl chloride
conversion was  in the range of 65 (0.1 g) to 95 (0.4 g)% after 300 min
of the reaction time (Fig. 3). In contrast, the conversion of benzoyl
chloride over Cu3(BTC)2 reached only from 8% (the amount of cat-
alyst equal to 0.1 g) up to 45% (0.4 g), Fig. 5, although the reaction
was performed at 130 ◦C. Even lower conversions of benzoyl chlo-
ride were achieved over MIL-100(Cr), reaction temperature = 80 ◦C.
In the case of the reaction performed with 0.1 g of the catalyst, only
the conversion of benzoyl chloride achieved 7%. The highest con-
version being 30% was reached using 0.4 g of MIL-100(Cr). These
results clearly show the dominance of MIL-100(Fe) in catalyzing

acylation of p-xylene over different MOF  catalysts.

The effect of different molar ratios of p-xylene and benzoyl
chloride on the benzoyl chloride conversion is provided in Fig. 6.
The reactions were again performed at 130 ◦C for Cu3(BTC)2 and
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ig. 6. Time-on-stream dependence of benzoyl chloride conversion over Cu3(BTC)2

atios  p-xylene to benzoyl chloride; 8:1.0 (�); 8:2.0 ( ); 8:2.5 ( ); 8:3.4 ( ); 8:4.
IL-100(Fe), 80 ◦C.

IL-100(Cr) while at 80 ◦C MIL-100(Fe). Despite a much lower
eaction temperature with MIL-100(Fe), conversions of benzoyl
hloride were substantially higher than over Cu3(BTC)2 and MIL-
00(Cr). Over all MOF  catalysts used, the conversion of benzoyl
hloride increased with increasing molar ratio of p-xylene to
enzoyl chloride. The higher was the concentration of benzoyl
hloride in the reaction mixture, the lower was  the conversion,
hich quickly leveled off for longer reaction times. It strongly

ndicates the formation of adsorption/desorption equilibrium of
eactants/products slowing down further reaction and preventing
eaction completion. It is assumed that particularly benzoyl chlo-
ide is strongly bound to the unsaturated metal sites in individual
OF  catalysts. This slows down the rate of diffusion and decreases

hus conversion of benzoyl chloride. While the highest conversions
f benzoyl chloride over Cu3(BTC)2 and MIL-100(Cr) reached 50 and
0% after 300 min  of the reaction, respectively (reaction tempera-

ure = 130 ◦C), benzoyl chloride conversion over MIL-100(Fe) was
bove 80% although the reaction was carried out at 80 ◦C. Again,
he results clearly evidence the superiority of MIL-100(Fe) catalyst
or p-xylene acylation with benzoyl chloride.
IL-100(Cr) (B), and MIL-100(Fe) (C), in p-xylene benzoylation with different molar
; catalyst amount: 0.2 g; reaction temperature: Cu3[BTC]2 and MIL-100(Cr), 130 ◦C;

4. Conclusions

p-Xylene acylation with benzoyl chloride was investigated
using large-pore zeolites Beta and USY and different MOF  cata-
lysts. While zeolites Beta and USY exhibited similar conversions
as Cu3(BTC)2 or MIL-100(Cr), the total conversions of benzoyl
chloride were achieved over MIL-100(Fe). No secondary products
were observed. Total yield of 1-benzoyl-2,5-dimethyl benzene was
achieved over MIL-100(Fe) in the temperature range of 100–130 ◦C
within 15–30 min  of the reaction time. Activation temperature
between 130 and 200 ◦C for MIL-100(Fe) was  found to have a neg-
ligible role on the resulting conversion of benzoyl chloride.
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