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Abstract

The evolution of iron in over-exchanged ZSM5 prepared via chemical vapor deposition of Fe®hs studied at each stage of the
synthesis. Different characterization techniques (EXAFS, HR-XANEBe Mdssbauer spectroscoﬁyAl NMR, EELS, HR-TEM, XRD,
N> physisorption, and FTIR spectroscopy) were applied in order to correlate the changes occurring in the local environment of the Fe atoms
with migration and aggregation phenomena of iron at micro- and macroscopic scale. Mononuclear isolated Fe-species are formegl upon FeCl
sublimation, which are transformed into binuclear Fe-complexes during washing. During calcination, iron detached from the Brgnsted sites
migrates to the external surface of the zeolite, finally leading to significant agglomeration. Nevertheless, agglomeration of Fe can be strongly
suppressed by adequately tuning the conditions of the calcination.
0 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction oxygen concentration window (2-10%) and in the pres-
ence of water (10%) when using isobutane as the reduc-
tant [1,2]. A similar performance has been achieved when

Iron loaded zeolites have recently attracted renewed at-Usingn-butane or propane [3]. Furthermore, high activity on
tention due to their outstanding catalytic properties [1-14]. F&/ZSM5 obtained through CVD of Feghas been claimed

In particular, over-exchanged F2SM5 (Fe/Al molar ra- also for the conventional selective catalytic reduction of NO

tio > 0.5) obtained through the chemical vapor deposition USing ammonia [4-6] and for the catalytic decomposition of

(CVD) of anhydrous iron trichloride has been reported to be N20 [7_]- ]

very efficient in the selective catalytic reduction of nitrogen ~_ Besides CVD of anhydrous Feglalternative methods

oxides using HydroCarbons (HC-SCR). The extremely high with the aim of synthesizing highly iron loaded ZSM5 have

activity of this material has been demonstrated in a wide been reported in the literature. These include aqueous 'ion
exchange from ferrous oxalate, performed under exclusion
of air [8], and solid-state ion exchange using Fe(ll)chloride
[9,10], Fe(lll)chloride [11-14] or FeSO 7Ho0 [15]. The
" Corresponding author. synthesis in agueous solution with ferrous oxalate as precur-
(D.C.E}‘(“JE;LSSSQ?ZZB:C-KO”'”QSberge’@Chem-““-”' sor has led to results comparable to those obtained through
1 Present address: Laboratory for Technical Chemistry, Swiss Federal the CVD of Fe_Ci’ W,Ith respect to both the !ror_] loading
Institute of Technology (ETH), Universitétstrasse 6, Zirich, CH-gog2 and the catalytic activity towards HC-SCR with isobutane.

Switzerland. Nevertheless, the oxalate technique has shown lack of re-
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producibility, the reason being the difficulty in preventing study are:
the precipitation, during the synthesis, of neutral Feg
complexes onto the pores mouth of the zeolite [16,17]. Via (i) To understand the pathway by which the Fe binuclear
solid-state ion exchange the amount of iron loaded on the complexes, i.e., the suggested catalytic active phase, are
ZSM5 can easily be tuned during the synthesis. The solid- formed;
state ion exchanged FESM5 has shown high activity in (i) To study the structure of these complexes;
the catalytic decomposition ofJD [12] and in the HC-SCR (i) To identify and to control the processes responsible for
of NO with isobutane [13]. However, the use of Fe@l its their undesired further aggregation towards larger and
gaseous form has a clear advantage: by avoiding the contact ~ pPresumably inactive clusters.
between the ZSM5 support and the moisture always present
in the precursor, it prevents the formation of large iron hy- A modified calcination procedure is presented by which the
droxide and oxide clusters [11]. The result of the CVD is the a@gglomeration of iron can be significantly suppressed.
highest possible dispersion of extra-framework iron at the
acidic exchange positions of the lattice, coupled with a very )
high reproducibility of the synthesis. 2. Experimental
The remarkable catalytic properties have made the over- )

exchanged F&ZSMS5 one of the most investigated materi- 2-1. Preparation of the samples
als in the last years. Several characterization studies have
been performed in order to unravel the nature of the ac- ]
tive phase [1,2,11,12,18-23]. Binuclear iron oxo-hydroxo CvD method descpbed 'by Chen and'SachtIer [1]- aH
clusters at the ion exchange positions of the ZSMS lattice ZSM® (S/Al atomic ratio = 17) obtained by Zeolyst,
have been proposed earlier as the active phase for both théurther. r.eferred to as N‘H ,ZSM5'17' was coonverted into
HC-SCR of NO [1,2,18] and the catalytic decomposition of the acidic form by calcmatlon underCat 550°C for 3 h.
N2O [12]. This model is based on results obtained by char- For the CVD exchange a ded|cgted-u-shaped qua_trt; reactor
acterization with H and CO TPR, XRD, FTIR, and EPR. was used. The regctor was built with a porous frit in each
X-ray absorption fine structure spectroscopy (XAFS) stud- of the legs, allowing a separate loading of th¢ZBM5
; . support and the Feg€lprecursor. Furthermore, it could be
ies performed independently by our group [19] and by Mar- isolated by closing two Pyrex valves mounted on its inlet
turano et al. [20,21] confirmed the presence of Fe binuclear )

