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Abstract

The effect of severe (hydrothermal) treatment on Fe/ZSM-5 prepared by sublimation af iBestidied by a combination of high-
resolution TEM, EXAFS2’Fe Mossbauer spectroscopy, IR, UV-vis, nitrogen adsorpfibil, NMR spectroscopy, and low-temperature
nitrous oxide decomposition. The heterogeneous nature of Fe/ZSM-5 is stressed with a preponderance of iron oxide particles on the extern
zeolite surface. Additionally, neutral iron oxide nanoparticles and charge-compensating iron complexes are located in the micropores. Sever
calcination at 973 K induces the growth and ordering of the iron oxide aggregates. Moreover, some of the occluded neutral iron oxide
nanoparticles are transformed into charge-compensating iron complexes upon a protolysis reaction with the Brgnsted protons. These effec
are more pronounced in the case of steaming at 973 K, additionally resulting in the removal of Al from framework positions. Despite the
low dispersion of iron oxide in Fe/ZSM-5, relatively low Fe—Fe coordination numbers were derived from the EXAFS data for Fe/ZSM-5;
high-temperature treatments increased this number. This low value points to the disordered nature of the iron oxide aggregates rather the
to the presence of an abundant fraction of binuclear iron clusters. Titration of sites active in nitrous oxide decomposition shows that their
amount increases upon increasing severity of treatment of Fe/ZSM-5. Their number, however, remains very small (a few percent of the tota
iron) and appears to correlate to the amount ottFpresent after room temperature exposure to vacuum conditions. A comparison to a
commercial HZSM-5 zeolite with a very low iron content is made. The catalytic performance of these materials is discussed in a companion
paper (J. Catal. (2003)).
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1. Introduction potential catalytic applications. Most importantly, such ze-
olites catalyze the selective insertion of an oxygen atom into
The limited dimensions of zeolite micropores allow sta- the C-H bonds of aromatics and alkanes [3] when nitrous
bilization of small transition metal oxide complexes with oxide is the oxidant. The particular case of benzene hydroxy-
unique catalytic properties [1,2]. The redox properties of |ation to phenol forms the basis for a potential alternative [4]
iron-containing zeolites, most notably with the MFI topol-  to the environmentally stressing three-step cumene process.
ogy, have attracted widespread attention for a number of Moreover, these materials may be suitable for abatement of
nitrous oxide emissions from nitric acid plants [5-10]. An-
~* Corresponding author. other potential application field is NOreduction for diesel
E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen). or lean-burn Otto engines, which has resulted in a number of
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studies using ammonia (e.g., [11]) or hydrocarbons [12—-15] the nitrous oxide decomposition rate [9]. In short, calcina-
as reductant. tion and especially steaming at 973 K result in increased
Although there appears to be no general consensus ordecomposition rates. IR spectroscopic investigations indi-
the nature of the active sites, especially for the activation cate that iron oxide species react with Brgnsted protons
of nitrous oxide with proposals stressing the importance of to cationic Fe species upon high-temperature calcination,
Brgnsted acid sites [16,17], Lewis acid sites created uponthe protolysis reaction being reversible by hydrothermal
hydrothermal treatment [18—20], and Fe redox sites [21-23] treatment at relatively low temperature, i.e., 773 K [10].
having their share of attention, the latter type of species haveln the present contribution, we aim to obtain further in-
been assigned the specific catalytic activity most frequently. sight into the changes in the active phase and zeolite ma-
It is suggested that the active sites have a dimeric iron struc-trix upon such severe treatments. The catalysts are exten-
ture with the property to adsorb a single oxygen atom upon sively characterized (FTIRZ’Al NMR, UV-vis and °’Fe
nitrous oxide decomposition [22,23]. Although their exact Mossbauer spectroscopy, nitrogen adsorption, transmission
structure remains unknown, the close proximity of such sites electron microscopy, isopropylamine decomposition, and
to the zeolite framework has been stressed [24-27]. Two low-temperature nitrous oxide decomposition). The catalytic
main preparation routes for active Fe/MFI catalysts have performance for the decomposition of nitrous oxide, the
been described, i.e., (i) controlled removal of framework Fe nitrous-oxide-mediated hydroxylation of benzene to phenol,
species of isomorphously substituted MFI-type zeolites [25, and selective reduction of NO withbutane is discussed in
28-37], and (ii) postsynthesis dispersion of Féhrough ion a companion paper [50].
exchange of iron-containing compounds either in solution or
in the gas phase [9,10,12,13,38-47]. The first method guar-
antees a high dispersion of iron which results in selective and
stable catalysts for phenol production. The postsynthesis in-2'1. Materials
troduction of iron, mainly via gas-phase deposition of ReCl

followed by extensive washing to remove the chloride, has  NH4ZSM-5 (Akzo Nobel, SiAl = 19.4) was calcined at
also been extensively employed. This sublimation method 823 K for 2 h to obtain HZSM-5. Anhydrous FegfAldrich,
offers the possibility of obtaining overexchanged ZSM-5 reagent grade 99.9%) was sublimed onto the acid zeolite as
catalysts, the term “overexchanged” stressing the iron con-described by Chen and Sachtler [39,51]. The temperatures
tent in excess of the expected"FgAl = 1/n with n =2 of the iron precursor and zeolite were 573 and 593 K, re-
or 3. Materials prepared using this method are interesting spectively. Subsequently, the sample was washed in 2500 ml|
due to their high activity in the selective reduction of NO  dejonized water twice by stirring for 1 h each time. After
Benzene oxidation has been described less frequently fordrying in an oven at 383 K overnight, 1 g of the resulting
these materials and appears to be less preferred due to lowematerial was calcined in 20 vol%0n He at a flow rate of
phenol selectivities [48]. There are conflicting views on the 200 mImin?! while heating to 823 K at a rate of 2/knin
nature of the Fe species in iron-containing MFI zeolites pre- followed by an isothermal period of 3 h. The calcined mate-
pared by this method. On the one hand, the heterogeneousia| is denoted as Fe/ZSM-5.
nature of such samples has been stressed [9,10,36,46] with  Two additional samples were prepared from Fe/ZSM-5
particles of different nuclearity including large iron oxide in the following ways: (i) an amount of Fe/ZSM-5 was cal-
particles on the external surface, neutral iron oxide (FeO cined in an artificial air flow (200 ml mint, 20 vol% G in
nanoparticles in the micropores, and iron complexes (mono-,He) at 973 K for 3 h (denoted as Fe/ZSM-5(HTC); HTC,
bi-, oligo-nuclear) at cation-exchange positions. On the other high-temperature calcined) and (i) an amount of Fe/ZSM-5
hand, several authors have pointed out that rather well-was steamed (200 mlmid, 20 vol% G and 10 vol% water
defined structures are obtained via the sublimation method invapor in He) at 973 K for 3 h (Fe/ZSM-5(HTS); HTBigh-
the precursor [42—45,47,49] which are retained upon careful temperature steamed). Starting from the calcined parent
calcination, resulting in the dominant presence of binuclear zeolite (HZSM-5), HZSM-5(HTC) and HZSM-5(HTS) were
iron oxo complexes. This finding is based on the observa- also prepared via similar pretreatment methods. Fe/$i&
tion of Fe—Fe coordination numbers derived fradmedge prepared by pore-volume impregnation of high-surface-area
EXAFS measurements close to unity [42—45,47]. As exten- silica (Grace) with Fe(Ng)3 - 9H,O (Merck).
sively outlined by Panov and co-workers [22,23], the specific
catalytic property of the presumed binuclear cluster is the ab-2.2. Catalyst characterization
straction of one oxygen atom from a nitrous oxide molecule.
In view of this specificity for nitrous oxide, the relevance of The elemental composition (Si, Al, and Fe) was deter-
such binuclear clusters for nitric oxide reduction remains to mined by ICP-OES after the sample was dissolved in a
be determined. mixture of HF and HNQ@. Powder X-ray diffractograms
We have recently shown that a rather unconventional were measured using a Rigaku diffractometer. Typically, an
high-temperature treatment of Fe/ZSM-5 prepared by gas-XRD spectrum was recorded in the range<526 < 50° us-
phase sublimation of Fe€kesults in a strong increase of ing Cu-K,, radiation with a scanning speed of 0°0din~t.

