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a b s t r a c t
Hierarchical Fe/ZSM-5 zeolites were synthesized with a diquaternary ammonium surfactant containing a
hydrophobic tail and extensively characterized by XRD, Ar porosimetry, TEM, DRUV–Vis, and UV-Raman
spectroscopy. Their catalytic activities in catalytic decomposition of N2O and the oxidation of benzene to
phenol with N2O as the oxidant were also determined. The hierarchical zeolites consist of thin sheets limited in growth in the b-direction (along the straight channels of the MFI network) and exhibit similar high
hydrothermal stability as a reference Fe/ZSM-5 zeolite. Spectroscopic and catalytic investigations point to
subtle differences in the extent of Fe agglomeration with the sheet-like zeolites having a higher proportion of isolated Fe centers than the reference zeolite. As a consequence, these zeolites have a somewhat
lower activity in catalytic N2O decomposition (catalyzed by oligomeric Fe), but display higher activity in
benzene oxidation (catalyzed by monomeric Fe). The sheet-like zeolites deactivate much slower than
bulk Fe/ZSM-5, which is attributed to the much lower probability of secondary reactions of phenol in
the short straight channels of the sheets. The deactivation rate decreases with decreasing Fe content of
the Fe/ZSM-5 nanosheets. It is found that carbonaceous materials are mainly deposited in the mesopores
between the nanosheets and much less so in the micropores. This contrasts the strong decrease in the
micropore volume of bulk Fe/ZSM-5 due to rapid clogging of the continuous micropore network. The formation of coke deposits is limited in the nanosheet zeolites because of the short molecular trafﬁcking distances. It is argued that at high Si/Fe content, coke deposits mainly form on the external surface of the
nanosheets.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Phenol is an important industrial intermediate for the production of various chemicals such as bisphenol A, phenolic resins,
caprolactam, alkylphenols, and adipic acid. The cumene hydroperoxide process is currently the preferred industrial method to
produce phenol [1]. One of the alternative routes involves the direct oxidation of benzene with nitrous oxide [2]. A promising catalyst for this process is Fe/ZSM-5 zeolite [3–11], but the strong
catalyst deactivation due to formation of carbonaceous byproducts remains an obstacle in its commercialization [5]. Thus,
improvements of the stability of this zeolite catalyst remain an
important research topic. Steam calcination greatly improves the
catalytic activity of Fe/ZSM-5 [12]. The effect of steaming is
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understood in terms of an increased number of active Fe2+ sites
[6,7,10,11,13].
Hierarchical zeolites are also of considerable current interest
[14,15]. Recent examples show that the presence of mesoporosity
in Fe/ZSM-5 results in improved catalyst stability during the benzene oxidation reaction with nitrous oxide [16–19]. It has been observed that the activity and stability of zeolites strongly improve as
a result of a decrease in the size of the crystalline zeolite domains.
The higher activity is likely caused by the increased mass transport
in the smaller crystalline domains, which is most important for the
removal of the phenol product from the micropore space. The lower
rate of deactivation should be the result of the increased ratio of the
external surface over the micropore volume. As a consequence, the
residence time of phenol in the micropores will be lower, so that
deactivating reactions such as overoxidation and condensation
reactions are limited. It has recently been suggested that the formation of phenolate may also block the micropores and precede coke
formation [20,21]. Another effect of the higher external/mesopore
surface over micropore volume will be that blockage of micropores
will render a smaller fraction of the total micropore volume
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inaccessible in nanostructured zeolites. As the domain size in mesoporous Fe/ZSM-5 catalysts is still in the order of 20-50 nanometer,
the questions arise whether the catalytic performance of Fe/ZSM-5
can be improved by further decreasing the crystalline domain size.
In their studies on the synthesis mechanism of zeolite ZSM-5,
Martens and co-workers have reported about the formation of
pre-nucleation building blocks (nanoblocks) with dimensions of
several nanometers already possessing structural features of the ﬁnal MFI zeolite [22–24]. Recently, Koekkoek et al. have shown that
nanosized fragments of Fe/ZSM-5 stabilized in a matrix of amorphous silica are active for the selective oxidation of benzene [17].
Attempts to use ZSM-5 nanoblocks containing Fe as catalysts for
the oxidation of benzene to phenol were not successful because
of their low hydrothermal stability. Ryoo and co-workers have recently shown that is possible to synthesize stable HZSM-5 structures with a dimension of one unit cell in the b-direction of the
MFI structure [25,26]. Their synthesis requires the use of a diquaternary ammonium-type surfactant with a long hydrophobic tail.
The two quaternary ammonium centers are separated by a C6H12
group. Herein, we describe the synthesis of several Fe/ZSM-5 zeolites with the same nanosheet morphology by use of this template.
The Si/Fe ratio was varied in the range from 84 to 300. The Si/Al ratio was 38. These materials were extensively characterized for
their morphological and textural properties and the nature of the
Fe sites. Their catalytic activity in the decomposition of nitrous
oxide and the selective oxidation of benzene using nitrous oxide
were determined and compared to the catalytic performance of a
reference bulk Fe/ZSM-5 zeolite with Si/Al and Si/Fe ratios of 40
and 180, respectively.