. and outlet. In order to remove absorbed moisture, 1.5 g
oxo-hydroxo clusters in the over-exchangedZ8M5 ob- of the H/ZSM5 (sieve fraction between 212 and 450 um)
tained through CVD. Nevertheless, binuclear complexes are

] ) were loaded onto one frit and flushed overnight under He
not the only Fe species present in over-exchanggd Sis. (40 ml/min) at 300°C. The temperature was then lowered
In addition to binuclear Fe-oxocations, EPR has revealed

h f hvd . h F to 30°C under the same He flow. The reactor was sealed and
the preience 0! 0xo/hydroxo 1ons, such as ( e@H)nr moved to a glove bag (undepN where 0.45 g of anhydrous
.(FezO)' . Also the presence of a minor amount of iron ox- FeCh (98%, Acros Organics) were loaded on its second
ide particles has been suggested [12,18,22]. frit. After being reconnected to the He line (30 miin),

While it is generally believed that the CVD of Fe(t _the reactor was heated (&/min) to 330°C and kept at
able to produce the most homogeneous and reproducibleis temperature for 30 min. The HCI formed during the

over-exchanged FZSMS material possible, the nature of  reaction of the sublimated FeCvith the Brensted sites
the active sites is still under debate. Furthermore, the ¢ the support was absorbed in 100 ml of 0.05 M NaOH
processes occurring to iron and to the ZSMS5 support during goytion for titration. After completion of the iron loading,
the different steps of the synthesis are not satisfactorily {pe temperature was lowered to 3G, the Pyrex valves
described. A lack of information regards especially the \yere closed and the isolated reactor was moved to the
influence of the calcination treatment. N, atmosphere of the glove bag. There, the synthesized
In the present work a comprehensive characterization Fe/zSM5 was carefully extracted from the reactor, part of
is presented, with the aim of tracking the evolution of it peing sealed and stored undep Kor characterization
iron and of the support after each step of the synthe- (sample further denoted as fZSM5-17-Cl). The remaining
sis: sublimation of the Feglinto the zeolite pores; hy-  Fe/ZSM5 was washed under stirring in 1000 ml doubly
drolysis and washing of the residual chlorine; calcination. deionized HO for 30 min and dried overnightin air at 7C.
Different characterization techniques have been applied, in-Part of the dried sample was isolated and stored under air
cluding X-ray absorption spectroscopy (XAS), X-ray dif- (Fe/ZSM5-17-H0). The rest was pressed to obtain a sieve
fraction (XRD), N> physisorption, electron energy loss fraction between 150 and 212 um, and divided into two
spectroscopy (EELS), high-resolution transmission electron batches which were subjected to two different calcination
microscopy (HR-TEM), Fourier transform infra-red spec- procedures. The first batch was heated under flowing oxygen
troscopy (FTIR), aluminum-nuclear magnetic resonance in a tubular oven (5C/min, 120 m}min) and calcined
(AI-NMR) and Méssbauer spectroscopy. The goals of this at 550°C for 3h. The sample deriving from this relatively

Over-exchanged F&SM5 was prepared via the FeCl
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severe calcination procedure will be denoted agZSM5- 2.2.4. HR-TEMEDX
17-sc (severely calcined). For the calcination of the second Imaging of the samples was obtained through high-

batch a plug flow reactor (PFR) was used @D1.2 cm). resolution transmission electron microscopy (HR-TEM).
Under a He flow of 800 mimin, the sample was heated with  For this purpose a Philips CM30UT electron microscope
an extremely low temperature ramp (0G/min) to 200°C. was used with a field-emission gun operated at 300 kV as