2. Experimental
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Infrared spectra of self-supporting 10-mg catalyst wafers Fe—O andx-Fe,O3 for Fe—Fe generated by FEFF7 accord-
were recorded at room temperature on a Bruker IFS113ing to parameters provided by Battiston et al. [47].
Fourier transform IR spectrometer with a DTGS detector at  °’Fe Méssbauer spectra were measured on a constant ac-
a resolution of 4 cm?. Prior to IR measurements, the cata- celeration spectrometer in a triangular mode usih@m:Rh
lyst was pretreated at 773 K for 1 h in vacuo (pressure lower source. All Mossbauer spectra have been recorded at 300 K,
than 1x 10-% mbar) and cooled to room temperature. Nor- both in air and under high vacuum conditions (pressure
malization of the overtones of the zeolite lattice vibrations lower than 1x 10~® mbar), at 77 K (pressure lower than
(1870-1950 cm') was applied to quantitatively compare 1 x 10~% mbar) and at 4.2 K under high vacuum. The overall
the number of Brgnsted acid sites in the various samples.spectra were deconvoluted with calculated Méssbauer spec-
UV-vis reflection spectra were recorded at ambient temper-tra that consisted of Lorentzian-shaped lines. In the case of
ature on a Shimadzu UV-2401 with a 60-mm integration quadrupole doublets the linewidths and the absorption areas
sphere. BaS@was used as reference material. Solid-state of the constituent lines were constrained equally. Positional
27Al magic-angle spinning NMR spectra were obtained on parameters were not constrained in the fitting procedure. The
a Bruker Ultrashield 500 spectrometer at a magnetic field isomer shift values are reported relative to sodium nitroprus-
of 11.7 T equipped with a 4-mm MAS probe head. The Al side.
resonance frequency at this field is 130 MHz. The sample  Temperature-programmed decomposition of adsorbed
rotation speed was 12.5 kHz. TR&AI chemical shifts were  isopropylamine (IPA) was used to determine the amount of
referenced to a saturated AI(NJ@ solution. Nitrogen ad-  acidic sites. In a typical experiment, 100 mg of catalyst was
sorption at 77 K was carried out in a Micromeritics ASAP  dried in a He flow of 100 N mImin! while heating at a rate
2000 apparatus. Prior to nitrogen adsorption, samples wereof 2 Kmin~! to 723 K. The sample was kept at this tem-
evacuated at 623 K for 16 h. perature for 1 h and subsequently cooled to 323 K. A He
For transmission electron microscopy, a catalyst sampleflow saturated with IPA at 273 K was led over the catalyst
was mounted on a microgrid carbon polymer supported on bed until no further adsorption was observed by online mass
a copper grid by placing a few droplets of a suspension of spectrometry. Subsequently, the larger part of physisorbed
ground sample in ethanol on the grid, followed by drying IPA was removed by purging in a helium flow for 16 h at
at ambient conditions. High-resolution transmission elec- 323 K. Temperature-programmed decomposition of IPA was
tron microscopy (HRTEM) was performed using a Philips started by heating the sample at a rate of 5 KThito 773 K.
CM30ST electron microscopes with a field emission gun as The number of acidic sites was calculated from the num-
the source of electrons at 300 kV. EDX elemental analysis ber of propene molecules deriving from IPA decompoasition.
was performed using a LINK EDX system. Special attention was paid to correct for the desorption of
Fe K-edge XAFS measurements were performed at residual IPA which also yields a propene fragment during
beamline 17C of the National Synchrotron Radiation Re- mass spectrometric analysis. Kofke et al. [54] have demon-
search Center in Hsinchu (Taiwan). The electron energy andstrated that exactly one IPA molecule is chemisorbed per
ring current were 1.5 GeV and 160 mA, respectively. The acidic site.
spectra were recorded with sampling steps of 0.5 eV inthe The low-temperature (523 K) decomposition of nitrous
XANES region and of 1 to 2 eV in the EXAFS region. An oxide was carried out in a static vacuum setup equipped
amount of catalyst was pressed into a self-supporting wafer,with an online mass spectrometer for determining the gas-
calculated to have an absorbance of 2.5, and placed in ~ phase composition. A catalyst sample (typically 0.6 g) was
a controlled atmosphere transmission cell. Prior to measure-placed into a quartz reactor tube and subjected to the follow-
ment, the sample was heated at a rate of 2 Kthio 673 K ing treatment: heating to 823 K in 30 min in vacuo followed
in a flow of 20 vol% Q in He to remove physisorbed water. by an isothermal period of 30 min, a treatment for 1 h in
Fe K-edge spectra were recorded in transmission mode atl.3 mbar of oxygen, and cooling to 523 K in oxygen. After
ambient temperature in He atmosphere. EXAFS data wereevacuation of the setup, the catalyst was exposed to a known
extracted from the measured absorption spectra with theamount of nitrous oxide (typically 8 10'° molecules NO).
XDAP code [52]. The preedge was subtracted using a mod-In a typical experiment, dinitrogen formation was observed
ified Victoreen curve, while the background was subtracted without the production of dioxygen. This allows calculation
by using cubic spline routines. Finally, normalization took of the number of stoichiometrically deposited oxygen atoms
place by dividing the subtracted absorption spectra by the [22,55,56]. For higher accuracy, also isotopic exchange of
intensity of the absorption spectrum at 50 eV above the Fe the adsorbed®O with 180, was carried out. To this end, the
K -edge. Structural information was determined by multiple- sample saturated with oxygen atoms was cooled to 323 K.
shell fitting in R space [53]. The fits were checkedbyand After evacuation80, (purity 95%) was admitted to the
k3 weighting. Errors in the obtained numerical values are es- catalyst. The exchange of the two types of oxygen was fol-
timated+10% for the coordination numbe(®/), £1% for lowed and the number of initially deposited oxygen atoms
the coordination distanceg®), +5% in the Debye—Waller  was calculated from the equilibrium composition. We note
factor (Ac?), and+10% in the inner-potential correction that predominantly monoatomic exchange took place for all
(A Ep). Two references were used, ferric acetylacetonate for samples. Subsequently, a third method was applied which
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Table 1
Catalyst loading as determined by ICP analyses
0.2
Sample Al (wt%) Fe (Wt%) SiAlratio Fe/Alratio
NH4ZSM-5 179 0024 194 0.0063 HZSM-S
Fe/ZSM-5 179 368 194 0.97
Fe/ZSM-5(HTC) 179 368 194 0.97
Fe/ZSM-5(HTS) 179 368 194 0.97 El HZSM-5(HTC)
Fe/SiQ 0.00 30 - - <
% HZSM-5(HTS)
2
2
12000 < FelZSM-5
hzsm-5 /\A_,/
Fe/lZSM-5(HTC)
r A k4\-/\/\--
HZSM-5(HTS)
FelZSM-5(HTS)
2 Fe/ZSM5 3400 3500 3600 3700 3800
é N S Wavelength (cm™)
WM FelZSM-5(HTC) Fig. 2. Infrared spectra of the hydroxyl region of dehydrated parent mate-
[ fan M rials and sublimed zeolites. Quantitative comparison of the changes of the
band at about 3610 cnt was possible by normalization of the overtones
Fe/ZSM-5(HTS) of the zealite lattice vibrations (1870-1950 ch).
A M

