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Abstract

Three MFI zeolites with iron ([Fe]MFI), aluminum ([AIIMFI), or a combination thereof ([Fe,Al[MFI) as framework substituents were
hydrothermally synthesized. The evolution of the iron and aluminum species during template removal and further hydrothermal activation
was carefully studied by UV-vis, ESRYAlI NMR, infrared spectroscopy, and high-resolution TEM. Directly after synthesis, Fe and Al
appear to be incorporated to a large extent into the zeolite framework. Iron is clearly less stable at framework positions than aluminum.
The migration of iron to extraframework positions readily proceeds during template removal. Although a large fraction of framework iron
is removed upon calcination in [Fe]MFI and [Fe,Al]MFI, the extent ofFelustering is more pronounced in the latter material. A more
severe steam activation step is required to extract a substantial amount of aluminum from framework positions. In contrast to [Al]MFI and
[Fe]MFI, [Fe,Al]MFI shows good performance in selective oxidation of benzene to phenol. A comparison of IR spectra of adsarbed NO
groups points to the presence of various extraframework species. After the activation of [Fe,AlJMFI an extraframework mixed metal oxide
species is formed, which is argued to be essential for selective oxidation of benzene to phenol with nitrous oxide.

0 2005 Elsevier Inc. All rights reserved.

Keywords: Zeolite; MFI; Iron; Aluminum; Selective oxidation; Benzene; Phenol; Nitrous oxide; Active sites; UV-vis; ESR; Al NMR

1. Introduction Co [5,6], and reduction of NQ by hydrocarbon$7-11] or
ammonig12,13]with Co or Fe.

Zeolites are porous aluminosilicates made of corner- and  In the last decade, selective oxidation of aromatics by ni-
edge-sharing SiQand AlQ, tetrahedra. Charge compensa- trous oxide over iron-containing MFI materials has attracted
tion of the negatively charged aluminum-containing tetra- considerable attentiofil,14-18] A related application is
hedra by protons results in strong Brgnsted acidity, which the low-temperature decomposition of nitrous ox[dé],
is widely applied to upgrade hydrocarbon feedstddkg]. which may find application in the cleanup of tail gases of
Transition-metal ions dispersed in the zeolite micropore nitric acid plants. There has been a wide range of studies
space endow these materials with a wider application win- of the preparation, activation, and catalytic activity of such
dow. Interesting examples include dehydrocyclization of materials[7—11,14—41] However, the nature of the active
alkanes with Ga or Zif3,4], ammoxidation of ethane with  species remains a moot point. The most important proposals

for the active species are extraframework Fe spdtied 5],
~ " Corresponding author. Fax: +31 40 2455054, Bransted acid sitef24], and Lewis acid Al site§21,27]
E-mail address: e.j.m.hensen@tue.(E.J.M. Hensen). Recently, attention seems to have gravitated toward the first
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proposal11,15,16,18,26,28,32,33,36,37,4The activity is for 5 days. After filtration, washing, and drying at 383 K
usually interpreted in terms of very small, possibly dinuclear overnight, the organic template was carefully removed by
Fe species stabilized by the negative framework charge ofthe following calcination procedure: (i) an amount of zeolite
the zeolite[32]. The importance of ferrous ions has been was treated in 100 mI mirt N during heating to 823 K at a
stressed32,41] On the other hand, others have found cor- ramp rate of 1 Kmin! and kept at this temperature for 8 h;
relations between the amount of extraframework Al species (ii) the material was further treated in 100 ml min20 vol%
and the catalytic performand27,29] Notté[29] noted an Oz in Ny at 823 K for another 4 h. To study the evolution of
optimum balance between the Brgnsted acidity and the pres+e and Al species during template removal, several zeolite
ence of extraframework iron species for the selective oxida- samples were taken out for further characterization at differ-
tion of benzene to phenol. Othdf®] again have suggested ent stages of the calcination process. Steam activation of the
that not only Brgnsted but also Lewis acid Al sites do not catalytic materials was achieved by steaming of 1 g of the
take part in the selective oxidation reaction. Recently we calcined precursor in a flow of 100 mlmih 20 vol% G in
suggested that the active centers consist of ferrous ions staHe with 10 vol% water vapor at 973 K for 3 h. The samples
bilized by extraframework Al speci¢$1,18,40,41] modified by steaming are designated by the suffix (st).
The most important questions pertaining to the active
sites for benzene oxidation to phenol regard (i) the impor- 2.2. Characterization
tance of iron and (i) the role of aluminum, if any, and its
location (framework or extraframework). Several studieson ~ The elemental composition of all samples was deter-
HZSM-5 zeolites[21,24,27]have used commercial zeolite mined by ICP analysis. For accurate analysis a known
starting materials that often contain nonnegligible amounts amount of zeolite was fused with lithium tetraborate in Pt
of iron. In other cases, the reported levels of Fe also cannotcrucibles at 1273 K. The fusion tablet was subsequently
be neglected. Conversely, it has proved difficult to prepare dissolved in nitric acid. The remnants of the tablet were care-
aluminum-free Fe-silicalitg¢17,23] Thus, it appeared im-  fully dissolved in additional nitric acid by gentle heating.
portant to synthesize and compare pure aluminosilicate, fer-The aluminum, silicon, and iron contents of the materials
risilicate, and ferrialuminosilicate zeolites. We reported the were determined by inductive coupled plasma optical emis-
catalytic performance of such zeolites in an earlier contri- sion spectroscopy (ICP-OES) on a Spectro CGif&sspec-
bution[18] and have shown that self-reduction of iron only trophotometer. Powder X-ray diffractograms were measured
takes place for the ferrialuminosilicalite material by X-ray with a Rigaku diffractometer. Typically, an XRD spectrum
absorption near-edge spectroscdgy]. In this study we was recorded in the rang€ 5 26 < 50° with a scanning
present more details of the preparation, activation, and cat-speed of 0.01min—! and Cu-K radiation. Nitrogen adsorp-
alytic activity of these materials. UV-vid’Al NMR, ESR, tion was carried out at 77 K in a Micromeritics ASAP 2000
infrared spectroscopy, and TEM were used to characterizeapparatus. Before nitrogen adsorption, samples were evacu-
the various zeolites. Finally, catalytic reactions involving the ated at 623 K for 16 h.
activation of nitrous oxide, that is, nitrous oxide decompo- UV-vis spectra were recorded on a Shimadzu UV-2401
sition and selective oxidation of benzene to phenol, were PC spectrometer in diffuse-reflectance mode with a 60-mm
performed to relate the structural characterization to the cat-integrating sphere. BaSQvas used as a reference sample.
alytic performance. The spectra were transformed into the Kubelka—Munk func-
tion, F(R), and subsequently deconvoluted into subbands by
standard peak-fitting software. ESR experiments were car-