At this temperature, 200 minin of O, were added to the He  the source of electrons. Measurements were performed also
flow while, under the same temperature ramp, heating waswith a Philips CM200FEG operated at 200 kV. Samples were
continued to 550C. After 3 h at 55(0°C the temperature  positioned on a carbon microgrid, supported on copper, by
was decreased to 3C. The resulting sample, stored in air, placing a few droplets of a suspension of ground sample in

will be referred to as F&ZSM5-17-mc (mildly calcined). ethanol. The grid was dried at ambient conditions. When
possible, identification of visible Fe-containing crystalline
2.2. Characterization aggregates was performed on the basis of the observed
lattice d-spacings. These were derived from high-resolution
2.2.1. ICP, HCl titration, N physisorption images and compared with literature XRD data. Elemental
The elemental composition of the starting/Z5M5 composition was obtained by energy dispersive analysis of

support and of the obtained over-exchanged43M>5 was X-rays (EDX) performed through a LINK EDX system.
determined by using inductively coupled plasma emission
spectroscopy (ICP). The amount of HCI formed during the 2.2.5. EEL3STEM
Fe loading was measured by acid-base titration. The derived Spatial distribution, migration and clustering of iron oc-
H* removal efficiency was calculated as the molar ratio curring during the synthesis were monitored by electron en-
between the released HCI and the aluminum of the support,ergy loss spectroscopy (EELS), at the Fegsledges and
according to the exchange reaction the O K-edge. EELS was coupled with scanning transmis-
n i sion electron microscopy (STEM). The combination of these
|FeCk(g +H"™ — FeCb™ + HClg) 1. technigues provides very detailed morphological and spec-
The micropore volume of the ZSM5 crystals was determined troscopic information (including chemical composition) at
by Ny physisorption, using a Micromeritics ASAP 2010. The the nanometer scale. The data were recorded with a scan-
measurements were performed at 77 K, in the pressure rangding transmission electron microscope VGHB501, equipped
0-1 bars, after de-gassing the samples in vacuum at@00 with a field-emission source and a parallel Gatan 666 EELS
for 16 h. Nb physisorption data obtained on the Fe-loaded spectrometer. This instrument produced EELS spectra with
samples were corrected for the additional metal loading for a typical 0.7 eV resolution recorded from subnanometer ar-

comparison with the support. eas [24,25]. In the line spectrum mode spectra were recorded
while moving the probe with given steps across the spec-
2.2.2. FTIR spectroscopy imen. Acquisition times required for achieving a satisfac-

Interaction of the iron species with the Brgnsted and the tory signal-to-noise level on core edges were in the order
silanol sites of the support was investigated using Fourier of 0.1-1.0 s. The data recorded at the Fesland at the
transform infrared spectroscopy. Samples, pressed into self-O K-edges were corrected by the corresponding elemental
supporting wafers, were heated in situ under helium with crossover sections. To obtain information on the concentra-
a temperature ramp of 2C/min to 350°C. Transmission  tion of iron in the ZSM5 crystals, the Fe intensity was di-
infrared spectra were recorded under helium at 350on vided by that of oxygen. By doing so, a homogeneous dis-
a Perkin Elmer 2000 spectrometer using a DTGS detector.tribution of oxygen in the ZSM5 matrix was assumed at the
One hundred scans were recorded at a resolution of Z2cm  scale of the investigation. Data obtained from local subar-
and averaged. Data were baseline-corrected and the intensitgas were coupled to obtain information on larger areas. Data
of each spectrum was normalized at the zeolite overtoneswere analyzed by means of Savantic Spim Doctor 5.3 and
(1850-1950 cm?). Digital Micrograph 5.3 software.