5, the bands of bridging hydroxyl group8613 cnt?l),

35 45 silanol groupg3745 cntl), and a weak ban@665 cnt1)
20 assigned to the hydroxyl groups connected to extraframe-
Fig. 1. Powder X-ray diffractograms of the parent zeolite HZSM-5, the WOrk aluminum species can be clearly distinguished. While
steam-treated parent zeolite, and Fe-loaded materials. The dominant reflecthe deposition of Fe@lresults in the disappearance of all
tions ofa- andy -Fe;O3 are indicated by the solid lines. bridging hydroxyl groups in the parent zeolite [39], further

treatment (hydrolysis, drying, and calcination at 723 K) re-

consisted of heating the sample up to 723 K while recording sults in restoration of about 50% of the original Brgnsted site
the amount of released oxygen. A comparison was made ofdensity. After calcination at 973 K, the band at 3613¢m
the results of these three methods. has further decreased in intensity and we calculate that ap-
proximately 15% of the original Brgnsted acid sites persist
in Fe/ZSM-5(HTC). We note here that the disappearance of

o
=
(9]
N
(6]

3. Resultsand discussion these protons is reversible to some extent by exposure to
water vapor at 773 K as described in an earlier commu-
3.1. ICP analysisand X-ray diffraction nication [10]. A similar, but more pronounced decrease is

observed after steaming of Fe/ZSM-5, with approximately
Table 1 reports the elemental composition of the various 10% of the acid protons remaining. In this case, a small
catalysts. The Al ratio of the parent zeolite is 19.4, while  but noticeable increase in the band at 3665 tmpoints to
it contains a small amount of iron (0.024 wt%). Fe/ZSM-5 partial dealumination of the zeolite structure. A comparison
contains 3.7 wt% Fe corresponding to g Keratio of 0.97. of the hydroxyl band region of HZSM-5, HZSM-5(HTC),
Further treatment (high-temperature calcination or steam-and HZSM-5(HTS) shows that dehydroxylation is relatively
ing) does not lead to loss of iron. small upon high-temperature calcination, but extensive in
The X-ray diffractograms of the various samples are col- the case of high-temperature steaming (around 90%).
lected in Fig. 1. All samples exhibit the typical diffraction
pattern of the MFI framework. No indications for the forma- 3.3. UV-vis spectroscopy
tion of a-Fe,0O3 (major reflections at@= 33.2 and 35.7)

or any other iron oxide were observed. The UV-vis spectra of the two reference materials, Fe—
silicalite and Fe/Si@, and of the HZSM-5 materials are pre-
3.2. Infrared spectroscopy sented in Figs. 3a and 3b, respectively. Fe—silicalite exhibits

two major bands around 46,000 and 41,000 éncorre-
Fig. 2 displays infrared spectra of the hydroxyl region of sponding to the; — 7 andr; — e transitions of Fe@tetra-
the various Fe-containing and parent zeolites. For HZSM- hedra [32,57]. This strongly indicates that all iron species
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Fe/SiO, HZSM-5(HTS)

Absorbence (KM)

HZSM-5(HTC)
Fe-silicalite

L L L n L 1 L n N n T — L L L 0 I TR SN SN TR [ SR S S 1 L L 1 1 J
45000 35000 25000 15000 45000 35000 25000 15000
Wavelength (cm-1) Wavelength (cm-1)

Fig. 3. UV-vis spectra of (left) Fe—silicalite and Fe/Siénd (right) HZSM-5, HZSM-5(HTC), and HZSM-5(HTS).

occupy lattice positions in this sample. We note that the tem-
plate was not removed in Fe—silicalite, because this would { )
lead to partial removal of Fe from framework positions. The

silica-supported iron oxide sample (Fe/g)@xhibits vari-

ous bands. The most dominant band at 38,574 cim due

to small clusters of iron oxide [57]. The poorly resolved
peak at 27,626 cm may be related to iron ir-FeOOH
species [32]. The shoulder around 20,000 ¢ris due to an
asymmetric peak of large iron oxide aggregates. The UV-vis
spectrum of HZSM-5 (Fig. 3b) indicates that this material
contains a small amount of iron in accordance with the ele-
mental analysis. Clearly, the majority of the few Fe species
are tetrahedrally coordinated iron species as evidenced by
the charge transfer band around 46,800~ émHowever,

the band around 39,000 cth points to the formation of FelZSM-5
small clustered F¥& species, most probably deriving from
dislodgement of iron from the framework during template
removal. This is underpinned by a visual comparison with
the spectrum for Fe—silicalite. After high-temperature cal- Wavelength (cm)
cination and steaming, the intensity of the charge-transfer
band corresponding to tetrahedrally coordinated iron, close
to 46,800 cm!, decreases strongly after steaming, indi-
cating the migration of additional framework Fe atoms to ) )
extraframework positions. Concomitantly, an increase of the Similarly prepared sample, although in their case the band
band at 39,000 crt is observed deriving from an increased around 45,000 cm is more pronounced. Our spectrum is
contribution of small extraframework iron oxide clusters. Much more diffuse than the well-defined UV-vis spectrum
The absence of bands around 20,000 éimdicates thatno ~ obtained by Marturano et al. [44]. A poorly resolved peak at
bu]ky iron oxide partic]es are formed. The UV-vis Spectra of 28,207 CnTl is related to iron in mixed tetra- and octahedral
the sublimed samples are presented in Fig. 4. Fe/ZSM-5 con-coordination. The absence of a band around 20,000 ém
tains a poorly resolved band (around 45,000 ¢passigned dicates that no bulk iron oxide agglomerates are formed after
to tetrahedrally coordinated Fe species. An unambiguous in-mild calcination. For Fe/ZSM-5(HTC), the poorly resolved
terpretation of the band at 39,000 this difficult. It is band around 20,000 cm points to the formation of larger
close to the band found for Fe/Si@t 38,574 cm® which iron oxide species. Steaming of Fe/ZSM-5 causes further
corresponds to small clustered Fe species [57]. The spec+edistribution of the band intensities and widths. The con-
trum resembles the one reported by Centi et al. [57] for a tribution of the band corresponding to clustered Fe species