2. Experimental ried out with a Bruker ESP 300E spectrometer, operating
with an X-band standard cavity (9.44 GHz), an ER 035 M
2.1. Catalyst preparation NMR Gauss meter, and a HP 5350B frequency counter.

A 100-kHz modulation of 5 Gauss and microwave power

All synthesized zeolites are denoted by the abbreviation of 2 mW were used to record the spectra. The field axis
MFI, which refers to their framework topology. [Fe]MFI was corrected for the variations in frequency in different
(iron-substituted silicalite), [AIIMFI (HZSM-5), and [Fe, spectra. The spectra were recorded at 10 K with an Ox-
AlJMFI (iron-substituted ZSM-5) were prepared by con- ford continuous-flow cryostat and variable temperature unit.
trolled hydrolysis of tetraethylorthosilicate (TEOS) in the The spectra were corrected for the sample weight. Magic-
presence of tetrapropylammonium hydroxide (TPAOH). To angle spinning (MAS$’Al NMR spectra were obtained on a
this end, 102.4 g TEOS (Acros, 98%) was added to 150 g Bruker DMX-500 spectrometer equipped with a 4-mm MAS
TPAOH (Fluka, 20 wt% in water) and mixed well overnight. probe head, at a magnetic field of 11.7 T. The Al resonance
An appropriate amount of this solution was subsequently frequency at this field was 130 MHz. The sample rotation
added dropwise to a solution of iron nitrate (Fe(@$- speed was 12.5 kHz. TH€Al chemical shifts were ref-
9H,0, 98%, Merck) and/or aluminium nitrate (AI(NJ - erenced to a saturated AI(NI3 solution. To obtain NMR
9H,0, 99%, Janssen) with vigorous stirring. The mixture spectra as quantitatively as possible in the presence of a het-
was transferred to a PEEK-lined autoclave and kept at 443 K erogeneous distribution of quadrupolar coupling constants,
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the2’Al nuclei were excited with a single 2(ulse of 1 ps. by a liquid mass flow controller (Bronkhorst). The final feed
Excitation pulses longer than 3 ps were seen to overempha-mixture contained 1 vol% benzene and 4 vol% nitrous oxide
size the extraframework Al signal intensity relative to the in helium and was fed at a total flow rate of 100 ml min
framework Al signal. The relaxation delay between scans The hourly space velocity of the gas was 30,008.hAll
was set at 1 s. No saturation effects were observed in thevalves and most tubing of the reaction system were placed
spectrum for relaxation delays longer than 0.5 s. in an oven system and heated to 453 K to avoid condensa-
Transmission electron microscopy was performed with tion of heavy product molecules. The gas-phase composi-
a Philips CM30UT electron microscope with a field emis- tion was determined by a combination of online gas chro-
sion gun as the source of electrons, operated at 300 kV. Wematography (Hewlett-Packard GC-5890 equipped with an
mounted samples on Quantifoil carbon polymer supported HP-5 column, FID) and a mass spectrometer system (Balz-
on a copper grid by placing a few droplets of a suspension ers TPG-215). The reaction products included phenol, water,
of ground sample in ethanol on the grid, followed by drying carbon monoxide, and carbon dioxide. We determined the
at ambient conditions. nitrous oxide and benzene conversions, the nitrous oxide se-
Infrared spectra of self-supporting 12-mg catalyst wafers lectivity (the fraction of oxygen atoms from nitrous oxide
were recorded at room temperature on a Bruker IFS-113vincorporated in phenol), the benzene selectivity (the fraction
Fourier Transform IR spectrometer with a DTGS detector at of benzene converted to phenol), and the rate of phenol for-
a resolution of 2 cmt. Typically, a sample was pretreated mation. The carbon and nitrogen mass balances closed at
in situ in oxygen at a temperature of 823 K for 1 h and 98% after prolonged reaction times.
cooled to room temperature in vacuo (pressure lower than
10-% mbar), followed by room-temperature exposure to NO
(purity > 99.9%, 5 mbar) for 30 min. Finally, the sample 3. Results
was evacuated for 30 min and spectra were recorded at room