2.2.3. XRD 2.2.6. °’Fe Mossbauer spectroscopy

The crystalline fingerprint of the zeolitic support was Agglomeration of iron was studied with Md&ssbauer
compared after each synthesis step to visualize significantspectroscopy?’Fe Méssbauer spectra were measured on
lattice damage or formation of large particles of iron ox- a constant acceleration spectrometer in a triangular mode
idic or oxo-hydroxidic crystalline phases. X-ray diffrac- with a ®’Co:Rh source. Méssbauer spectra were recorded
tion (XRD) patterns were recorded by means of a Non- at 300, 77, and 4.2 K in a closed cell with the sample in
ius PDS 120 powder diffractometer equipped with a curved contact with He gas. The overall spectra were deconvoluted
position-sensitive INEL detector. The radiation used was with calculated Mdssbauer spectra consisting of Lorentzian-
Co-Ky1 (A =1.78897 A). In order to optimize the signal- shaped lines. In the case of quadrupole doublets the line
to-noise ratio XRD patterns were averaged after measuringwidths and the adsorption areas of the constituent lines
for 24 h. were constrained equally. Positional parameters were not
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constrained in the fitting process. Isomer shift values are high-resolution fluorescence detector yields a spectral sharp-
reported relatively to sodium nitroprusside. The estimated ening of the XANES spectrum below its lifetime broadening
accuracy of the positional parametersd8.03 mnys. of 2 eV [30,31]. Hematite was used as internal reference for
the energy calibration of the monochromator.
2.2.7.2"Al MAS NMR, Al K-edge XAFS
2TAl magic-angle spinning nuclear magnetic resonance 2.3.2. HR-XANES data collection and processing
(®’Al MAS NMR) and Al K-edge X-ray absorption spec- Samples were pressed to obtain self-supporting wafers
troscopy (Al K XAS) were combined to study the coordi- and placed in an in situ fluorescence cell [32] at 46th
nation of the Al atoms in the starting ZSM5 support and to respect to the beam. After flushing with He at 3D and
track their evolution along the synthesis of/E&M5. atmospheric pressure, the cell was closed and the spectra
2TAl magic-angle spinning (MAS) NMR experiments  were collected.
were performed to determine the aluminum coordination  The fluorescence Fe K XANES spectra were normal-
in the ZSM5 support (ammonium and acidic form). The ized using the average absorption coefficient in the 7200—
experiments were carried out on a Chemagnetics Infin- 7300 eV region. In order to isolate the pre-edge feature, the
ity 600 (14.1 T, corresponding to 156.3 MHZAI reso- contribution of the edge jump to the pre-edge was calculated
nance), using a 2.5 mm HX MAS probe head. Magic angle using a cubic spline function obtained by interpolating the
spinning (MAS) was performed at a rotation speed higher data several eVs before and after the pre-edge.
than 25 kHz. To allow a quantitative evaluation of the sin- The influence of fluorescence saturation effects was
gle pulse excitationg /18 pulses using a rf field strength of checked using the procedure as outlined in Ref. [33].
~ 35 kHz were used. Chemical shifts were referenced rela- These effects were revealed in particular arFe0Os.
tively to a 1 M aqueous AI(Ng)z solution. The relaxation ~ Nevertheless, numerical comparison showed that as far
delays were 0.5 s, determined to be adequate for a quantitaas the pre-edge is concerned, it was possible to correct
tive analysis using saturation recovery experiments. Samplesfor the them by dividing the maximum intensity of the
were fully hydrated overnight in a controlled environment background subtracted fluorescence pre-edge by that of
before measuring. the corresponding transmission spectrum. For this purpose
X-ray absorption measurements of the Al K-edge (Al XANES spectra measured in transmission on each sample at
K XAS) were performed on the starting ZSM5 support (am- beamline X1.1 at Hasylab (vide infra) were used as internal
monium and acidic form) and on the FASM5 sample af- standard.
ter severe calcination. The coordination of aluminum was  The normalized height, centroid position, half-width, and
deduced from the X-ray absorption near edge (XANES) by integrated intensity of the obtained pre-edge features were
identification of characteristic features in the spectra [26]. obtained using the software Grams. Prior to calculations, the
Data were collected at station 3.4 of the SRS Dares- pre-edge oix-Fe,O3 was deconvoluted into pseudo-\Voigt
bury (UK), using a double crystal monochromator equipped components (50% Gaussian, 50% Lorentzian peaks shape).
with YBG66 crystals. A recently developed in situ low energy Contribution to the centroid position and to the integrated
X-ray absorption fine structure spectroscopy set-up (ILEX- intensity from components centered above 7115.0 eV was
AFS) was used [27,28]. The samples were pressed into self-ignored [34,35]. The estimated accuracy in the energy
supporting wafers and measured at room temperature undedetermination for the HR-XANES spectra presented in this
high vacuum P < 10~ bar). Fluorescence detection, via a study is+0.05 eV.
gas proportional counter (GPC), was used. Normalization of
the data was performed through standard procedures [38]. 2.4. Fe K-edge XAFS

2.3. Fe K-edge HR-XANES 2.4.1. XAFS data collection
Fe K-edge XAFS was applied in combination with
2.3.1. Experimental setup Fe K-edge HR-XANES in order to study the atomic envi-

High-resolution X-ray absorption near edge spectroscopy ronment around iron. X-ray absorption spectra of the Fe K-
(HR-XANES) was used to study the oxidation state and the edge were collected at Hasylab (Hamburg, Germany) Wig-
local coordination geometry of Fe. The HR-XANES mea- gler Station X1.1, using a Si (111) double crystal mono-
surements at the Fe K-edge were carried out at the inelasticchromator. The monochromator was detuned to 50% of the
X-ray scattering undulator beamline 1D16 at the European maximum intensity to avoid higher harmonics in the X-ray
Synchrotron Radiation Facility (ESRF). The set-up of the beam. The measurements were performed in transmission
beamline has been described in detail elsewhere [29]. Themode using ion chambers filled with Ar to have a X-ray
white beam is monochromatized by a Si (111) double crystal absorbance of 20% in the first ion chamber and of 80% of
device. The fluorescence signal is detected by a 1 m Rowlandthe remaining radiation in the second one. In all the experi-
circle spectrometer consisting of a spherically bent Si (531) ments a Fe foil was measured using a third ionization cham-
single-crystal wafer. The analyzer is operated at the fe-K ber. The edge position was determined for each scan by cal-
emission line, with a typical resolution of 0.4 eV. Using this ibrating the monochromator with the iron foil. The samples
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Z?Sls?alllzgraphic data and forward/inverse Fourier transform ranges used to produce the EXAFS Fe—O reference file