Fe/ZSM-5(HTS)

Fe/ZSM-5(HTC)

Absorbence (KM)

45000 35000 25000 15000

Fig. 4. UV-vis spectra of the various sublimed zeolites.
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54 ppm for HZSM-5 and Fe/ZSM-5 shows that only about
39% of the original tetrahedral Al signal is observed in the
sublimed sample. This observation points to a close prox-
imity of Fe species to Al sites and provides a tentative
explanation for the decrease of the intensity of the IR band
corresponding to bridging hydroxyl groups. The decrease of
the resonance signal at 54 ppm is even more pronounced
in Fe/ZSM-5(HTC) and Fe/ZSM-5(HTS), leaving about 27
and 17% of the aluminum detected, respectively. This again
parallels the IR observations and is in line with our earlier re-
port of a protolysis reaction between iron oxide particles and
Brgnsted protons upon high-temperature calcination which
is reversible [10]. Steaming results in a stronger decrease of
the resonant signal at 54 ppm and extensive removal of Al
from lattice positions is assumed to take place. Most impor-
tantly, we conclude that high-temperature treatments lead to
a closer proximity of Fe and Al in sublimed catalysts. Dur-

, , , , , , , , , ing high-temperature calcination, this is primarily due to the
80 60 40 20 0 20 -40 60 -80 protolysis reaction between small iron oxide particles and
the Brgnsted acid sites. This results in charge compensation
of the negative framework charge by iron-containing oxo
Fig. 5.27Al MAS NMR spectra of the HZSM-5 material (1024 scans) and cations, in the simplest form a [E@]"‘ cation. On the other
thosg obtaihgd after s‘ublimat_ion and further treatment (4096 scans). Thehand, high-temperature steaming will definitely result in the
{;agéogrgixz'?inﬁg:'gugsf'igz;ﬂ;z‘ ppm) compared to the total signal extraction .of Al from lattice positiops apd the pos;ibility of

the formation of extraframework mixed iron—aluminum-oxo
species should be considered.
becomes larger. Steaming also causes an increased contribu-

tion of large iron oxide aggregates. 3.5. Nitrogen adsorption

Fe/ZSM-5

Fe/ZSM-5(HTC)

Fe/ZSM-5(HTS)

Chemical shift (ppm)

3.4. 2’Al nuclear magnetic resonance The textural properties of the catalyst samples (HZSM-
5 and the sublimed samples) were investigated by nitrogen

2TAl MAS NMR spectra were recorded for the three adsorption. The isotherms all exhibit Type | adsorption
sublimed samples. The spectra are reported in Fig. 5 to-isotherms as expected for microporous solids. The BET
gether with the spectrum of HZSM-5. This latter spectrum method, based on multilayeroNadsorption, is inadequate
contains a dominant resonance at 54 ppm assigned to tetrato describe the adsorption process in medium-pore zeolites
hedrally coordinated Al in lattice positions. Additionally, due to the restricted pore sizes. This is exemplified by the
a small amount of extraframework Al with octahedral co- fact that we derived negativ@ values for all isotherms. For
ordination resulting in a resonance at 0 ppm is present. Thea qualitative analysis of the isotherms, the Langmuir equa-
resonance at 54 ppm is strongly reduced in Fe/ZSM-5. Thistion and the Dubinin—Radushkevich (D—R) and Dubinin—
is due to the paramagnetism of iron. The local magnetic Astakhov (D—Ast) methods were employed [58]. The results
field generated by its unpaired electrons strongly perturbscollected in Table 2 for HZSM-5 and Fe/ZSM-5 clearly
the resonance of th&/Al nuclei. Also, the sharp resonance point to the incorporation of species into the micropore
at 0 ppm is transformed into a broad signal around this space of HZSM-5. This is reflected by the lower surface
value. Although difficult to ascertain, some dealumination area and micropore volume. The large decrease is most
might have taken place in line with the report by Marturano probably related to some degree of pore blocking. The in-
et al. [43]. Quantification of the areas of the resonance at crease in micropore volumé/f,—ast) for Fe/ZSM-5(HTC)

Table 2
The surface areaéS| ang) and micropore volumgV| ang) derived from the Langmuir equation, the micropore surface éfgar), and micropore volume
(Vb—R) calculated using the Dubinin—Radushkevich method and the Dubinin—Astakhov limiting micropore ®lymeg;)

Sample Stang (M?g~1) Viang (cm®g™Y) Spr (M?g1) Vpr (cm®g™1) Vp-ast €m*g™?)
HZSM-5 440 0.16 417 0.15 0.17
Fe/ZSM-5 334 0.12 340 0.12 0.13
Fe/ZSM-5(HTC) 341 0.12 337 0.12 0.13

Fe/ZSM-5(HTS) 371 0.13 359 0.13 0.14
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points to a redistribution of iron species, most probably re-
lated to their size. This is also suggested by the almost
similar values forVp—r of Fe/ZSM-5 and Fe/ZSM-5(HTC)
and may point to changes in the nature of extraframework
species rather than to changes in the pore structure. The
latter type of changes is not expected since dealumination
of HZSM-5 upon high-temperature calcination appears to
be small. Steaming, however, results in a significant in-
crease in the surface area and pore volume as derived by
the different analysis methods. This points to the creation
of larger pores occurring concomitant with removal of alu-
minum from lattice positions. Alternatively, this can be taken
as an indication of the migration of small iron species from
the micropores to the external surface.

3.6. Transmission €lectron microscopy

Fig. 6 shows representative TEM micrographs of Fe/
ZSM-5 and its high-temperature calcined and steamed coun-
terparts. All three samples clearly show the presence of iron
oxide particles on the external zeolite surface as confirmed
by EDX analysis. The presence of iron oxide particles on
the external zeolite surface was noted before by Chen and
Sachtler [39], although the particles appear to be smaller
in the present study. The exact distribution of Fe species is
strongly dependent on the calcination procedure [39,46,47].
The size of the particles strongly suggests that these parti-
cles are mainly located on the external surface but one has
to take into account the possibility that aggregates can be
located in the near-surface region of the zeolite as shown
for mildly calcined materials by an elemental EELS/STEM
map [47]. Heinrich et al. [46] suggested that such particles
can further grow in the near-surface region and partially de-
stroy the lattice under more severe conditions. While the iron
oxide particles are quite homogeneously distributed over the
surface with dimensions of 1-4 nm in the case of Fe/ZSM-5
with some larger particles up to 10 nm present, they tend to 20 nm_
sinter further upon high-temperature treatments. This results
in a predominance of particles in the range of 2-10 nm, but
also particles in the range 10-50 nm are found. Especially,
steaming results in the formation of larger agglomerates.
Most probably, the effect of water induces a higher mobility
of iron oxide species, which may provide a partial explana-
tion for the relatively strong increase in micropore volume
upon steaming.