temperature. 3.1. Characterization

2.3. Activity measurements All synthesized materials were white powders exhibit-
ing the typical X-ray diffraction pattern of zeolites with the
Reaction data were collected with a plug flow reactor MFI topology. No typical diffraction peaks due to iron ox-
operating at atmospheric pressure, which is extensively de-ide aggregates were found. The elemental compositions of
scribed elsewher@ll1]. For nitrous oxide decomposition, the zeolite samples are listed Table 1 Clearly, the use of
0.08 g of catalyst (sieve fraction 125-425 um) was diluted tetraethylorthosilicate offered a route to relatively pure alu-
with SiC to meet plug flow requirements. A well-calibrated minosilicalite with an iron content of less than 0.001 wt%.
online quadrupole mass spectrometer (Balzers TPG-215)The aluminum content in [Fe]MFI is negligible, in con-
was applied for analysis of the gas-phase components. Typ-rast to commonly applied synthesis methods that result in
ically, 0.5 vol% NO in He (Hoekloos) was used as the feed aluminum contents of 0.01-0.04 wt%. The iron and alu-
gas. The hourly space velocity of the gas was 30,000 h  minum contents of [Fe,Al]MFI are close to the iron con-
Before reaction, the catalysts were calcined in artificial air tent in [Fe]MFI and the aluminum content in [Al]MFTa-
(20 vol% & in He, 100 mimin!) during heating from ble 1also reports the analysis results of the nitrogen adsorp-
room temperature to 823 K. After an isothermal period the tion isotherms for the calcined zeolites and [Fe,Al[MFI(st).
catalyst was cooled to the reaction temperature. For nitrousThe differences between the various samples were relatively
oxide decomposition, the starting reaction temperature wassmall. Careful inspection of the adsorption isotherms indi-
473 K. The heating rate during temperature-programmed ni- cated that the somewhat higher external surface areas of
trous oxide decomposition was 5 K mih [Fe]MFI and [Fe,Al]MFI(st) are not due to the creation of
For the oxidation of benzene to phenol by nitrous oxide, a large portion of mesopores. The surface areas and micro-
typically 0.1 g of catalyst (sieve fraction 125-425 pm) was pore volumes of these materials and those of a commercial
mixed with SiC. Benzene was fed to the reaction mixture HZSM-5 zeolite that was extensively characterized in previ-

Table 1
Elemental composition, surface area, micropore volume and external surface area of the various hydrothermally synthesized zeolites abylE2EOIBEd
and nitrogen adsorption

Catalyst Al content Fe content Si/Al Si/Fe SD—R Vb—R Sext
(wt%) (wt%) (m*g~h) cmg™) (m*g~h)
[AIIMFI 0.88 <0.001 42 - 397 a1 131
[Fe]MFI < 0.005 Q55 - 143 409 46 157
[Fe,AlIMFI 0.92 051 40 147 401 43 138
[Fe,AlMFI(st) n.d2 n.d. n.d. n.d. 413 Q47 145

2 Not determined.
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Fig. 1. UV-vis spectra of (top) [Fe]MFI and (bottom) [Fe,AlJMFI for (left) as-prepared, (middle) calcined in artificial air at 823 K and (right) dteame
973 K. The inset shows a magpnification of the region ofdhé transitions and indications of the main features.

ous studieg11,40] were close and permit a comparison of tahedral F&" complexeg25]. To follow these changes in
the catalytic activities. more detail, the UV-vis spectra were deconvoluted into var-
The coordination state and extent of aggregation 8t Fe ious subbands. Two CT bands were used below 260 nm
in the iron-containing zeolites were investigated by UV-vis for isolated F&" species and three bands at fixed wave-
spectroscopy25,46—48] Fig. 1 displays the optical spec- lengths of 277, 333, and 427 nm for isolated octahedral
tra of [Fe]MFI and [Fe,Al]MFI. Overall spectra of the as- Fe** complexes, octahedral #ein oligomeric clusters, and
synthesized materials, the materials obtained after templatdarger FeOs-like aggregates, respective]25]. The bands
removal, and those obtained after steaming activation areabove 260 nm reflect a certain distribution of slightly dif-
compared, and a more detailed view of the spectra in theferent cluster geometrigd5], corresponding to the broad-
region of thed—d transitions is also presented. The spec- ness of these subbands. The corresponding fit results are
tra of the as-synthesized zeolites are dominated by two collected inTable 2 The CT bands of the isolated ¥e
characteristic oxygen-to-metal charge-transfer (CT) bandsspecies shifted to higher wavelengths upon calcination and
for Fe*t around 211 and 245 nm, which are characteristic steaming, pointing to increased coordination due to removal
for Fe*t at isolated tetrahedral framework sitg25]. For from framework positions. Whereas the as-synthesized ze-
the as-synthesized materials a considerable background ablites possibly contained a small fraction of isolated octa-
higher wavelengths is observed, which should be due to ahedral Fé" complexes in [Fe]MFI and [Fe,Al]MFI, cal-
variety of d—d transitions with slightly different coordina- cination brought about a strong increase in the number of
tions. After calcination the CT maxima shifted slightly to such species. Clearly, the changes were more pronounced for
higher wavelengths, which may be interpreted in terms of [Fe,Al]MFI than for [Fe]MFI, and a small fraction of more
an increased number of oxygen ligan@%,45] This im- clustered F&" was found in calcined [Fe,AlJMFI. Steam-
plies that (part of) F& migrated from framework to ex- ing resulted in a further redistribution of ¥ species in
traframework positions. At the same time, a shoulder around [Fe,Al]MFI, and more extensive clustering into clustered
280 nm is observed that has been attributed to isolated oc-Fe** species and larger iron oxide aggregates is evident
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Table 2

Contributions of subbands below 260 and at 277, 333 and 427 nm derived from deconvolution of UV-vis spectra of
[Fe]MFI and [Fe,Al]JMFI corresponding t&ig. L The maxima (in nm) of the CT bands below 260 nm are indicated
between brackets