Atom pair Ref compd Ref. N R (A) k weighting Forward FT Inverse FT
Ak (A1 AR (A)

Fe-O Ferric(acac) [40] 6 1.99 K3 2.5-13.3 0.7-2.2

were pressed into self-supporting wafers and placed in a con-k-space and is extensively discussed in a recent paper by

trolled atmosphere cell [32]. Spectra were recorded at liquid Koningsberger et al. [38]. The difference file technique was

nitrogen temperature after flushing the cell with He at G0 applied together with phase-corrected Fourier transforms to
resolve the different contributions in the EXAFS data [38].

2.4.2. XAFS data processing The EXAFS fits were checked by applyirid, k2, and

Extraction of the EXAFS data from the measured ab- k° weightings.

sorption spectra was performed with the XDAP code devel- ~The number of independent data pointSingp) was

Oped by Vaarkamp et al. [36] Three scans were averageddetermmEd as outlined in the “Reports on Standard and

and the pre-edge was subtracted using a modified VictoreerCriteria in XAFS Spectroscopy” [44]

curve [37]. The background was subtracted employing cu- 2AkAR

bic spline routines with a continuously adjustable smooth Nindp =

parameter [38,39]. Normalization was performed by divid-

ing the data by the intensity of the absorption spectrum at

50 eV above the Fe K edge.

+2.

Errors in the numerical values obtained by the EXAFS
data analysis are estimated to-h&0% in the coordination
number(N), £1% in the distancéR), 5% in the Debye—

, , ) Waller factor (Ac?), and+10% in the inner potential cor-
2.4.3. EXAFS phase shifts and backscattering amplitudes oo (AEo) [45]. In this study the statistical significance

Data for Fe-O were obtained directly from experimen- ¢ o4ch contribution has been checked by comparing the am-
tal EXAFS data Of ferric acetylacetonate. Table 175:1 gives plitude of (Fit); with the noise level present in the experi-
]
the crystallographic data [40] and the forward and inverse antal data.

Fourier transform ranges used to create the Fe—O reference.

The Fe—Fe and Fe—ClI phase shifts and backscattering am-

plitudes were calculated using the software FEFF7 [41]. 3 Results

The Fe—Fe and the Fe—Cl references were calibrated on the

EXAFS data obtained from E©3 (hematite) and Fe@l- 3.1. ICP, H removal efficiency, Nphysisorption

(6H20), respectively, by fitting ink-space (see Tables 1b

and 1c). The following average crystallographic parame-  The elemental composition of the parentzBM5 sup-
ters were used for thek-space fit of hematite: Fe4O  port and of the F&ZSM5 samples is presented in Table 2. In
(N=3,R=195A); Fe-Q (N =3, R =212 A); Fe-Fe the same table the Hremoval efficiency (calculated from
(N=4, R =295 A); Fe-Fe (N =3, R =336 A); the titrated HCI) is compiled, together with the evolution of
Fe-Fg (N =7, R =3.74 A) [42]. The crystallographic pa-  the micropore volume of the support. The Siratio of the
rameters adoptEd for the fit of the closest shells in EEC| parent HZSMS was maintained after the ion exchange and
(6H20) were: Fe—Cl§ =2, R =2.31 A); Fe-O (v =4, the subsequent washing procedure, indicating that no sig-
R =207 A) [43]. Both the reference spectra and the sam- pjficant amount of aluminum was leached out during the
ples were measured at liquid nitrogen temperature. This synthesis. The FegICVD procedure led to an iron content
means that temperature effects (dynamic disorder) can begf Fe/Al = 1.0 as a result of the complete exchange with

ruled out in the difference of the Debye—Waller factan(®) the Brgnsted protons. Completion of the Hemoval was

between the samples and the reference. confirmed by titration of the HCI released during the syn-
thesis. After the loading of iron a decrease of around 20%

2.4.4. EXAFS data analysis in the micropore volume was detected by physisorption

The EXAFS data analysis was performed by applying (Fe/ZSM5-17-H0). While applying a mild calcination pro-
multiple-shell fitting in R-space.R-space fitting has impor-  cedure resulted in no significant change of the micropore
tant advantages compared to the usually applied fitting in volume (F¢ZSM5-17-mc), the latter was partially regained

Table 1b

Crystallographic data and input parameters for FEFF 7 used to produce the EXAFS Fe—Fe and Fe—Cl reference files

Atom pair Ref compd Ref. N R(A) Ac? Vi (eV) Vi (eV) 82
Fe-Fe a-FeO3 [42] 4 2.95 0.013 -16.0 3 0.53

Fe—Cl FeG} - 6H,0 [43] 2 2.31 0.002 D 3 0.91
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Table 1c
Structural parameters (closest Fe—Fe shell in hematite and closest Fe—Cl shell in ferric chloride hexahydrate), as obtainefl-fioaceHé by using the
theoretical references

Atom pair k1 Fourier transform Structural parameters Variance
N AR (A) N R(R) Ac? (R2) AEg (eV) Im. Abs.