3.7. Fe K-edge X-ray absor ption spectroscopy

Fig. 7 provides a comparison of the near-edge regions of
the X-ray absorption spectra 0fFe03, y-Fe03, and the

@

©

Fig. 6. Transmission electron micrographs of (a) Fe/ZSM-5, (b)

three sublimed catalysts. The edge positions of the Fe/ZSM-ge/75m-5(HTC), and (c) Fe/zZSM-5(HTS) showing the presence of iron
5 catalysts agree well with those in the reference oxides, oxide particles on the external surface. The presence of Fe in these par-
indicating the predominant presence offeThe preedge ticles was confirmed by EDX analysis. The inset on the micrograph of
absorption feature due to a 4s 3d transition is forbidden Fe/ZSM-5(HTS) shows a relatively large iron oxide particle, frequently ob-

for octahedral coordination but arises in distorted octahe- Srved for this sample.

dral and tetrahedral symmetries. FprFe0O3 with 50%



E.J.M. Hensen et al. / Journal of Catalysis 221 (2004) 560-574 567

0.1
“_—z\
\ 0.05 )
" p
£ »
8 B 7R
c pre-edge feature § 7 =7 T
o] 1 3
8 5
g 2 0|
‘6 x
2 |Feizsm-5(HTC)
Fe/ZSM-5
0.1 L
0 2 4
R (A)
1 1 1 (a)
7100 7120 7140 7160
E (eV) 0.1
Fig. 7. XANES at the F& -edge fora-Fe,O3, y-Fe0O3, and the sublimed
catalysts after in situ calcination.
0.05 |
3r ° {,/'/
2 A
s 7
o f/
g
P
52l g
2 3
I kS
= =)
(3
S 2
K =
2
£
.% 1
3
x -0.1 s
0 2 4
R (A)
. (b)
0 2 4 6 8 01
R &)
Fig. 8. Absolute part of thé3-weighted spectra for Fe/ZSM-5 (solid line),
Fe/ZSM-5(HTC) (dotted line), and Fe/ZSM-5(HTS) (dashed line). 0.05 |

of FE*t in tetrahedral symmetry this feature is more in-
tense than for F& in distorted octahedral symmetry as in
a-Fe0s3 [59]. In line with the recent report by Heinrich
et al. [46], all three catalyst samples show a preedge fea-
ture intermediate between those of the two reference oxides.£
This points to the presence of tetrahedraf‘Fealthough 2 o5t
its contribution should be less than 50%. Moreover, the >
scattering features just above the absorption maximum be-
come more pronounced for the catalysts which have been

severely treated. In particular the steamed sample shows ' 5 .

a pronounced order in the higher coordination spheres in R (A

line with the results from EXAFS data analysis (vide infra). (©

Fig. 8 shows the absolute part of tiéweighted spectra for

the catalyst samples. Clearly, the samples do not differ to aFig. 9. k_l-Fourier-transformed experimental (solid line) and fitted
great extent from each other except for the intensities. Multi- gje&};geﬁ_;'(fé)’:a;icf‘l’: g;‘SZM_ZS'Z;#ZS))_data for (a) FelzSM-5, (b)
ple shell analysis of these EXAFS data was performed taking

Fourier transforms
)

ighte
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Table 3 upon high-temperature treatments. This points to further or-
Fit parameters of multiple shell analysis of the EXAFS data for Fe/ZSM-5, dering and/or particle growth of the iron oxide phases. This
Fe/ZSM-5(HTC), and Fe/ZSM-5(HTS) qualitatively agrees with the observations of Battiston et al.

Shell CN R Ac? AEg  k™-Variance (%) [47] comparing mildly and severely calcined Fe/ZSM-5 pre-
(A (1073A%) (eV) Im.part Abs.part cursors. While the quite severe calcination temperature has
FelZSM-5 007 004 led to the segregation of a large part of iron into iron ox-
Fe-O 30 187 346 -457 ide particles, the low coordination numbers for the Fe—Fe
Fe-Q 30 199 168 633 shell for Fe/ZSM-5 are attributed to structural disorder of the
Fe-Fe 12293 624 -846 iron oxide aggregates. Increasing severity of treatment in-
Fe—Fe 09 332 358 970 . ) .
Fe-Q; 12 391 112 _353 duces a further growth and ordering of such particles, which
is reflected by increasing Fe—Fe coordination numbers. This
Fe/ZSM-5(HTC) 014 006 TR ) : .
Fe-Q 33 188 285 005 notion is in line with the presence of clustered iron oxide
Fe-O 28 201 133 1190 particles observed by UV-vis spectroscopy and of large iron
Fe-Fg 14 293 639 -154 oxide aggregates observed by TEM and derived fPéFe
Fe-Fe 12 336 364 539 Mdossbauer spectroscopy (vide infra).
Fe-Qs 12 391 109  -351
Fe/ZSM-5(HTS) 06 002 3.8. 5"Fe Mésshauer spectroscopy
Fe-Q 30 189 196 054
— 0 2 1206 . : i .
EE_% ig ;g% gﬂ 850 Fig. 10 displays®’Fe Méssbauer absorption spectra
Fe-Fe 11 336 153 487 (MAS) of three Fe/ZSM-5 catalysts recorded at 300 K, in
Fe-Q 16 413 116 -101 air (only shown for the steamed sample) and under high-