1), <260 nm 1)=277 nm 1)=333 nm 1) =427 nm
[Fe]MFI as-synthesized 92 (212, 245) 8 - -
[FE]MFI calcined 82 (215, 249) 18 - -
[Fe]MFI steamed 78 (215, 249) 22 - -
[Fe]MFI steamed, sevete 68 (215, 249) 27 5 -
[Fe,AlJMFI as-synthesized 94 (211, 245) 6 - -
[Fe,AllMFI calcined 58 (215, 250) 40 2 -
[Fe,AllMFI steamed 47 (215, 249) 31 18 4

@ [Fe]MFI activated at 1073 K in 30 vol% water vapor.
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Fig. 2. ESR spectra of (left) [Fe]MFI and (right) [Fe,AlJMFI, (a) as-prepared, (b) treatecbinp\to 673 K, (c) calcined in artificial air at 823 K and (d)
steamed at 973 K. The inset shows a magnification argua@.0 for [Fe,AlMFI.

from the higher intensity of the band at 333 nm and the sive tetrahedral coordination of ¥e because the Tanabe
appearance of a subband at 427 nm, respectively. Contrarand Sugano diagrams for tetrahedral and octahedral com-
ily, the extent of clustering in [Fe]MFI upon steaming was plexes are quite similar. In fact, for steamed [Fe,Al]MFI a
much less pronounced. We found that in calcined [Fe]MFI a more complex pattern, seemingly consisting of more than
considerably smaller amount of isolated octahedral speciesfive bands, was measured that may derive from bands due to
was formed than in [Fe,Al][MFI. Steaming resulted only in Fe species in different coordination. In both zeolites, these
a small increase. These observations are in good agreemerttands became weaker after calcination and steaming, con-
with recent results of Pérez-Ramiif@®]. Similarly, further comitant with an increase in the bands due to clustered
clustering was induced by a more severe steam treatment opecies. They largely disappeared in [Fe,Al]MFI, which
[Fe]MFI (1073 K, 30 vol% water vapor), which led to the agrees with the more pronounced®Feclustering. On the
appearance of clustered¥®especies, indicated by the band other hand, the corresponding bands in [Fe]MFI remained
at 333 nm, as derived from the fit parameter3able 2 weak, even after steaming.

The d—d transitions inFig. 1 are indicative of the tetra- ESR spectra for [Fe]MFI recorded at 10 K for zeo-
hedral environment of Fe in the zeolite framework. The  lite samples at different stages of the template removal are
bands are partially masked by the tail of one of the CT bands, shown inFig. 2 The various spectra are quite similar, with
but in the as-synthesized zeolites the pattern that follows minor differences. They all contain two important features
from the d® configuration of F&" in tetrahedral symme-  at g values of 2.0 and 4.3. Moreover, some weak features
try [25] is weakly discerned. However, as pointed out by are observed in the low-field region. The ESR signal around
Bordiga et al., this cannot be taken as proof for the exclu- g = 4.3, initially assigned to lattice P& [42,43] belongs
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Fig. 3. 27A1 NMR spectra of (left) [AIIMFI and (right) [Fe,Al]JMFI, (a) as-prepared, (b) calcined in nitrogen at 473 K, (c) calcined in nitrogen at 673 K,
(d) calcined in artificial air at 823 K and (e) steamed at 973 K.

to tetrahedrally coordinated ferric ions. This does not nec- Table 3

essarily imply that these species are located at frameworkQuantitative analysis of th&/Al NMR spectra of [AIMFI and [Fe, ATMF
positions[39,44] In general, the band at @ value of 2.0 corresponding téig. 3. All signals are normalized to the resonant signal of
. . e . . as-prepared [Al]MFI

is attributed to F&" in iron oxide clusters, where magnetic

interactions average out the zero field splitting, although in C2tst Treatment AV AlCVD °
principle it can also arise from isolated ¥eions in high (%) C6)

. . . [AIIMFI As prepared 100 0
symmetry[45]. The bands in the low field are assigned to N, 473 K 97 3
higher-coordinated isolated Feions[45]. Despite the fact N», 673K 97 3
that the assignment of the band gt= 4.3 is not conclu- 02/N2, 823K 95 5
sive, we suggest that the presence of a broad band around a Steam, 973 K 65 35
g value of 2.0 directly after synthesis indicates that not all [F&.AIMFI As prepared 90 0
Fe is located in tetrahedral framework positions. After calci- mg g;g E ;2 i
nation at 823 K of [Fe]MFI, the signal gt= 2.0 increased Oz}Nz, 823 K 37 1
somewhat, which points to further clustering of Fe species Steam, 973 K 33 8
in line with a slight decrease in the feature arogne 4.3. a Al(IV) refers to tetrahedrally coordinated aluminum, characterized by a

No severe changes were observed upon steaming [Fe]MFI.chemical shift around 52 ppm.
The spectrum of as-synthesized [Fe,AlJMFI presents several P Al(VI) refers to octahedrally coordinated aluminum with a chemical
differences. The more pronounced feature arogre2.0 shift close to 0 ppm.

could point to a higher amount of extraframework Fe species ¢rease in the signal @t= 2.0 and a further decrease in the
in the precursor as compared with fresh [Fe]MFI. The sharp one around; = 4.3. This points to more extensive clustering
feature aroundg = 2.0 might indicate a portion of iso-  of Fe*t. Here, we cannot discuss in more detail the signals
lated FET ions. The evolution of the ESR spectra upon in the low field that were reported earlidi6,36,45]because
(hydro)thermal activation is totally different from that of their resolution is too weak.