Fe—Fe 3.0-13.0 1.0-3.5 4.0 2.95 0 0 0.62 0.38

Fe—Cl 3.0-13.0 1.0-2.2 2.0 2.31 0 0 0.13 0.07

(reincrease between 5 and 10%) after a severe calcinatiortions ascribable to Fe oxidic or oxo-hydroxidic crystalline
(Fe/ZSM5-17-sc). phases.

3.2. FTIR spectroscopy 3.4. HR-TEMEDX

The normalized spectra of the hydroxyl stretching region ~ High-resolution transmission electron micrographs of the
(3900-3000 cm?) are depicted in Fig. 1. For FZSM5-17 over-exchanged F&SMS5, collected in Fig. 2, were taken
two intense bands were observed at 3590 and 3740tcm  upon sublimation and washing (FZSM5-17-H0), and
They are assigned respectively to Brgnsted acid groups (asafter the different calcination procedures. As expected, no
sociated with framework aluminum (Si(OH)Al)) and to ter- particles were visible on the FESM5-17-H0 (Fig. 2a),
minal silanol groups (located inside the zeolite channels andsuggesting that no agglomeration of iron occurred during
on the external surface) [46—48], respectively. A small shoul- the Fe-exchange process and the following washing. At
der detected at 3650 crh is attributed to hydroxyl groups  this stage of the synthesis Fe is highly dispersed within
of extra-framework aluminum species [49]. Following FeCl  the zeolite channels. The uniform distribution of iron was
CVD and washing (F&ZSM5-17-H0, Fig. 1), the intensity ~ confirmed by elemental analysis performed on local areas
of the band at 3590 crt decreased significantly, as a result (D ~ 100 nm) by EDX. In a few EDX measurements traces
of the exchange of the Brgnsted protons by iron, while the of residual chlorine were found.
signal from the silanol groups remained unchanged. In ad- TEM images collected from the sample upon mild calci-
dition, a new band appeared at 3715¢mThis band is as-  hation (not shown here) did not reveal significant changes
cribable to the stretching vibration of hydrolyzed Fe species When compared to those obtained after washing. Neverthe-
formed upon washing of the residual chlorine [20], and less, when HR-TEM was applied in combination with EDX,
disappeared after calcination (FZSM5-17-mc, F¢ZSM5- some coalescing iron was revealed on the external surface
17-sc). No clear changes were detected upon calcination inof the F&ZSM5-mc crystals. This was visible as infre-
the intensity of the silanol and of the Al-Brensted signal. quent dark spots with sizes between 2 and 5 nm. In addi-
It should nevertheless be noted that, due to differences intion, very few crystalline particles were detected. In Fig. 2b
the broadening of the Al-OH Brgnsted and Si-OH silanol one of these Fe-containing crystals is depicted. From the

bands, a quantitative comparison between washed and callargest Fe-containing particles detected opZ®M5-17-mc
cined sample is not possible. the following d-spacing could be determined: 2.85, 2.66,

and 2.53 A (estimated margin of error equal#6.05 A).
3.3. XRD

1.2

-------------- H/ZSM5-17

....... Fe/ZSM5-17-H20|
-------- Fe/ZSM5-17-m.c.
Fe/ZSM5-17-s.c.

X-ray diffractograms (not shown) were collected after
each synthesis step and compared to that of the parent
H/ZSM5. All patterns appeared to be identical, indicating
no detectable damage to the ZSM5 structure. In addition, no
contribution in the XRD patterns was detected from reflec-

€

o
®

Table 2
Elemental composition (ICP), H removal efficiency and micropore
volume (N> physisorption)

o
~

Normalized absorbanc
o
o

02T

Samples SiAl Fe/Al H* removal Micropore

(atomic  (atomic efficiency volume 0.0 et L . . . h

ratio) ratio) (cn¥/g) 3900 3800 3700 3600 3500 3400 3300 3200 3100 3000
H/ZSM5-17 17.0 0.0 _ 0.15 Wavenumber (cm-)
F&/ZSMS-17-10 174 1.0 1.0 0.12 Fig. 1. Infrared spectra of the hydroxyl stretching region fgiZ8M5-17
Fe/ZSMS-17-me 172 10 - 0.12 and Fg¢ZSM5-17, measured at 350C in helium (heating ramp of
Fe/ZSM5-17-sc 17.2 1.0 - 0.13 ’ 9 ramp

2°C/min).
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(b)

St
(© (d)
Fig. 2. TEM micrographs of F&ZSM5-H,0 (a), F§ZSM5-17-mc (b), FEZSM5-17-sc (c, d).