vacuum conditions, and at 77 and 4.2 K under high-vacuum

conditions. The complex nature of the spectra points to the
into account the models postulated by Battiston et al. [47]. presence of several species. At 300 K one doublet with an
In particular, we used their result that the first oxygen shell jsomer shift (IS) of 661 mms?® and a quadrupole split-
can be fitted by six oxygen atoms at two different distances. ting (QS) of 102 mms? is detected for Fe/ZSM-5. This
In agreement with their results, this led to better fit results well-resolved doublet means that the Fe phase is relatively
than the use of three different Fe—O shells. Moreover, a third dense (no paramagnetic hyperfine splitting is observed), but
Fe—O shell at a larger distanc® & 3.9-4.2 A) consider- it also indicates that the iron oxide particles are smaller
ably improved the fitting results. The'-weighted Fourier  than about 6 nm. This component is also present in the
transform and the corresponding best fit for Fe/ZSM-5 are high-temperature calcined sample. Additionally, one ob-
presented in Fig. 9a. The fit results are collected in Table 3. serves the onset of a six-line pattern indicative for the
Two oxygen shells were fitted producing a total Fe—O coor- presence of a high-spin #e contribution. This is the re-
dination number (CN) of six in the first shell. The second sult of the superparamagnetic behavior of relatively large
shell consists of two Fe—Fe contributions, because fitting iron oxide particles. A small shoulder can be observed on
with one Fe—Fe shell did not produce satisfactory results. the high-energy line of the B& doublet. The fit parame-
The coordination number of the FeqFghell is 1.2 while a  ters (IS= 1.33 mms ! and QS= 3.19 mms1) point to the
value of 0.9 is found for the Fe—fshell. The results forthe  presence of F. This Fé* component is also present in
first shell are close to those reported recently by Battiston the steamed sample, Fe/ZSM-5(HTS), under high-vacuum
et al. [47] for similar samples and to some extent to those conditions. For Fe/ZSM-5(HTS), the Mdssbauer spectrum
by Marturano et al. [43,44]. Most notably, the CN of the two was also recorded in air. In this case, thé'Feomponent
Fe—Fe shells in the Fe/ZSM-5 sample of the present work arewas not observed. The broad singlet a8 mms?® ob-
between those of samples obtained after mild calcination andserved in Fe/ZSM-5(HTS) at 300 K can most probably be
severe calcination in the study of Battiston et al. [47]. Given related to superparamagnetic iron oxide particles close to
that our calcination procedure for Fe/ZSM-5 is of intermedi- the superparamagnetic transition temperature. This is under-
ate severity, the somewhat higher value for the coordination pinned by the development of a sextuplet at 77 K for this
number of the Fe—Reshell is in rather good agreement with  sample (vide infra). Additional measurements of Méssbauer
these earlier results. On the other hand, the coordination dis-spectra at 77 and 4.2 K allow further insight into the particle-
tances are somewhat lower and appear to agree better witlsize distribution of small iron oxide particles and the relative
the results of Heinrich et al. [46]. Figs. 9b and 9c produce the abundance of the various Fe species. This latter point should
k*-weighted Fourier transforms and best fits for Fe/ZSM- be addressed with care, since the recoil-free fraction for clus-
5(HTC) and Fe/ZSM-5(HTS), respectively. Large changes tered iron oxides may be significantly different from that of
are observed for the two Fe—Fe shells, whereas the firstiron-mono- or oligonuclear species. Nevertheless, we will em-
oxygen shell remains unaltered. The fit results indeed showploy the contributions of the various Fe states to the total
that there are no large changes in this latter shell. The coor-resonant absorption area at 4.2 K as an estimate of their rel-
dination numbers for the two Fe—Fe shells strongly increase ative abundance. The resulting spectral fit parameters are
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Fig. 10.57Fe Mossbauer spectra for (a) Fe/ZSM-5, (b) Fe/lZSM-5(HTC), and (c) Fe/ZSM-5(HTS). Spectra were recorded under high-vacuum conditions at
300, 77, and 4.2 K. For Fe/ZSM-5(HTS) an additional spectrum after air exposure at 300 K is displayed.

listed in Table 4. For Fe/ZSM-5, a full-grown sextuplet is (> 8 nm) are present as derived from the occurrence of a
only observed in the Mdssbauer spectrum at 4.2 K. The ab-sextuplet in the room temperature spectrum of this sam-
sence of this pattern at a temperature of 77 K points to the ple. Additionally, the fit parameters show the presence of
presence of relatively small iron oxide particles (ca. 2 nm) in a relatively large fraction of 2- to 4-nm-sized particles. This
line with the TEM observations. The relatively broad lines qualitatively agrees with the TEM observation of some sin-
of the sextupletin Fe/ZSM-5 stress the amorphous charactertering of iron oxide particles on the external surface of the
of the associated iron oxide particles, with a lower hyper- zeolite. The spectrum at 4.2 K clearly shows the presence
fine field (45.5 T) than in bulk-Fe,0O3 (54.4 T at 0 K). The of two sextuplet contributions, one with a hyperfine field
spectral contribution of these particles amounts to approxi- of 43.1 T and one with a hyperfine field of 50.4 T. At the
mately 66% at 4.2 K. The F¢ doublet (IS=0.74 mms? moment, the structure of these iron oxide phases is unclear,
and QS= 1.28 mms1) with a spectral contribution of 31%  although the latter contribution may point to nanocrystalline
relates to very small Fe species occluded in the zeolite mi- ¢-FeO3 particles. At 4.2 K, the spectral contribution of
cropore space. We cannot draw conclusions on the nuclearitythe components related to large iron oxide particles does
of such species. The contribution of théEeloublet with fit not significantly increase after high-temperature calcination.
parameters close to those obtained after fitting of the room However, the spectral contribution of the?tedoublet has
temperature spectrum of the severely treated samples wasncreased significantly.
3%. The high-temperature steamed sample, Fe/ZSM-5(HTS),
A broad particle-size distribution is observed for Fe/ presents a relatively large fraction of iron oxide particles in
ZSM-5(HTC). Relatively large iron oxide crystallites the range of 2—4 nm. The relative contribution of this fraction
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Table 4
Mossbauer parameters and fraction of iron states in Fe/ZSM-5, Fe/ZSM-5(HTC), and Fe/ZSM-5(HTS)
Sample Temperature Fe Isomer shift Quadrupole splitting Hyperfine field Relative intensity Amount Fe
(K) state (mms?) (mms1 (T) (%) (109 Fegl)
Fe/ZSM-5 300 (=3 0.61 1.02 100 3
77 FSt 0.72 1.13 100 3g
42 Fet 0.73 0.01 455 66 25
Fet 0.74 1.28 31 12
Fe?t 1.60 3.30 3
Fe/ZSM-5(HTC) 300 = 0.60 0.06 43.6 25 8
Fet 0.60 0.91 74 2%
Fe?t 1.33 3.19 1 o
77 Fé+ 0.72 0.05 47.6 28 10
Fet 0.72 1.05 67 26
Fe?t 1.52 3.46 5 D
42 Fet 0.68 0.02 43.1 33 127
Fet 0.74 0.02 50.4 31 10
Fet 0.76 1.27 27 16
Fet 1.59 3.43 9 <}
Fe/ZSM-5(HTS) 300, air =33 0.60 0.88 85 37
Fet 0.60 15 60
300 Fet 0.61 0.90 79 3G
Fet 0.60 17 65
Fe?t 1.42 3.28 4 6
77 Fet 0.72 0.96 72 27
Fet 0.75 0.00 48.3 17 8
Fe?t 1.41 3.43 5 9
Fe?t 1.72 3.61 6 2
42 Fet 0.72 0.02 47.3 72 27
Fet 0.73 1.53 16 ol
Fe?t 1.40 3.55 3 u
Fet 1.82 3.42 9 F

has grown slightly compared to Fe/ZSM-5. The*Felou- Table 5
blet has significantly decreased in this sample. We attribute The amount of acid sites determined from isopropylamine decomposition