2. Experimental
2.1. Synthesis
The template required for the synthesis of ZSM-5 zeolite nanosheets was prepared according to a known literature procedure
[25]. Brieﬂy, N,N,N0 N0 -tetramethyl-1,6-diaminohexane was reacted
with 1-bromo-hexadecane in order to obtain C16-6(Br). This intermediate was subsequently reacted with 1-bromohexane to obtain
C16-6-6(Br)2. The hydroxide form of the template was obtained by
ion-exchange (MTO-Dowex SBR LCNG OH form, Supelco).
Fe/ZSM-5 zeolite nanosheets were prepared according to a literature procedure modiﬁed with the purpose of including Fe3+
[25,26]. In a typical synthesis, 10.42 g of TEOS (tetraethylorthosilicate) was added to a solution containing 0.47 g of aluminum nitrate nonahydrate, 0.06 g of iron nitrate nonahydrate, and 20.0 g
of distilled water. The mixture was stirred for 2 h. A solution containing 2.41 g of C16-6-6(Br)2 or C16-6-6(OH)2, 0.42 g sodium hydroxide (NaOH) and 15.7 g of demi-water was added to this mixture
and shaken by hand for 5 min. After further stirring with a magnetic stirrer for 6 h at room temperature, the gel mixture was
transferred to a Teﬂon-lined stainless-steel autoclave and heated
at 140 °C for 9 days under tumbling (60 rpm). The zeolite product
was ﬁltered, washed with distilled water, and dried at 100 °C overnight. Using the OH form of the template, three different Si/Fe ratios were employed (Si/Fe = 84, 180 and 300). The as-synthesized
zeolites were calcined at 580 °C for 4 h under a ﬂow of air. The calcined samples were ion-exchanged into their ammonium form by
triple ion-exchange with a 1 M aqueous solution of NH4NO3 at
room temperature. The proton form of the zeolites was obtained
by calcination at 550 °C under a ﬂow of air for 4 h. The samples
are denoted as Fe/ZSM-5-sheet(x, y) with x the anion of the template used (OH or Br) and y the Si/Fe ratio. Steam activation was
carried out by heating an amount of sample in a ﬂow of 10% water
vapor (100 ml min1) in artiﬁcial air at 700 °C for 3 h. The steamed

samples are denoted by using the sufﬁx ‘‘-st.’’ A reference Fe/ZSM-5
catalyst was prepared by controlled hydrolysis of TEOS in the presence of tetrapropylammonium hydroxide (TPAOH) according to a
literature procedure [10].
2.2. Characterization
The metal content of the catalysts was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
using an OPTIMA 4300 DV instrument (Perkin Elmer). To this
end, zeolite samples were dissolved in a mixture of HF/HNO3/
H2O (1:1:1).
UV–Vis spectra were recorded on a Shimadzu UV-2401 PC spectrometer in diffuse-reﬂectance mode with a 60 mm integrating
sphere. BaSO4 was used as the reference. The spectra were transformed into the Kubelka–Munk function and subsequently deconvoluted into bands by standard peak-ﬁtting software.
UV-Raman spectra were recorded with a Jobin–Yvon triple
stage spectrograph with spectral resolution of 2 cm1. The laser
line at 244 nm of a Lexel 95-SHG laser was used as exciting source
with an output of 20 mW. The power of the laser at the sample was
about 2 mW.
Infrared spectra were recorded on a Nicolet Avatar 360 spectrometer with a KBr pellet (1 mg of zeolite in 100 mg of KBr).
XRD patterns were recorded on a Bruker D4 Endeavor powder
diffraction system using Cu Ka radiation with a scanning speed
of 0.0057° min1 in the range of 0.5° 6 2h 6 5° and 0.01° min1
in the range of 5° 6 2h 6 60°.
Transmission electron micrographs were obtained with a FEI
Tecnai 20 at an electron acceleration voltage of 200 kV. Typically,
a small amount of catalyst was suspended in ethanol, sonicated,
and dispersed over a Cu grid with a holey carbon ﬁlm.
Argon sorption isotherms were measured at 186 °C on a
Micromeritics ASAP-2020 system in static measurement mode.
The samples were outgassed at 400 °C for 8 h prior to the sorption
measurements. The Brunauer–Emmett–Teller (BET) equation was
used to calculate the speciﬁc surface area (SBET) from the adsorption data obtained (p/p0 = 0.05–0.20) [27]. The total pore volume
(Vtot) is taken as the total uptake at p/p0 = 0.99. The mesopore volume (Vmeso) and mesopore size distribution were calculated using
the Barrett–Joyner–Halenda (BJH) method on the adsorption
branch of the isotherm [28]. The pore size distribution was determined by use of the NLDFT method as implemented in the
Micromeritics software. Use was made of the NLDFT model for
cylindrical pores for argon on oxides at 87 K.
2.3. Catalytic activity measurements
The amount of active Fe2+ centers was determined by titration
of the calcined catalyst with N2O at 250 °C. In a typical procedure,
100 mg catalyst of a sieve fraction 125–250 lm was placed in a
quartz microreactor. The sample was heated in a ﬂow of 20% O2
in He (100 ml/min) to 550 °C and kept at this temperature for
4 h. Subsequently, the ﬂow was switched to He, and the sample
was allowed to cool to 250 °C. At this temperature, He ﬂow was replaced by a ﬂow of a mixture of 1.01% Ar and 0.98% N2O in He. The
evolution of N2 was measured using a well-calibrated mass spectrometer. The amount of evolved N2 was used to determine the
amount of active Fe2+ centers.
The catalytic activity in the decomposition of nitrous oxide was
determined in a parallel ten-ﬂow quartz microreactor system. In a
typical experiment, 50 mg of catalyst shaped in a sieve fraction of
125–250 lm was placed in the quartz reactor tube and held between two quartz wool plugs. The catalysts were ﬁrst calcined in
artiﬁcial air by heating at a rate of 2 °C/min to 550 °C. After an
isothermal period of 2 h, the catalysts were cooled to 250 °C.
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Subsequently, catalytic activity measurements were carried out as
a function of the temperature in a ﬂow of 5 vol% N2O in He at a gas
hourly space velocity of 24,000 ml h1 g1. The conversion of nitrous A well-calibrated online mass spectrometer (Pfeiffer Prisma
QMS-200) was used for quantiﬁcation of the gaseous products.
The catalytic activity in the oxidation of benzene to phenol
using nitrous oxide was determined in a single-pass microreactor
ﬂow system. Typically, 100 mg of catalyst of a 125–250 lm sieve
fraction was placed in a quartz tube and calcined in artiﬁcial air
by heating at a rate of 2 °C/min to 550 °C (isothermal period of
2 h). After cooling the catalyst to 350 °C in the same mixture, the
gas ﬂow was switched to the reaction feed mixture. This mixture
consisted of 1 vol% benzene and 4 vol% nitrous oxide in He
(100 ml/min). The gas hour space velocity was 30,000 h1. The
gas-phase composition was analyzed by a combination of online
gas chromatography (Hewlett-Packard GC-5890 equipped with
an HP-5 column and a ﬂame ionization detector) and mass spectrometer (Balzers TPG-215). The ﬁrst sample was recorded after a
reaction time of 5 min.