By comparison with XRD data obtained from the litera- obtained from this sample are 3.33, 3.26, and 2.53 A. While
ture [50], these Fe-containing particles are identified as oxo- thed-spacing at 2.53 A can be attributed to eithegoethite
hydroxides likex-goethite (2.53 and 2.69 A) g-goethite or hematite, those at 3.3 A are typical only of goethite-like
(2.55 and 2.63 A), and possibly hematite (2.52 and 2.70 A). oxo-hydroxo crystalline structures [50].

Severe calcination, on the other hand, leads to consider-
able aggregation of iron in the FASM5 material. This can  3.5. EELSSTEM
clearly be seen when observing the micrographs obtained
from the severely calcined FESM5 (Figs. 2c and 2d). In Fig. 3a the oxygen map of a F&SM5-17-H0 crystal
Already at medium magpnification (Fig. 2¢) clustering into is shown. The picture, produced from EELS O K-edge
iron-rich particles is clearly visible. When compared to the absorption spectra recorded with spatial step increments
Fe/ZSM5-17-mc, the number of particles is drastically in- of 2.5 nm and a probe diameter of 0.5 nm, is plotted in
creased, together with their average dimension and degreegyrayscale (oxygen in white). In this image luminosity is
of crystallization. A HR-TEM picture (Fig. 2d) shows one proportional to the number of oxygen atoms encountered
large crystalline Fe-containing particle of around 40 nm, to- in each sub-area by the electron beam. In Fig. 3b the
gether with some Fe-rich clusters of 1-2 nM-spacings Fe/O map (atomic ratio) of the same region is depicted. In
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®

Fig. 3. Grayscales EELS: (a) (O K-edge) oxygen map ¢iA8M5-17-H,0 (oxygen depicted in white); (b) F® map (atomic ratio) of F&ZSM5-17-H,0
(iron depicted in white); (c) (O K-edge) oxygen map of/ EEM5-17-mc; (d) F¢O map (atomic ratio) of F&ZSM5-17-mc; (e) (O K-edge) oxygen map of
Fe/ZSM5-17-sc; (f) F¢O map (atomic ratio) of FZSM5-17-sc.
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the F&’O map brightness is proportional to the concentration maps of Figs. 3b, 3d, and 3f. These line scans show the
of iron. Due to the uniform distribution of oxygen in the concentration of iron in the different samples as a function of
ZSM5 support, the F# ratio provides information on the the distance from the crystal surface. Line a/(&8M5-17-
local concentration of iron in the crystal. From Fig. 3bitcan H>0O) shows a homogeneous /& profile over the whole
be concluded that, after FeQCVD and washing, iron was  distance, confirming the homogeneous dispersion of iron
homogeneously distributed across the crystal. In particular, within the zeolite channels after CVD and washing. After
no gradient in the iron concentration was detected when applying a mild calcination (line b), a clear increase in the
approaching the crystal surface. Furthermore, the calculatedre signal was visible when approaching the crystal surface
Fe/O ratio, obtained by integration over the whole sampling (0—15 nm). Quantification of the FF© ratio in the Fe-rich
area, was 0.028, in good agreement with the Fe contentphase alone was not possible due to its overlap with the
detected by bulk ICP elemental analysis. ZSM5. It should be noted that the Fe concentration of line b
The O and F¢O map of the edge of a FESM5 in the region 20—60 nm is somewhat lower than that of line a.
crystal after mild calcination are collected in Figs. 3c This shows that the agglomeration at the crystal surface was
and 3d, respectively. The pictures were produced from produced by migration of iron from inside the crystal. Prior
spectra recorded with a spatial step increment of 1.25 nmto calcination this iron was still homogeneously distributed
(the probe diameter was kept at 0.5 nm). In this case thein the zeolite channels. Line ¢ shows the influence on the Fe
Fe concentration appeared to be higher in the proximity of agglomeration of a severe calcination procedure. The data-
the external surface. Furthermore, theg Gaatio integrated  points in the 0—15 nm region of line c are of the EELS
over the whole area was 0.054, thus showing a clear increasescan across the Fe-containing cluster mentioned above. The
in the Fe content when compared to that of the sample Fe/O ratio in this region is 0.67. By coupling this result
after washing. This is ascribed to the migration towards with that of HR-TEM, this particle is identified asFeOs.
the edge of the crystal of iron, which prior to the mild Also for line c a decrease in the Fe concentration was visible
calcination procedure, was still located well inside the when scanning the internal region of the ZSM5 crystal (20—
crystal. This migration was nevertheless not accompanied by40 nm). In this case the decrease appears less pronounced
the formation of clearly visible particles on the surface. than for the mildly calcined sample. This is probably due
The formation of well defined Fe-rich particles, on the to the presence of some additional Fe aggregation in the
contrary, was clearly visible on the external surface of the vicinity of the hematite crystal.
severely calcined sample, as shown in Figs. 3e and 3f. Four
Fe-containing clusters with an average dimension of 20 nm 3.6. °>’Fe Mdssbauer spectroscopy
are visible (Fig. 3f). One of them is recognizable also in the
upper-left part of the corresponding O map (Fig. 3e). This  >’Fe Mdssbauer spectra were recorded under He at 300,
indicates that the cluster was located on the external surface’/7, and 4.2 K. In Fig. 5a the spectra of the/E8M5-
of the ZSM5. As a consequence, its chemical composition 17-H2O are shown. At 300 K (spectrum a) a doublet
could be obtained, avoiding misleading information from was detected with an isomer shift (IS) of 0.61 psn
the ZSM5 support. The result is shown in Fig. 4. In this and a quadrupole splitting (QS) equal to 1.02 ysmThe
figure three FgO line scans are plotted, measured along presence of this well resolved paramagnetic doublet is