[Fe]MFI. The sharp signal ai = 2.0 due to isolated F& NMR spectra of [AlJMFI are presented iRig. 3, and
species eroded at elevated temperatures. The same appliefuantitative data are condensedTable 3 The bands at

to the other signals aroungvalues of 2.0 and 4.3. This in- 0 ppm and 52 ppm are commonly assigned to octahedral ex-
dicates extensive clustering of iron oxide phases, althoughtraframework and tetrahedral framework Al species, respec-
in principle partial loss of the Fé signal may also explain  tively. The spectrum of fresh [Al]MFI is dominated by one
such behavior. After steam activation we observed an in- resonance at 52 ppm, which implies that Al is fully incor-
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Fig. 4. High-resolution transmission electron micrographs of (a) calcined and (b) steamed [Fe]MFI and (c) calcined and (d) steamed [Fe,Al]MFI.

porated into the framework. The asymmetry of this feature extraframework Al nuclei in [Fe,Al]JMFI became invisible
indicates the presence of at least two crystallographically because of the proximity of paramagnetic Fe centers.
distinct Al sites in the zeolite framewoll60]. After treat- To study the possible clustering of iron oxide aggregates
ment in nitrogen at 473 K, a small but distinct peak at 0 ppm on the external surface, the calcined and steamed forms of
appeared. This feature is related to extraframework Al dis- [Fe]MFI and [Fe,Al]MFI have been studied by TEM and
lodged from the zeolite framework after partial removal of HRTEM. From TEM micrographs with lower magnifica-
the template. More severe calcination led to an increase intion (not shown) we derive that the zeolites are made up of
this feature. Approximately 5% of the aluminum atoms were crystals with typical dimensions of 0.3-0.5 um. The rela-
removed from tetrahedral framework positions after com- tively low crystallite size derives from the high TPAQHI
plete decomposition of the organic template. Further steam-ratio in the synthesis gel; the alkyl chains of the template
ing activation of [AIJMFI brought about more extensive dea- favor nucleatior{51]. Whereas [Fe]MFI consisted of well-
lumination. Moreover, a new broad peak around 38 ppm formed rounded crystals, these were somewhat more irreg-
appeared, which is usually assigned to a pentahedrally coor-ular for the aluminum-containing [Fe,Al]MFI materials. In
dinated Al or distorted tetrahedral f27]. Fig. 3also shows contrast to the calcined zeolites, the creation of mesopores
the?’Al NMR spectra of [Fe,Al]MFI obtained after various in the steamed zeolites was suggested by the observation
activation treatments. The corresponding quantitative dataof white areas in the HRTEM micrograpfs2]. However,

are giveninTable 3 As aresult of the paramagnetic nature of the nitrogen adsorption isotherms did not clearly point in
the iron species present in [Fe,Al]MFI, part of the Al signal that direction.Fig. 4 shows typical high-resolution trans-

is not visible in the NMR spectrurf84,40]. Nevertheless, = mission electron micrographs of the calcined and steamed
similar changes in th&’Al NMR spectra were noted during  iron-containing zeolites. In general, iron oxide aggregates on
calcination and steaming of [Fe Al[MFI. Framework alu- the external surface of the zeolites were not observed. Only
minum atoms were progressively removed at elevated tem-in one micrographKig. 4b) for steamed [Fe]MFI were a
perature, and this dislodgement was more pronounced aftefew agglomerates identified. This result implies that the mi-
steaming. The quantitative dataTable 3further underline gration of iron from lattice to extraframework positions was
the loss of resonant area. For instance, the total resonant arekargely limited to the intrazeolite space. This is in line with

in [Fe,AlJMFI calcined at 823 K amounted to only one-third the interpretation of the UV-vis results showing a small frac-
of the signal in [AI]MFI. The ratio of octahedral and tetra- tion of strongly clustered iron oxides and the visual observa-
hedral Al ions in [Fe,Al]MFI is substantially lower than that tion that the samples are white after steam activation. These
in [Fe]MFI. This suggests that a relatively larger part of the observations deviate somewhat from those of Pérez-Ramirez
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iron oxide aggregates on the external surface qf [Fe,AI]MFI. wave number (Cm'1)

Pérez-Ramirez also observed such clustered iron oxides for

[Fe]MFI after more severe treatmedD]. Fig. 6. Room-temperature infrared spectra in the region of