Fig. 1. X-ray powder diffraction patterns of (left) calcined and (right) steamcalcined zeolites: (a) Fe/ZSM-5-st, (b) Fe/ZSM-5-sheet(Br, 180), (c) Fe/ZSM-5sheet(OH, 84) (d) Fe/ZSM-5-sheet(OH, 180) and (e) Fe/ZSM-5-sheet(OH, 300).

3. Results
3.1. Physicochemical characterization
The chemical composition of the Fe/ZSM-5 nanosheet zeolites
and the Fe/ZSM-5 reference zeolite is given in Table 1. The
XRD patterns of the calcined and steamed zeolite are shown in
Fig. 1. The h 0 l reﬂections in the patterns of the Fe/ZSM-5-sheet
zeolites are sharp, whereas reﬂections corresponding to crystal
planes in the b-direction are either broadened or missing. This is
in clear contrast to the pattern of the Fe/ZSM-5 reference zeolite.
There is no notable difference between the patterns of the zeolites
prepared using templates in their OH and Br forms. Likewise, the
patterns do not change upon steam calcination. The steamcalcined Fe/ZSM-5-nanosheet zeolites have XRD crystallinities well
above 90%, irrespective of the template anion. Besides, the typical
band at 450 cm1 ascribed to the Si–O vibrations in silicates, all IR
spectra (not shown) contain a band at 550 cm1, which is usually
ascribed to the double ﬁve-ring vibrations of the MFI lattice
[29,30]. The IR crystallinity as derived from the ratios between
the bands at 450 cm1 and 550 cm1 is well over 95% for all of
the zeolites.
The Ar physisorption isotherms of the calcined and steamed
zeolites are collected in Fig. 2. The presence of micropores in all
of the zeolites is evident from the strong uptake at low p/p0.

Fig. 2. Argon physisorption isotherms of (left) calcined and (right) steam-calcined
zeolites: (a) Fe/ZSM-5-sheet(OH, 300), (b) Fe/ZSM-5-sheet(OH, 180), (c) Fe/ZSM-5sheet(OH, 84), (d) Fe/ZSM-5-sheet(Br, 180) and (e) Fe/ZSM-5.

Besides, the Fe/ZSM-5-sheet zeolites show a more gradual uptake
over the p/p0 range 0.4–0.9, which is typical for mesoporous

Table 1
Composition, crystallinity, and textural properties (Ar physisorption at 87 K) of Fe/ZSM-5 zeolite catalysts.

a
b
c
d
e
f

Catalyst

Si/Al

Si/Fe

CXRDa (%)

CIRb (%)

SBET
(m2 g1)

Vtot
(cm3 g1)

Vmesoc
(cm3 g1)

Vsuperd
(cm3 g1)

Vmicroe
(cm3 g1)

dmesof
(nm)

Fe/ZSM-5
Fe/ZSM-5-sheet(Br, 180)
Fe/ZSM-5-sheet(OH, 84)
Fe/ZSM-5-sheet(OH, 180)
Fe/ZSM-5-sheet(OH, 300)
Fe/ZSM-5-st
Fe/ZSM-5-sheet(Br, 180)-st
Fe/ZSM-5-sheet(OH, 84)-st
Fe/ZSM-5-sheet(OH, 180)-st
Fe/ZSM-5-sheet(OH, 300)-st

40
38
38
38
38
40
38
38
38
38

180
180
84
180
300
180
180
84
180
300

99
98
97
96
99
99
97
96
95
98

99
99
99
98
99
99
98
98
97
99

371
508
489
522
484
356
429
457
483
489

0.26
0.57
0.59
0.65
0.54
0.26
0.51
0.63
0.58
0.63

0.08
0.45
0.41
0.53
0.26
0.07
0.36
0.46
0.39
0.42

0.009
0.004
0.017
0.001
0.000
0.008
0.019
0.000
0.021
0.002

0.194
0.107
0.101
0.121
0.142
0.187
0.146
0.123
0.141
0.147

–
3.5
3.5
2.9
5.5
–
5.6
6.6
4.7
5.7

Determined using Bruker’s Topas software version 3.0.
IR crystallinity deﬁned as (I550/I450)/0.72  100% [29,30].
Calculated by the BJH method using the adsorption branch of the isotherm.
Supermicropores deﬁned as pores in the range 1.0–2.0 nm, determined by the NLDFT method.
Micropores <1.0 nm, determined by the NLDFT method.
Average mesopore diameter calculated using the BJH method.
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materials. Compared to Fe/ZSM-5-sheet(OH), Fe/ZSM-5-sheet(Br,
184) shows a more pronounced step in the Ar uptake combined
with a H4 hysteresis loop. The BET surface areas and pore volumes
derived from these isotherms are listed in Table 1. The micropore
volume of the nanosheet zeolites is in all cases signiﬁcantly lower
than that of the reference Fe/ZSM-5 zeolite. Fe/ZSM-5 contains
some mesopores, which are however relatively large as follows
from the pore size distribution (PSD, not shown) and therefore
may be assumed to be, at least in part, due to intercrystalline voids.
In contrast, the nanosheet zeolites have a much higher mesopore
volume (0.4–0.5 cm3 g1), and some of the materials also contain
supermicropores (1.0–2.0 nm). The nanosheet zeolites have a higher total surface area (500 m2 g1) than Fe/ZSM-5 (371 m2 g1).
Upon steaming, a slight increase in the micropore volume for the
Fe/ZSM-5-sheet zeolites is observed, which may indicate that the
template was not completely removed during the calcination step.
The mesopore volume and total surface area decrease slightly for
Fe/ZSM-5-sheet zeolites. The PSD in the mesopore range has also
become broader and shifted to larger values in the steam-calcined
samples (not shown), which points to some changes in the
arrangement of the nanosheets. An exception is Fe/ZSM-5-sheet(OH, 300), whose textural properties do not change upon steam
activation.
Fig. 3 shows representative TEM images of some of the steamcalcined zeolite samples. Whereas the reference zeolite consists
of large nearly spherical particles of several hundreds of nanometers as reported before [31], the Fe/ZSM-5-sheet materials consist
of sheet-like materials with a very open structure. The thickness
of the majority of the zeolite sheets is around 2–3 nm, although
also thicker ones are observed, and their lengths range from 10
to 50 nm. The zeolite lattice fringes can be distinguished in all of
the samples. The images seem to suggest that the C22-6-6(Br)2templated zeolite has a multilamellar morphology, whereas the
zeolites prepared with C22-6-6(OH)2 contain a more random
orientation of the sheets. It is also noteworthy that the size of
the nanosheets in the lateral directions is smaller than shown
before for HZSM-5 sheets, which may be due to the slower growth
of ZSM-5 in the presence of Fe3+ [32].