this partly to the migration of very small iron oxide particles sample Number of H sites (mmolg?1)

from the zeolite pores to the external surface. The presence T —583K T—653K T —683K
of water during steaming may play an important role in the bridging Si-O-Al

higher mobility of iron oxide particles when compared to the Hzsm-5 0.8% 0.01 0.00
high-temperature calcination treatment. On the other hand,HZSM-5(HTC) 0.79 0.01 0.00
also the F&" contribution appears to increase resulting in HZSM-5(HTS) 0.21 0.01 0.01
the presence of two doublets, with the fit parameters:-1S Egggm:g(mc) g'gz g'(ﬁ g'ig
1.40 mms?!, QS=3.55 mms?, and IS= 1.82 mms?! Fe/ZSM-5(HTS) 01 0.07 0.07

and QS= 3.42 mms. The occurrence of two P¢ states " — . :
. . . The calculated Brgnsted acid site concentration derived from the alu-
was previously reported by Pérez-Ramirez et al. [60] and by minum content of the parent zeolite amounts &20mmolg L.
Dubkov et al. [56] for activated isomorphously substituted
FeZSM-5.
hand, steaming results in a substantial decrease in Brgnsted
3.9. Isopropylamine decomposition acidity which is related to the removal of Al from lattice po-
sitions. The value points to the presence of quite an amount
The number of Brgnsted acid sites determined by the of acidic protons, although they were not observed in the
decomposition of isopropylamine for the various catalysts hydroxyl region. Possibly, such species are perturbed by the
is shown in Table 5. The value for HZSM-5 (0.83 mmol presence of extraframework species. There is a very small
H* g~1) is close to the theoretical amount corresponding to contribution of protons with a lower acidity (higher decom-
a framework SiAl ratio of 19.4. High-temperature calcina-  position temperature of IPA) which most probably relates to
tion of HZSM-5 results in a small decrease in acidity. This OH groups of extraframework species. The acid site density
is in line with our earlier observation of a small decrease of Fe/ZSM-5 amounts to 0.47 mmol*Hy~1. The decrease
of the hydroxyl band at 3613 cm (Fig. 2). On the other  upon introduction of Fe into HZSM-5 corresponds well
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with the decrease derived from IR spectroscopy. Subsequenexchanged under these reaction conditions. Comparing the
high-temperature treatments further decrease the number opresent results to those obtained by Dubkov et al. [56] for
protons. The decrease after high-temperature calcination isa sample prepared by hydrothermal synthesis, we can con-
due to the protolysis reaction of small occluded neutral iron clude that the amount of deposited oxygen atoms is an order
oxide particles as outlined earlier [9,10]. This also parallels of magnitude higher for our sublimed samples. This is at-
the observed decrease in the resonance area of tetrahedral Atibuted to the higher Fe content. In line with the study
species determined fro’fAl NMR, explained by a closer  of Dubkov et al. [56], an increase is found with increas-
proximity of the Al nuclei to the paramagnetic Fe centers. ing treatment temperature and the presence of water vapor
Steaming results in a further decrease of the acid site den-during pretreatment. There are several indications that the
sity (0.21 mmol H g~1). The amount of hydroxyl groups  activity in nitrous oxide and benzene-to-phenol conversion
derived from infrared spectroscopy is somewhat lower. This correlates to sites capable of decomposing nitrous oxide
may suggest that some protons are strongly perturbed by theat low temperatures [56]. We have reached similar con-
presence of extraframework species, possibly iron oxide par-clusions [50]. Interestingly, the titration data imply that
ticles. Notably, the iron-containing samples clearly show the the number of Fe atoms involved in such specific sites in
presence of two extra protonic species with a lower acidity. catalysts prepared by sublimation of Fe® very small.

The absence of such contributions in the HZSM-5 samples Moreover, we observe that the increase of the number of ac-
stresses that these species are related to iron oxide particlegive sites for low-temperature nitrous oxide decomposition

although their nature remains unclear at the moment. correlates with the increase of the’fecomponent observed
from Mdssbauer spectroscopy. This appears to be in agree-
3.10. Low-temperature nitrous oxide decomposition ment with the recent strong evidence provided by Dubkov et

al. [56]. We can thus forward that the increased number of
Nitrous oxide decomposition at relatively low temper- active sites is linked to the increase of the number &fFe

atures allows the stoichiometric deposition of one oxy- species. It is difficult to draw pertinent conclusions on the
gen atom on active centers under the release of dinitrogenexact number of F& states involved in the nitrous oxide
[22,23]. Such sites are thought to consist of binuclear Fe decomposition. For instance, Dubkov et al. [56] have found
centers, have been coinedsites by the group of Panov, that about one-third of the F€ sites in samples with rela-
and have been reported to be created upon high-temperaturévely low Fe content are not involved in the deposition of
activation leading to reduction of some 3especies to oxygen from nitrous oxide. We cannot draw conclusions on
Fet [56]. These species are stable in the presence ofthis fraction for our samples. A recent study by the group
molecular oxygen and can be reoxidized by nitrous ox- of Sachtler [61] has shown that also oxygen atoms of ag-
ide. Table 6 lists the number of deposited oxygen atoms gregated iron oxide particles can be isotopically exchanged
(Nn,0) as determined by low-temperature (523 K) nitrous at relatively high temperatures. We stress here that the cur-
oxide decomposition, subsequent room temperature isotopicrent isotopic exchange experiments were carried out at much
exchange with!80, and oxygen desorption. Qualitatively, lower temperature and that the deposited oxygen atoms
the amount of deposited oxygen atoms increases in theshould be probed [22,55,56]. Furthermore, we note that the
order: HZSM-5(HTS)< Fe/ZSM-5< Fe/ZSM-5(HTC)< quantification of the & component from the Méssbauer
Fe/ZSM-5(HTS). The agreement between the various meth-spectra which are dominated by a sextuplet of relatively
ods is not perfect and especially the values obtained afterlarge iron oxide particles is by no means very accurate, al-
oxygen desorption are somewhat higher. This is most prob-though quantification of the contribution of the various Fe
ably due to some autoreduction of aggregated iron oxide species from spectra recorded at 4.2 K is more meaningful
species. From a chemical point of view, tH©,-exchange  than from spectra recorded at 77 K. Nonetheless, we observe
experiments are most reliable since they relate to measurethat the number of oxygen atoms deposited from nitrous ox-
ments carried out close to room temperature. It is expectedide is in the same order as the number of Fe atoms inthe 2
that only the most reactive oxygen species are isotopically oxidation state. We can thus draw the conclusion that only

a relatively small part of the iron present in the sublimed

samples is present as #eand is able to activate nitrous
" ber of sites able (0 " o at low & . oxide. Another important point to note is that this fraction
© 263%ﬂhgrnﬂnft'):rso?efch‘;ngeecgggzzgs'izggso;’;g']ei ;O‘r)n‘"; é’;g%"j‘;‘;fjmcreas.;es with increasing severity of treatment. A very crude
the number of oxygen atoms desorbing in a TPD experiment (up to 773 K) analysis shows .that the Fecontent amounts to 0.1 wt% for
Fe/ZSM-5 and increases to 0.32 wt% for Fe/ZSM-5(HTC)
and 0.45 wt% for Fe/ZSM-5(HTS). In view of the inaccura-
cies of the various parameters, we cannot calculate the exact