Fig. 5 shows infrared spectra for the hydroxyl bands 1500-1700 cm! for (a) [Fe]MFI(st), (b) [AMFI(st), (c) [Fe,AlMFI
of the various calcined and steamed zeolites. The spectra?d (d) [Fe AlIMFI(st) after exposure to NO for 30 min and subsequent
for [Fe]MFI are characterized by bands of isolated silanol ©vacuation for 30 min.
groups in the region of 3700-3750 tmand a broad sig-
nal due to hydrogen-bonded silanol groups with a maximum below 3600 cm?® decreased. The spectra of [Fe,AlJMFI are
around 3500 cm. In calcined [Fe]MFI we distinguish a  dominated by the bands also found in [AI]MFI. Steaming
weak band at 3630 cni, which is related to Brgnsted acid of [Fe,AlJ[MFI resulted in similar changes due to the re-
hydroxy!l groups bridging between silicon and iron frame- moval of framework Al. Nevertheless, the calcined material
work cations. The higher frequency compared with that of has a more pronounced feature around 3500 cwhich
hydroxyl groups associated with framework substitution by strongly decreased upon steaming, which is similar to the
aluminum is indicative of its lower acidity. The broad band at changes in [Fe]MFI. Qualitatively, the extent of dealumina-
lower frequencies is assigned to internal hydroxyl nests de- tion of steamed [Al]JMFI and [Fe,Al]MFI appears to be quite
riving from extraction of F&" from the framework25,54] similar.
After steaming, the band at 3630 cfcan no longer be After exposure to NO for 30 min, we observed typical NO
observed. This indicates further removal ofEdrom the bands around 1880 cm for all materials. Such bands have
framework. Moreover, we observe a strong decrease in thebeen discussed in detail by oth¢s&—62] In this contribu-
broad band around 3500 crh which is due to conden- tion, we focus on the bands that remain after extensive evac-
sation of internal silanol groups releasing water and form- uation after NO exposure. The resulting spectra in the region
ing strained Si—-O-Si bridges. Similar effects were also de- of 1550-1700 cm? of the various catalysts are collected in
scribed for Fe-silicalite by Bordiga et gR5]. The spec- Fig. 6. The bands in this region are due to adsorbed NGO
tra of [A[JMFI present a strong feature at 3610 chdue though we initially surmised that these bands derive from a
to Bransted hydroxyl groups bridging between silicon and reaction between NO and extraframework oxygen, we alter-
aluminum. The intensity of the band around 3500 ¢ris natively put forward that these bands originate from aaNO
much lower, which points to a less defective zeolite struc- impurity in the NO feed. The bands below 1600 Thrare
ture. This should be attributed to the higher stability of assigned to monodentate/bidentate nitrate gr¢b@k The
Al in the zeolite framework. A large portion of the Bren- strong band in [Fe]MFI(st) at 1613 cth has been assigned
sted acid protons disappeared upon steaming, because dfo NO, interacting with extralattice Fe iorj48]. The pure
the removal of Al from the framework. Together with this aluminosilicalite [Al]MFI(st) exhibited a distinctly different
decrease, a new signal around 3665 émvas observed, IR absorption band around 1657 th Hence, we suggest
which is assigned to hydroxyl groups coordinating to ex- that the band is due to NOnteracting with extraframework
traframework Al atoms. Again, the intensity in the region Al species. The weaker feature around 1600 &mossibly
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Fig. 8. Rate of phenol formation as a function of reaction time M) (
Fig. 7. Temperature-programmed decomposition of nitrous oxide @r ( [AlMFI(st), (®) [Fe]MFI(st), (¥) [Fe,AlIMFI, (A) [Fe,AlJMFI(st) (reac-
[AMFI(st), (@) [Fe]MFI(st), (V) [Fe,AlIMFI, and (&) [Fe,All-MFI(st) tion temperature 623 K, feed composition: 1 vol% benzene, 4 voyd,N
(feed composition: 0.5 vol% O in balance He at GHSV of 30,0007 H). 95 vol% He, GHSV 30,000t).

relates to nitrate group®6]. As reported earlief18], the L
spectra for [Fe,AJMFI and [Fe,AlJMFI(st) contain bands a steamed Fe/ZSM-5 catalyst prepared by the sublimation
around 1612, 1620, 1635, and 1656 ¢mThe firstand last ~ Mmethod[11,40} , _

band correspond to extraframework Fe and Al species, re- The rates of phenol formation for the various catalysts as

spectively. The bands around 1620 and 1635 twere a function of the reaction time at a temperature of 623 K
assigned to N@interacting with a mixed iron—aluminum- &€ shown inFig. 8 Whereas [Al]MFI(st) had a negligi-

oxide species, as speculated beffB]. This tallies with ble activity and the rate of phenol formation for [Fe]MEI(st)
the observation that such bands only arise for [Fe,AllMFI Was also very low, [Fe,Al]MFI and [Fe A[[MFI(st) exhibited

and become more pronounced after hydrothermal treatment@ high initial activity; the steamed material had the high-
est conversion. Deactivation was pronounced, and relatively

3.2. Catalytic activity stable activities were obtained after a reaction time of 3 h.
Further reaction parameters (benzene and nitrous oxide con-
Fig. 7 depicts the conversion as a function of the reac- Versions and selectivities) are condensediable 4 The
tion temperature for [AIJMFI(st), [Fe]MFI(st), [Fe,Al]MFI, initial selectivity (after 5 min) of benzene to phenol over
and [Fe,Al]MFI(st) during nitrous oxide decomposition. The [Fe,AlJ[MFI was approximately 70%, indicating that part
nitrous oxide conversion of steam-activated alumino- and of the reactant benzene is converted into products different
ferrisilicate remained below 3% at 800 K. The activities of from phenol. These products were mostly high-molecular-
the corresponding calcined materials were similarly low (not weight coking products, leading to deactivatif8v], but
shown). [Fe,Al[MFI and [Fe,Al]MFI(st), on the other hand, also included small amounts of carbon dioxide and water
displayed a significantly higher catalytic activity. The de- in the initial stages of the reaction. Although the conversion
composition of nitrous oxide started at approximately 650 K, of benzene decreased to 7% after 1 h, the selectivity remark-
and full nitrous oxide conversion was reached at 775 K. ably increased to values close to 100%.
Steam-activated [Fe,Al]MFI had the highest activity. We We attribute the increase in selectivity with decreasing
stress that [Fe,Al]MFI(st) exhibited a lower activity than conversion to a consecutive reaction mechanism where ben-

Table 4
Conversion &) and selectivity §) for benzene oxidation with itrous oxide for reaction times) (of 5 min, 1, 3 and 5 h (reaction temperature 623 K, gas
phase composition 1 vol%gElg, 4 vol% N,O, 95 vol% He, GHSV 30,000h)

Catalyst GHg N>O CsHg N>O
X (%) S (%) X (%) S (%) X (%) S (%) X (%) S (%)
tR=5min r=1h
[Fe,AlIMFI 22 69 10 36 7 > 08 3 59
[Fe, AlJMFI(st) 38 68 16 42 14 > 98 5 71
tR=3min trR=5h
[Fe,AlIMFI 4 > 08 3 78 2 > 08 4 83