3.2. UV–Vis and Raman spectroscopy
The iron coordination of the Fe/ZSM-5-sheet zeolites was studied by DRUV–Vis and UV-Raman spectroscopy. Fig. 4 gives the UV–
Vis spectra of the reference and nanosheet zeolites before and after
steam activation. These spectra will be discussed in a qualitative
manner. All of the spectra of the calcined zeolites are dominated
by the intense metal-to-oxygen charge transfer bands below
250 nm related to isolated tetrahedral Fe species, which are in or
close to the zeolite framework. Fe/ZSM-5 also contains a band
around 277 nm, which is due to highly dispersed, possibly isolated
octahedral iron complexes at extraframework positions. Upon
steaming of Fe/ZSM-5, it is seen that some of the tetrahedral Fe3+
are converted to octahedral species (277 nm), and more agglomerated forms are present such as oligomeric iron oxide clusters
(333 nm) and dispersed (427 nm) and bulk (545 nm) forms of iron
oxide [10,11,33,34]. These results are very similar for Fe/ZSM-5sheet(Br, 180) (Fig. 4b), which has the same Si/Fe ratio as the
reference zeolite. A small but notable difference is the higher
contribution of more bulky forms of iron oxide for the nanosheet
zeolite. The results for Fe/ZSM-5-sheet(OH, 180) are also very
similar (Fig. 4d). Compared to this sample, zeolites with a lower
(Fig. 4c) and higher (Fig. 4e) Si/Fe ratio display signiﬁcant differences in the extent of iron agglomeration. The extent of Fe agglomeration tends to increase with the Fe content. Note that the
intensity of the spectrum of Fe/ZSM-5-sheet(OH, 300) is very low
at wavelengths longer than 400 nm, pointing to the very high
dispersion of Fe in this case.
UV-Raman spectra of the same set of Fe/ZSM-5 zeolites are
shown in Fig. 5. All of the zeolites show a strong band around
378 cm1 arising from the vibration of the ﬁve-membered rings
of ZSM-5 zeolite. The weaker band around 802 cm1 is due to
the symmetric stretching band of the zeolite ZSM-5 framework
[35–37]. The relative intensities of these bands do not decrease
upon steaming, which further underpins the high hydrothermal
stability of the Fe/ZSM-sheet zeolites. The Raman spectrum of conventional Fe/ZSM-5 contains additional bands at 1016, 1115, and
1165 cm1 ascribed to the asymmetric stretching modes of Fe3+

Fig. 3. Representative TEM images of steam-calcined zeolites: (a) Fe/ZSM-5, (b) Fe/ZSM-5-sheet(Br, 180), Fe/ZSM-5-sheet(OH, 84), Fe/ZSM-5-sheet(OH, 180) and (e) Fe/ZSM5-sheet(OH, 300).
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ZSM-5. Steaming results in the extraction of Fe from the framework to isolated or at least highly dispersed Fe species. The extraction of Fe is slightly more easy for the nanosheet zeolites than for a
bulk Fe/ZSM-5 zeolite. For the nanosheet zeolites, it is found that
Fe tends to become better dispersed with decreasing Fe content.
Concomitantly, the Raman feature around 743 cm1 becomes more
intense, reinforcing the conclusion that it is related to a highly dispersed form of Fe.
3.3. Catalytic activity measurements

Fig. 4. DRUV–Vis spectra of the (dashed line) calcined and (full line) steam-calcined
Fe/ZSM-5 zeolites: (a) Fe/ZSM-5, (b) Fe/ZSM-5-sheet(Br, 180), (c) Fe/ZSM-5sheet(OH, 84), (d) Fe/ZSM-5-sheet(OH, 180) and (e) Fe/ZSM-5-sheet(OH, 300).

Fig. 5. UV-Raman spectra of (left) calcined and (right) steam-calcined Fe/ZSM-5
zeolites: (a) Fe/ZSM-5, (b) Fe/ZSM-5-sheet(Br, 180), (c) Fe/ZSM-5-sheet(OH, 84), (d)
Fe/ZSM-5-sheet(OH, 180) and (e) Fe/ZSM-5-sheet(OH, 300).

surrounded by oxygen anions of the framework [38]. The spectra of
the calcined Fe/ZSM-5-sheet zeolites also contain the bands at
1115 and 1165 cm1. However, the band, which was observed at
1016 cm1 for conventional Fe/ZSM-5, is present at 985 cm1 in
calcined Fe/ZSM-5-sheet. This shift points to a less rigid coordination around Fe as was earlier observed for Fe in amorphous silica or
near defect sites [39]. The lower rigidity of the zeolite framework
may be due to the small size along the b-axis of the nanosheet zeolites. As a result, a signiﬁcant fraction of iron will be located near
the surface of the crystalline zeolite nanosheets. Steaming of the
Fe/ZSM-sheet samples causes a strong decrease in the intensity
and substantial broadening of the Raman signals related to iron
in the zeolite framework. In addition, a new band appears around
743 cm1. This band has previously been correlated to the active
sites for benzene oxidation [40]. It is seen that this band is only
present as a weak feature in the spectra of calcined Fe/ZSM-5
and Fe/ZSM-5(OH, 300) samples. The band is much more intense
in the steam-activated zeolites. For the set of Fe/ZSM-5-sheet(OH)
zeolites, it becomes more intense with decreasing Fe content
(Fig. 5c–e, right).
The evolution of the UV–Vis and UV-Raman spectra evidences
the presence of iron in or close to the framework of the Fe/ZSMsheet zeolites. The framework rigidity around these tetrahedral
Fe3+ ions in the Fe/ZSM-5 nanosheets is lower than in bulk Fe/