Table 6

Sample Number of sites ()

N,O decomposition 180, exchange @ desorption

Fe/zZSM-5 88 x 1012 0.58x 1012 15x 1012 nuclearity of the Fe active sites & Crg+ /Nn,0). The val-
Eeggmgggg)) 16 ﬁg Lo 18119 20 18119 ues forn (1.8 for Fe/ZSM-5, 2.2 for Fe/ZSM-5(HTC), and
(S) - X I X .0 X

2.3 for Fe/ZSM-5(HTS)) thus provide only an upper limit

HZSM-5(HTS - 50 x 1017 7.2x 10Y7 . .
(HTS) - x of n for the present set of samples. Tentatively, this agrees




572 E.J.M. Hensen et al. / Journal of Catalysis 221 (2004) 560-574

with the notion of a binuclear iron complex [22,23,62—64]. lysts is critically dependent on the exact pretreatment and
Whereas earlier Panov and co-workers reached similar con-most probably also on the nature of the parent HZSM-5 zeo-
clusions [65,66], Dubkov et al. [56] recently pointed out lite material. This renders it troublesome to directly compare
that two oxygen atoms could be accommodated on such aresults from various studies. An important finding, how-
binuclear cluster. Assuming thatequals 2, the value ob- ever, is that only a small fraction of Fe sites is involved
tained for the low-temperature nitrous oxide decomposition in the decomposition of nitrous oxide at low temperatures
on HZSM-5(HTS) would suggest that about one-third of the for Fe/ZSM-5 prepared by chemical vapor deposition of
total iron content in HZSM-5 (approximately 0.0083 wt% FeCk.
of the total content of 0.024 wt%) is associated with the ac-  Further high-temperature treatment of Fe/ZSM-5 results
tive sites in this zeolite. The higher fraction of active iron in considerable changes of the intrazeolite Fe species. High-
for those catalysts with a lower iron content agrees with the temperature calcination results in the replacement of charge-
report of Dubkov et al. [56]. compensating protons by cationic Fe complexéal NMR
Summarizing, Fe/ZSM-5 prepared by chemical vapor de- measurements confirm the closer proximity of the Al nuclei
position of FeC followed by washing and calcination can and paramagnetic Fe ions after high-temperature treatment.
be characterized by the predominant presence of iron oxideWe have observed that the resonances due to both octahedral
aggregates on the external surface. This primarily follows and tetrahedral Al are perturbed, which appears to be in line
from a combination of TEM imaging amt/Fe Mossbauer  with the protolysis reaction, on the one hand, and could point
spectroscopy measurements, the latter technique showing @o the formation of extraframework mixed oxide species, on
large contribution of iron oxide particles too large to be ac- the other hand. The redistribution of Fe speciesis in line with
commodated in the zeolite micropores. Conversely, structurethe decrease of a Be Méssbauer component attributed to
analysis of FeK-edge XAS data points to relatively low particles small enough to be accommodated in the microp-
Fe—Fe coordination nhumbers (CN1.2). Both the TEM ores and a concomitant increase of the amount éf Bées.
and °’Fe MAS results clearly show that this cannot be Moreover, a qualitative interpretation of nitrogen adsorption
explained by the predominant presence of binuclear Fe clus-data indicates large changes in the structure of the microp-
ters. The relatively low values for the hyperfine field of the ores due to changes in the size of the occluded species. The
iron oxide phase identified by’Fe MAS in this sample  increased Fe—Fe coordination number for this sample is at-
indicate that we are dealing with a highly disordered iron tributable to further ordering and/or growth of the iron oxide
oxide/hydroxide phase. The low Fe—Fe coordination num- aggregates on the external surface.
ber may thus be due to the disordered nature of these iron A steam treatment at 923 K results in a further redis-
oxide particles. A recent study on supported Mqsrti- tribution of iron species. The fraction of large iron oxide
cles [67] has indeed shown that disorder in small particles aggregates slightly increases at the expense of tie Fe
can result in lower metal-metal coordination numbers than component with a QS of .53 mms?, to be tentatively
is to be expected from the particle size evaluated from TEM explained by a higher mobility of iron oxide species in
micrographs. Our explanation contrasts earlier conclusionsthe presence of water. This increased ordering of the ma-
reached by the groups of Prins [43,44] and Koningsberger jority of iron species is also reflected in the EXAFS fit
[45,47]. These authors speculated that the Fe—Fe coordi-parameters for Fe/ZSM-5(HTS) and a growing contribu-
nation numbers close to unity point to a large fraction of tion of larger iron oxide particles (TEM). Concomitantly,
binuclear Fe clusters occluded in the micropores. Battiston an increase of & species is observed by Méssbauer spec-
et al. [47] have carefully determined that a slow heating rate troscopy. Careful analysis suggests that the contribution of
during calcination after washing results in a well-dispersed the Fé* component with QS= 3.42 mms?! and I1S=
iron oxide phase. TEM imaging indeed showed that most 1.82 mms remains constant while a new $especies
of the iron species are located in the zeolite micropores, appears with QS= 3.55 mms?! and 1S= 1.40 mms™.
whereas more severe calcination treatments induced theFinally, low-temperature nitrous oxide decomposition of a
preferential presence of iron in the near-surface region of the steamed HZSM-5 zeolite with a Fe content of 0.024 wt%
zeolite crystallites. Moreover, comparison of UV-vis spec- shows that an amount of 0.0083 wt% iron is involved in
tra in Ref. [44] and in this study provides further clues that the activation of nitrous oxide. This amount is considerably
the present Fe/ZSM-5 material contains a larger fraction of lower than in the sublimed samples, where active site con-
larger iron oxide aggregates. Also, the fraction of nanocrys- centrations in the range of 0.1-0.45 wt% were found. This
talline iron oxide particles as determined by Md&ssbauer excludes the possibility that the increase of the number of
spectroscopy in Ref. [47] is lower. On the other hand, the active sites in Fe/ZSM-5(HTC) and Fe/ZSM-5(HTS) com-
amount of Fé" in that sample is close to the amount iden- pared to Fe/ZSM-5 only derives from dislodgement of the
tified for the present Fe/ZSM-5 determined under exactly Fe contamination in the starting zeolite material. We take
the same experimental conditions, giving some indication this observation as an indication that removal of Al from lat-
that the amount of active sites for nitrous oxide decom- tice positions may play a role in the formation of the active
position should be equally small for both samples. These sites, a point to be further discussed in the companion pa-
findings stress that the iron distribution in sublimed cata- per [50].
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