[Fe,AlIMFI(st) 7 > 08 3 88 6 > 08 3 93
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zene is first converted to phenol, followed by its oxidation this may imply that a relatively larger fraction of Fe is closer

to dihydroxybenzenes and/or condensation to heavier prod-to extraframework Al species than to framework species. Al-
ucts. As deactivation due to coke formation is argued to though it is known that the replacement of protons by metal
be dominant, the decrease in the amount of available activecations as charge-compensating species increases the frame-
sites leads to a decrease in the benzene conversion and corwork stability, Rees and co-workeig3,64] earlier proposed
comitantly an increase in the selectivity for the intermediate that thermal activation of tervalent cations in zeolites like
phenol product. [Fe,Al]MFI(st) displayed a reactivity pattern faujasite may lead to dealumination. Experimentally, we ob-
similar to that of [Fe,Al]MFI, but with a higher conversion serve for [Fe,Al]MFI a similar strong decrease in the infrared

of benzeneKig. 8). A comparison with earlier data for sub-  band related to bridging hydroxyl groups, as for [Al[MFI.
limed Fe/ZSM-5 materialfl 1] shows that the present set of  This decrease should at least partly be due to migration of

materials is more selective and shows a lower deactivation Al to extraframework positions, as follows from the band at
rate than catalysts prepared by sublimation. 3665 cntl,

: . 4.2. Catalytic activity
4. Discussion

The activity measurements point to large differences in
nitrous oxide decomposition rates among the various cata-

[Fe]MFI, [AMFI, and [Fe,AJMFI were successfully lysts. Before and after steaming, [Al]MFI exhibited a negli-

synthesized via hydrothermal synthesis. The evolution of the g'b_le hitrous oxide conversion up to temoeratures ,Of 800 K.
iron and aluminum hetero-atoms during activation was fol- 1S _corresponds to recent data of Pérez-Ramirez et al.
lowed by ESR and UV-vis spectroscopy (Fe) and NMR (Al) (62,661 who found that a similar [AlIMFI material only
and infrared spectroscopy (Fe and Al). Iron appears to be exhibits S|gn|flcan'F aotlv@/ in nitrous oxide dec_omoosmon
less stable as a framework species than aluminum, in agree@P0ve 800 K. This implies that Brensted acid sites and
ment with the literaturé89]. The lower stability of Fe agrees ~ L€WIS acidic extraframework Al species are not able to ac-
with its larger ionic radius (0.064 nm for Bevs. 0.050 nm tivate nitrous OXIC,Je at modorate temperatures. In contrast to
for AI3+). Nevertheless, the agglomeration of Fe species into € reports of Pérez-Ramirez et (5,66} we found that
larger structures was limited, as follows from the predom- [FEIMFIand [Fe]MFI(st) were not active up to temperatures
inance of isolated and oligomeric ¥e species (UV-vis) of.8_00 K. Perez-Rar_nlrez et al. reported relatively high ac-
and the absence of iron oxide particles on the external sur-tivities for steam-activated [Fe]MFI. They concluded that a
face (HRTEM). Moreover, the extent of Beclusteringwas ~ Certain extent of clustering of iron oxide is required for a
much smaller in [Fe]MFI than in [Fe,AlJMFI, in line with re- high activity in oitrous oxjde decomposition. We found that
cent findings of Pérez-Ramirez et [9,53] Infrared spec-  the agglomeration of Fe in [Fe]MFI is rather limited. To ob-
tra of the hydroxyl region, however, confirm UV-vis data t@in more insight into this discrepancy, we applied a more
that indicate that most Bé species have been removed from Severe pretreatment to calcined [Fe]MFI (1073 K, 30 vol%
framework positions after calcination. After steaming, bridg- Water vapor). The UV-vis spectra point to somewhat more
ing hydroxyl groups associated with framework iron cations F€" clustering Table 2, but the nitrous oxide decompo-
were no longer observed. sition rate of this material was hardly improved. Earlier we
Directly after synthesis, all Al atoms were incorporated Proposed that such inactive [Fe]MFI(st) can simply be acti-
into the framework of the MFI structure in [A][MFI. Asmall ~ Vvated by the addition of Al at extraframework positigh8].
portion of the tetrahedral Al atoms was lost upon calcina- On the other hand, we cannot rule out the possibility that the
tion. This dealumination was much more pronounced after extent of agglomeration is still lower for the present materi-
steaming, and about one-third of the Al atoms were re- als and that this parameter is crucial for good performance
moved from framework sites. The simultaneous introduction in nitrous oxide decompositidié7].
of iron and aluminum into the zeolite framework resulted ~ The combination of characterization and activity data
in a larger destabilization of the zeolite framework. UV-vis points to a strong synergy between Fe and Al in the se-
spectra suggest that already in the as-synthesized materialective oxidation of benzene to phenol. The activity of
the amount of Fe at framework locations had noticeably [Fe,AlJMFI(st) is considerably higher than that of its cal-
decreased compared with [Fe]MFI. After calcination and cined counterpart. The positive effect of steam treatment on
complete removal of the template, almost all Fe atoms havethe decomposition of nitrous oxide has been described be-
migrated to extraframework positions. The evolution of Al fore [34,65] Although generally the beneficial effect of a
atoms in [Fe,Al]JMFI zeolites is more difficult to follow by  hydrothermal treatment is thought to derive from additional
2TAl NMR because of the presence of paramagnetitfFe  extraction of Fe from framework positions, we found that a
We observe a lower ratio of detectable octahedral and tetra-large fraction of iron was already extracted in [Fe,Al]MFI
hedral Al species in calcined and steamed [Fe,Al][MFI com- during template removal. This suggests that the increase in
pared with the corresponding [AI]MFI zeolites. Tentatively, activity upon steaming is most likely not due to changes in