The structural stability and the iron speciation of the Fe/ZSM-5
nanosheet zeolites appear promising for good catalytic performance in the selective oxidation of benzene to phenol. Their activity in N2O decomposition was also determined. Before discussing
the results of such catalytic tests, the density of the active Fe2+ centers was determined by titration with N2O at 250 °C [41]. Brieﬂy, at
this temperature, N2O reacts stoichiometrically with Fe2+ sites to
form an active oxygen species (Fe–O; also called a-oxygen) and
gaseous N2. The amount of such active oxygen species can thus
be determined by measuring the amount of N2 produced. Although
before a strong correlation between the density of the presumed
mononuclear Fe2+ sites and the benzene oxidation activity has
been reported [7], more recent investigations suggest that this
method probes a wider range of Fe2+ sites, so that the structure–
activity relationships are not so evident [17,18]. The active site
densities for the various zeolite catalysts are collected in Table 2.
The calcined zeolites only contain a small amount of Fe2+ centers.
In good correspondence to previous structure–activity relations
for Fe/ZSM-5 [3,10,11], extraction of iron from the zeolite framework leads to an increase in the number of Fe2+ centers. There is
no strong correlation between the Fe2+ density and the Fe content
in the Fe/ZSM-5-sheet zeolites, as evident from the comparison of
the Fe/ZSM-5(OH)-sheet zeolites with different Si/Fe contents.
Notably, the Fe2+ content of the Fe/ZSM-5(sheet)-st zeolites is signiﬁcantly lower than that of Fe/ZSM-5-st.
Fig. 6 shows the conversion of N2O for the calcined and steamed
zeolites as a function of temperature. The temperature required to
obtain a conversion of 50% (T50) derived from these experiments is
listed in Table 2 and is used to compare the activities of the zeolites. The activity in the decomposition of N2O correlates to the active Fe2+ center density. The calcined zeolites with similar Fe2+
active site densities perform similar in N2O decomposition. Their
steamed counterparts are much more active. Fe/ZSM-5-st outperforms the nanosheet zeolite catalysts, which can be attributed to
its signiﬁcantly higher Fe2+ density compared to the Fe/ZSM-5sheet zeolites.
The time-on-stream behavior in the catalytic oxidation of benzene to phenol for the set of calcined and steam-calcined zeolites is
shown in Fig. 7. Further data (initial reaction rate, total productivity and coke content) are collected in Table 2. In all cases, the selectivity toward phenol was higher than 95% after 1 h in line with
earlier reports [10–13,19,42]. As expected, the steam-calcined zeolites are signiﬁcantly more active than the calcined ones. Among
the calcined zeolites, the activities of Fe/ZSM-5(OH) tend to decrease with decreasing Fe content. It correlates to the active Fe2+
center density. Tentatively, this can be attributed to a relatively
larger proportion of the Fe3+ being built into the zeolite framework
when a lower amount of iron is present in the gel. Accordingly,
materials with a higher Fe content will contain somewhat more
extraframework Fe as is also suggested by the UV–Vis spectra.
The left panel of Fig. 7 shows that the deactivation of the most active Fe/ZSM-5-sheet(OH, 84) is also the most severe. The two samples with a lower Fe content show much better stability.
The catalytic performance of the steam-calcined zeolites trends
is signiﬁcantly different. All nanosheet zeolites are much more
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Table 2
Concentration of active Fe2+ centers and catalytic performance in N2O decomposition (5 vol% N2O in He; GHSV = 24,000 ml h1 g1) and benzene oxidation with nitrous oxide
(1 vol% C6H6 and 4 vol% N2O in He; GHSV = 30,000 h1; T = 350 °C) of Fe/ZSM-5 zeolite catalysts.
Catalyst

N2O decomposition
Fe2+ (lmol g1)

Fe/ZSM-5
Fe/ZSM-5-sheet(Br, 180)
Fe/ZSM-5-sheet(OH, 84)
Fe/ZSM-5-sheet(OH, 180)
Fe/ZSM-5-sheet(OH, 300)
Fe/ZSM-5-st
Fe/ZSM-5-sheet(Br, 180)-st
Fe/ZSM-5-sheet(OH, 84)-st
Fe/ZSM-5-sheet(OH, 180)-st
Fe/ZSM-5-sheet(OH, 300)-st

a
b
c
d
e

9
10
15
12
10
61
25
28
27
24

Benzene oxidation
T50% (°C)
548
562
557
558
572
497
519
513
511
522

Rinit (mmol g1 h1)
c

n.d.
4.0
7.2
6.9
5.3
8.4
12.2
10.6
12.4
14.1
13.9d
14.0e

Productivitya (g g1)

Cokeb (mg g1)

n.d.
24
9.4
45
47
27
120
135
154
180
167d
178e

n.d.
42.3
37.1
40.9
42.2
20.6
46.4
39.2
43.6
48.5
n.d.
n.d.

Total amount of phenol per gram of catalyst after 1 day reaction.
Determined by TPO measurement of the spent catalyst after 1 day reaction.
Not determined.
After ﬁrst regeneration by calcination in O2/He mixture at 500 °C.
After second regeneration.

Fig. 6. Conversion of nitrous oxide during its decomposition as a function of
temperature (5 vol% N2O/He; GSHV = 24000 ml g1 h1): (h) Fe/ZSM-5, (d) Fe/
ZSM-5-sheet(Br, 180), (N) Fe/ZSM-5-sheet(OH, 84), () Fe/ZSM-5-sheet(OH, 180),
(.) Fe/ZSM-5-sheet(OH, 300).

active than the reference Fe/ZSM-5-st zeolite. The initial activity of
Fe/ZSM-5-sheet(OH, 300)-st is the highest 14.1 mmol g1 h1.
Within the set of Fe/ZSM-5-sheet(OH) zeolites, the activity decreases with increasing Fe content. This trend is opposite to the
one observed for the calcined zeolites. The initial activity of Fe/
ZSM-5-sheet(Br, 180)-st is very similar to that of Fe/ZSM-5-sheet(OH, 180)-st. These initial activities are slightly higher than that
of a mesoporous Fe/ZSM-5 zeolite templated by TPAOH and TPOAC
(an organosilane mesoporogen) [18,43]. These data reinforce our
earlier conclusion that these rates are close to the maximum value
to be obtained for Fe/ZSM-5 catalysts under these reaction conditions. What stands out for the nanosheet catalysts is their much
higher stability compared to earlier reported optimal catalysts.
The right panel of Fig. 7 shows that all these mesoporous zeolites
have a much better stability than the steam-calcined Fe/ZSM-5
zeolite. The total phenol productivity after 24 h time-on-stream
for Fe/ZSM-5-sheet(OH, 300)-st is 180 g g1. This is to be compared
to the value of 27 g g1 of Fe/ZSM-5-st. Catalyst stability decreases
with increasing Fe content as observed from Fig. 7. It is also evident
from the total phenol productivities in Table 2. Fig. 7 also shows
that Fe/ZSM-5-sheet(Br, 180)-st initially deactivates more strongly
than the Fe/ZSM-5-sheet(OH) zeolites, and accordingly, the total

Fig. 7. Reaction rate of phenol in the oxidation of benzene with nitrous oxide (1 vol% C6H6 and 4 vol% N2O in He; GHSV = 30,000 h1; T = 350 °C): (h) Fe/ZSM-5, (d) Fe/ZSM-5sheet(Br, 180), (N) Fe/ZSM-5-sheet(OH, 84), () Fe/ZSM-5-sheet(OH, 180), (.) Fe/ZSM-5-sheet(OH, 300).
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phenol productivity is lower for this zeolite. These data suggest
that deactivation is less pronounced for the zeolites prepared with
the OH form of the template.
Table 2 also shows that the amount of coke as determined by
TPO analysis does not vary very much for the mesoporous zeolites.
It is, however, signiﬁcantly lower for Fe/ZSM-5-st. To investigate
catalyst deactivation in more detail, the texture of the spent catalysts was characterized by Ar physisorption measurements (Fig. 8).
The corresponding data are given in Table 3. The isotherm of spent
Fe/ZSM-5-st still exhibits the characteristic type I shape. The total
adsorption, however, is much lower. Accordingly, the micropore
volume is substantially decreased as compared to the fresh catalyst. Notably, the mesopore volume is not affected at all, which tallies with the earlier ﬁnding that it is mostly related to the
intercrystalline voids. The difference in textural properties between the fresh and spent Fe/ZSM-5-sheet zeolite catalysts is much
larger than for the reference zeolite. Firstly, the isotherms are of
type IV, which indicates that the spent Fe/ZSM-5-sheet zeolites still
contain open micro- and mesopores. Compared to Fe/ZSM-5-st, the
decrease in the total pore volume is much less pronounced. In
these cases, the decrease predominantly concerns the mesopore
volume. Table 2 also shows that the decrease in the mesopore volume for the Fe/ZSM-5-sheet(OH) catalysts increases with decreasing Fe content. Conversely, the micropore volume is least affected
for the catalyst with the lowest Fe content. Among the nanosheet
catalysts, the decrease in the micropore volume is most pronounced for Fe/ZSM-5-sheet(Br, 180)-st.

3.4. In situ UV-Raman study
As Fe/ZSM-5-sheet(OH, 300)-st was found to be the most active
and stable zeolite catalyst for the selective oxidation of benzene to
phenol with nitrous oxide, it was investigated in more detail by
in situ UV-Raman spectroscopy. Among the set of zeolites considered in this study, Fe/ZSM-5-sheet(OH, 300)-st has the most intense band at 743 cm1 (Fig. 5). This band has been related
earlier to the presence of active Fe sites at extraframework positions in Fe/ZSM-5 [20]. Fig. 9 shows UV-Raman spectra of Fe/
ZSM-5-sheet(OH, 300)-st after various pretreatments. After air calcination at 450 °C and cooling in He to 250 °C (Fig. 9b), the intensity of the 743 cm1 band is much lower than in the air-exposed
sample (Fig. 9a). This strongly indicates that the 743 cm1 band
concerns a Fe–O containing species. The oxygen atom can be removed at high temperature due to autoreduction of Fe3+. The band

Fig. 8. Ar physisorption isotherms of the spent catalysts after 24 h time-on-stream
during benzene oxidation with nitrous oxide: (a) Fe/ZSM-5-sheet(OH, 300)-st, (b)
Fe/ZSM-5-sheet(OH, 180)-st, (c) Fe/ZSM-5-sheet(OH, 84)-st, (d) Fe/ZSM-5-sheet(Br,
180)-st and (e) Fe/ZSM-5-st.
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becomes much more intense again upon exposure of the catalyst to
a ﬂow of 10 vol% N2O in He at 250 °C (Fig. 9c), suggesting that it indeed relates to the active Fe2+ centers in the Fe/ZSM-5 catalyst. To
validate that these oxygen atoms are involved in the catalytic cycle
of benzene oxidation, the zeolite was subsequently exposed to a
ﬂow of 10 vol% benzene in He. This leads to considerable changes
in the Raman spectrum (Fig. 9d), viz. the appearance of bands at
896, 990 and 1128 cm1. The band at 990 cm1 is a vibration of
phenol, while the other two have been previously been attributed
to Fe-phenolate complexes [20]. The band at 743 cm1 has completely disappeared following the reaction of the catalyst with benzene pointing to the reduction in the Fe–O species. The observation
of phenolate is likely related to the formation of strong adsorption
complexes of phenol with basic extraframework Fe cations such as
in FeO3+ or bi- or oligonuclear Fe complexes [21]. Subsequent
ﬂushing of the in situ cell with He at 250 °C for 15 min (Fig. 9e)
leads to the complete removal of all of the bands related to the adsorbed benzene and phenolate species.