4.1. Structural characterization
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the distribution between framework and extraframework Fe  The structure of the Fe—O—Al species remains to be deter-
species. The samples containing one substituent type, that ismined. Next to Fe species stabilized to partially dislodged Al
[AIMFI or [Fe]MFI, produced almost negligible amounts sites, one should consider the possibility of stabilization of
of phenol, whereas [Fe,Al]MFI displayed high rates of phe- ferrous ions in aluminates highly dispersed in the zeolite mi-
nol formation. Similarly, benzene was not converted over cropores. The most important catalytic property of these Fe-
[AIIMFI(st), indicating that Al Lewis sites should also not containing sites is their reducibility in the presence of mole-
be considered the active sites. We surmise that the some-<ular oxyger{32]. The resulting F&" species can be titrated
what higher activities of ferrisilicates in benzene oxidation by nitrous oxide at temperatures around 523 K. The active
found by otherg17,20,68]are related to small quantities site densities lie in the order of 10to 10'8 g—1, which cor-
of Al in the zeolite samples. [Fe,AlJMFI(st) had a higher responds to the involvement of about 0.001-0.01 wt% Fe.
rate of phenol formation than [Fe, AlJMFI. The similar re- We surmise that these sites are made up of mixed Fe—O-Al
action parameters suggest that the difference is due mainlyspecies and are involved in the selective oxidation of ben-
to the larger amount of active sites in the steamed cata-zene to phenol. It seems unlikely that these few sites are
lyst. responsible for the high nitrous oxide conversion at higher
It appears that next to the dislodgement of framework temperatures. Alternatively, it may well be that other (dis-
Fe, migration of Al from the framework is also essential. persed) iron-containing phases, that is, cationic iron species
This supports our earlier supposition that the active speciesand/or agglomerated nanometer-sized iron oxides stabilized
for selective benzene oxidation consists of a mixed iron— in the zeolite microporef§65-67} are able to decompose
aluminum-oxide species. This contrasts the view of cationic nitrous oxide at elevated temperatures. In this respect, it is
Fe species of low nuclearity as the active sites for ben- worth noting that even large iron oxide agglomerates can de-
zene oxidatior{32]. Instead, we consider the possibility of compose nitrous oxide, starting at a temperature of 723 K.
highly dispersed or mononuclear Fe species stabilized by ex-Formation of additional e sites from such phases at more
traframework Al species, denoted as Fe—OPA]. It may elevated temperatures should be considered. Indeed, we have
be that these extraframework Fe—O—Al species are stabilizedshown that, depending on the oxygen partial pressure, cat-
at defect sites of the zeolite. alytic sites are generated at elevated temperatures that can
The importance of high-temperature treatments (calcina- decompose nitrous oxide, but slowly deactivité]. The
tion or steaming) is probably related to the much higher observation that such sites are less abundant upon treatment
stability of Al at framework positions compared with that with higher oxygen partial pressures suggests that these sites
of Fe. Its extraction results in a higher amount of mixed may be reoxidized by molecular oxygen and are thus differ-
oxide species and a higher catalytic activity. This tenta- ent from the sites responsible for selective oxidation.
tive model is in line with various findings in recent liter-
ature. Dubkov et al[32] have shown that active catalysts
can also be obtained by impregnation of FeiGto HZSM-
5 followed by thermal activation. This suggests that active
sites can be created upon removal of aluminum from the
framework by steaming at moderate or calcining at very  Trivalent Fe and Al ions can be incorporated into the
high temperature. This also holds for samples prepared byframework of MFI-type zeolite by introduction of the cor-
chemical vapor deposition of Fefbnto HZSM-5[11,40]. responding metal nitrate salt solutions into the synthesis
Kubanek et al[16] and Meloni et al[37] also found a corre-  gel. During subsequent calcination or steaming steps, these
lation between the presence of extraframework Al sites and substituents are partially removed from framework to ex-
catalytic activity, but regarded this as a side effect of the traframework positions. The migration is more evident for
necessary thermal treatments to remove Fe from the frame+e than for Al, and a steam treatment is more effective in
work. removing hetero-atoms than the initial calcination step. In
Infrared spectra of adsorbed N@rovide additional in- short, iron is largely removed during template removal, es-
dications for the formation of a new mixed oxide phase pecially in the presence of aluminum. Clustering ofFe
in [Fe,Al]JMFI zeolites. Spectra for steamed [AlMFI and species is more extensive in the presence of Al. Considerable
[Fe]MFI produced bands due to NCcomplexes on ex-  amounts of Al are removed only under hydrothermal con-
traframework Al and Fe sites, respectively. These bandsditions. The ability of these zeolites to decompose nitrous
were less pronounced in [Fe,Al[MFI with similar Fe and Al oxide under mild conditions is limited to those materials
content. Coupled with their decrease was the appearance otontaining both Fe and Al. Ferrisilicalite and aluminosili-
strong new bands around 1620 and 1635 &nwhich are calite are inactive for selective benzene oxidation to phenol
linked to the presence of extraframework Fe—O—Al. This is with nitrous oxide. Detailed characterization suggests that
supported by the observation that these signals increase afextraframework mixed iron—aluminum oxide species are in-
ter steam activation. Recent wor[@3—71] also stress the  volved in the activation of nitrous oxide at low temperatures
importance of extraframework Al species. and the subsequent benzene oxidation to phenol.

5. Conclusions
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