4. Discussion
Sheet-like Fe/ZSM-5 was prepared from a typical synthesis gel
for Fe/ZSM-5 in which the conventional structure-directing agent
TPAOH was replaced by a surfactant comprising a polar head group
with two quaternary ammonium centers and a hydrophobic tail.
These zeolites exhibit a similar thin sheet morphology as the zeolites reported by the Ryoo group [25,26]. The crystallinity of the Fe/
ZSM-5-sheet zeolites does not depend on the use of the hydroxyl
or bromide forms of the template and is equally high as the crystallinity of bulk Fe/ZSM-5 with the exception that the coherent
length of the crystals in the b-direction is limited for the sheet-like
zeolites. By Ar physisorption, it is established that the micropore
volume of Fe/ZSM-5-sheet is smaller than that of bulk Fe/ZSM-5
zeolite. Most likely, this is caused by the small size of these zeolite
crystals in the b-direction. With a thickness of 2.4 nm, these sheets
comprise three MFI unit cells in the b-direction (along the straight
channel pores) with the opposite surfaces exposing two halves of
what would in an MFI bulk crystal make an intersection between
a straight and zigzag channel. Accordingly, the micropore volume
of such nanostructured zeolites is expected to be lower than that
of bulk zeolite. The micropore volumes of the calcined nanosheet
zeolites are also lower because of incomplete removal of the bulky
template as is evidenced from the larger micropore volumes of the
steam-calcined zeolites. The stacking of the zeolite sheets results in
the formation of mesopores and in some cases also supermicropores. The interlayer sheet distance is not very well deﬁned as follows from the relatively broad PSDs. Ryoo and co-workers have
reported that synthesis of these zeolites at high pH is conducive
to the formation of multilamellar sheets, whereas lower pH tends
to result in more randomly stacked sheet morphologies (unilamellar sheets) [25]. However that may be, the small pH differences due
to the use of either Br- or OH forms of the template do not lead to
clear morphological or textural differences in the present set of
materials. The disorder in the stacking of the sheets and the average interlayer distance increase upon steaming. The hydrothermal
stability of the Fe/ZSM-5-sheet zeolites is remarkable. Even steam
calcination at 700 °C does not lower their crystallinity, which also
holds for bulk Fe/ZSM-5.
According to the spectroscopic investigations, the Fe speciation
in the Fe/ZSM-5 nanosheet zeolites and the reference Fe/ZSM-5
zeolite is quite similar. Independent of the size of the zeolite
domains, steam calcination removes more Fe3+ from the framework, and it also leads to more extensive clustering of Fe. There
are however some indications from UV-Raman spectroscopy that
the Fe is somewhat less rigidly bound in the framework of the
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Table 3
Textural properties (Ar physisorption at 87 K) of spent (after 24 h in the benzene oxidation reaction) Fe/ZSM-5 zeolite catalysts.

a
b
c

Catalyst

SBET (m2 g1)

Vtot (cm3 g1)

Vmeso

Fe/ZSM-5-st
Fe/ZSM-5-sheet(Br, 180)-st
Fe/ZSM-5-sheet(OH, 84)-st
Fe/ZSM-5-sheet(OH, 180)-st
Fe/ZSM-5-sheet(OH, 300)-st

153
376
454
314
430

0.12
0.36
0.52
0.34
0.44

0.08
0.28
0.35
0.25
0.26

a

(cm3 g1)

Vsuper

b

(cm3 g1)

0.001
0.010
0.000
0.006
0.001

Vmicro
0.050
0.103
0.096
0.120
0.142

c

(cm3 g1)

Ratio Vmeso/Vmeso,0

Ratio Vmicro/Vmicro,0

1.14
0.78
0.76
0.64
0.62

0.26
0.68
0.78
0.78
0.96

Calculated by the BJH method using the adsorption branch of the isotherm.
Supermicropores deﬁned as pores in the range 1.0–2.0 nm, determined by the NLDFT method.
Micropores <1.0 nm, determined by the NLDFT method.

Fig. 9. UV-Raman spectra of (a) fresh Fe/ZSM-5-sheet(OH, 300)-st, (b) after
calcination in air, (c) after exposure of the calcined sample to 10% N2O in He, (d)
after exposure to a ﬂow of 10 vol% benzene in He and (e) subsequent ﬂushing for
15 min with He.

nanosheet zeolites compared to bulk Fe/ZSM-5. Despite this, UV–
Vis spectroscopy shows that the extent of clustering of Fe in Fe/
ZSM-5 nanosheet and bulk zeolites is very similar at the same Si/
Fe ratio. The Fe sites are better dispersed in zeolites with a lower
Fe content. Fe/ZSM-5-sheet(OH, 300) contains only a very small
amount of clustered Fe sites. That there are indeed some small,
but relevant differences in the Fe speciation is clear from the activity differences in the catalytic decomposition of N2O. It has been
well established that the activity of oligomeric Fe sites is higher
than that of monomeric Fe sites, the latter ones being more active
in benzene oxidation to phenol [10,11]. Accordingly, the substantially higher catalytic activity in N2O decomposition of Fe/ZSM-5st compared to Fe/ZSM-5-sheet(OH, 180)-st is interpreted in terms
of a higher proportion of oligomeric Fe species in the former catalyst. Among the set of Fe/ZSM-5-sheet(OH) zeolites, it is seen that
the catalytic activity decreases with decreasing Fe content, especially for the calcined zeolites, consistent with the view of increasing Fe dispersion and formation of isolated Fe species. The
differences between Fe/ZSM-5-sheet(OH, 180) and Fe/ZSM-5sheet(Br, 180) are very small. Thus, the catalytic data suggest that
the extent of agglomeration of Fe species is lower for the nanosheet
zeolites than for bulk Fe/ZSM-5. As there are 144 T atoms in a
nanosheet of ZSM-5 zeolite with a thickness of 2.4 nm per straight
channel, the probability of two or more Fe centers being located in
one straight channel is much lower for Fe/ZSM-5-sheet(OH, 300)
than for the zeolites prepared at a lower Si/Fe ratio. This will lead
to a smaller number of oligomeric Fe species in the nanosheet
zeolites than in bulk Fe/ZSM-5 with comparatively large coherent
lengths in all crystal directions.
The activity trends are very different for the selective oxidation
of benzene to phenol with nitrous oxide. The catalytic activities of

the Fe/ZSM-5-sheet-st zeolites are signiﬁcantly higher than that of
Fe/ZSM-5-st. In contrast to N2O decomposition, the activity for
benzene oxidation increases with decreasing Fe content. Two
explanations for the improved catalytic activity of nanosheet Fe/
ZSM-5 may be put forward. Firstly, the sheet-like morphology will
result in strongly increased mass transport, from which the removal of the bulky phenol product from the zeolite micropores will
beneﬁt the most. It may be safe to assume that diffusion of phenol
in the zigzag channels is very slow, as the diffusion of the smaller
benzene molecule in MFI has been shown to occur predominantly
along the straight channels of the MFI structure [44]. Secondly, the
higher proportion of isolated Fe2+ centers as compared to clustered
Fe2+ centers in Fe/ZSM-5-sheet-st zeolites will also contribute to a
higher reaction rate. In this regard, it should be noted that the differences in the active Fe2+ center density agree well with the trend
in catalytic N2O decomposition, but not with that in benzene oxidation. This underpins our earlier claims that the titration of Fe2+
centers probes both monomeric and oligomeric Fe species and that
only a small fraction of these Fe2+ centers is monomeric and active
in benzene oxidation [8,17,18,45]. The Raman band at 743 cm1
appears to be related to a highly dispersed form of Fe in these
Fe/ZSM-5 zeolites.
Another advantage of the sheet-like morphology is the much
lower degree of catalyst deactivation during the benzene oxidation
reaction. The rate of deactivation for the Fe/ZSM-5-sheet(OH) zeolites decreases with decreasing Fe content. Before, it has been typically observed that more active Fe/ZSM-5 catalysts will deactivate
more strongly [11]. The explanation for this behavior is that more
active catalysts contain a higher density of active Fe2+ centers
increasing the probability of overoxidation of phenol into products
that cannot be easily removed from the zeolite crystals. Recently,
we have shown by computational modeling that the basic extraframework O atoms in oligomeric Fe clusters and FeO cations favor
the formation of a phenolate intermediate, which is irreversibly
adsorbed and may also be a precursor to larger products [8,11].
However, in thin zeolite nanosheets the probability of such secondary reactions of phenol is very small because of the low probability of multiple reaction centers being present in one straight
channel of the nanosheets. Another effect of the use of zeolites
with a high ratio of the external surface to micropore volume is
that the blockage of micropores does not affect the accessibility
of the other micropores at it would do in bulky zeolite crystals.
To verify that deactivation is caused by such carbonaceous deposits, it was attempted to regenerate spent Fe/ZSM-5-sheet(OH, 300)st by air calcination at 500 °C. The performance of the regenerated
catalyst was similar as the original one for two such regeneration
cycles (Table 2). In all cases, a considerable amount of coke is
formed on these catalysts as determined by TPO analysis (Table 2).
The amount of coke deposits divided by the total phenol productivity tends to decrease with increasing activity and stability for the
Fe/ZSM-5-sheet(OH)-st zeolites. This ratio is much higher for Fe/
ZSM-5-sheet(Br, 180)-st, which implies that the stronger deactivation of this catalyst is due to a higher rate of coke formation.
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Although the reason for this difference is not clear, comparison of
the textural properties of fresh and spent catalysts shows that the
micropores of Fe/ZSM-5-sheet(Br, 180)-st become more blocked
than those of Fe/ZSM-5-sheet(OH, 180)-st. Besides, the suggested
multilamellar morphology might be of importance here [45]. In
any case, this comparison shows that the carbonaceous material
is predominantly deposited in the mesopores of the nanosheet zeolites and not in the micropores. This strongly contrasts the very
strong decrease of the micropore volume of Fe/ZSM-5-st during
benzene oxidation. In accordance with the high stability of Fe/
ZSM-5-sheet(OH, 300)-st, it is found that the micropore volume
is still almost completely accessible after a reaction time of 24 h.
With increasing Fe content of the nanosheets, it is observed that
more deposits are formed in the micropores, albeit still at a much
lower rate than in bulk Fe/ZSM-5. These data strongly suggest that
the external surface of the nanosheets of Fe/ZSM-5 also contain active sites for benzene oxidation. It has earlier been shown that benzene oxidation to phenol is possible by Fe2+ centers embedded in
amorphous silicas [17,46]. The presence of such sites on a more
open surface than in a micropore may result in the formation of
large by-products which contribute to catalyst deactivation.
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[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

5. Conclusions
[20]

Structuring Fe/ZSM-5 into thin nanosheets with limited dimensions in the b-direction results in superior catalytic performance,
especially in terms of stability, in the selective oxidation of benzene to phenol as compared to conventional Fe/ZSM-5. Due to
the small coherent length of the zeolite domains in the direction
of the straight channels the probability of secondary reactions of
product phenol is substantially decreased. Although spectroscopic
investigations do not evidence substantial differences in Fe speciation between these nanostructured and conventional Fe/ZSM-5,
the lower catalytic performance of the former in catalytic N2O
decomposition points to a lower (higher) proportion of oligomeric
(monomeric) Fe species active in catalytic N2O decomposition (in
benzene oxidation). Deactivation in the benzene oxidation reaction
is caused by formation of carbonaceous deposits. In spent nanosheet zeolites, these are predominantly located in the mesopores
and not in the micropores. This contrasts the strong decrease of
the micropore volume of bulk Fe/ZSM-5 due to rapid clogging of
the continuous micropore network. The formation of coke deposits
is limited in the nanosheet zeolites because of the short molecular
trafﬁcking distances. It is argued that at high Si/Fe content coke
deposits mainly form on the external surface of the nanosheets.
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