the lines a, b, and c, selected respectively from thgCFe  the result of high electron spin relaxation rates due to the
mutual magnetic interaction of Fe neighboring atoms.

07 [ This shows that, after CVD and washing, Fe was not present
<N as monoatomic species at the Al-exchange position of the
06T lattice. By lowering the temperature to 77 K (spectrum b)
05 an additional doublet was detected with a QS of 3.37/sm
g assigned to F&. The Fé* doublet accounts for around 8%
g 04t of the overall signal. At 4.2 K (spectrum c), together with
§ the doublets, also the contribution of a weak sextet became
S 03[ visible, with an average hyperfine field (HF) of 46.7 T. The
S presence of the sextet is ascribed to the magnetic ordering
02 of a fraction of iron [51]. This indicates the presence of
04 some Fe agglomeration occurring already after washing.
4 e The extreme width of the sextet is an indication for the
0.0 - i N e il SR amorphous character of the aggregated phase. The hyperfine
0 10 20 30 40 50 60 parameters of the FESM5-17-H0, together with the
fine profile (nm) relative integrated intensity of the different Fe species are
Fig. 4. F§O scans (atomic ratio) measured along lines: (8)ZSM5- collected in Table 3a.
17-H,0, from Fig. 3b; (b) FEZSM5-17-mc, from Fig. 3d; (c) FZSM5- Figure 5b shows the spectra of the/B&EM5 sample af-

17-sc, from Fig. 3f. ter the mild calcination procedure. No significant differences
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Fig. 5. 57Fe Mossbauer spectra recorded in He at 300 K (lines a), 77 K (lines b) and 4.2 K (lines c);/Z9NE:17-H,0; (b) F&/ZSM5-17-mc;
(c) Fe/ZSM5-17-sc.

are visible when comparing the FESM5-17-mc spectra Significant changes were detected when a severe calcina-
recorded at 300 and 77 K (a and b) with those of the tion procedure was applied (F&SM5-17-sc) (Fig. 5c, Ta-
Fe/ZSM5-17-H0. Nevertheless, when measuring at 4.2 K, ble 3c). The detection of the sextet already at room temper-
an increase was detected in the intensity of the sextet signalature is the result of the increased average size of the Fe-
This is ascribed to further agglomeration of Fe. The corre- containing clusters formed during the severe calcination. By
sponding average hyperfine field at 4.2 K was 48.0 T. The lowering the temperature, the signal of the sextet increased

complete list of the hyperfine parameters of the FaM5- considerably. The ¢ doublet became visible as well. As
17-mc as a function of the temperature are shown in Ta- can be seen from spectrum c, at 4.2 K the dominant compo-
ble 3b. nent is that of the sextet (HE 50.0 T). When comparing
Table 3a
57Fe Mossbauer hyperfine parameters and relative integrated intensities of the iron speci@S%4 7-H0
Conditions Isomer shift Quadrupole splitting Hyperfine field Relative intensity Identification
(mmys) (mnys) () (%)
300 K, He 0.61 1.02 - 100 Doublet, Fe(IIl)
77 K, He 0.72 1.10 - 92 Doublet, Fe(lll)
1.55 3.37 - 8 Doublet, Fe(ll)
4.2 K, He 0.74 1.19 - 53 Doublet, Fe(lll)
1.58 3.44 - 8 Doublet, Fe(ll)

0.78 - 46.7 39 Sextet, Fe(lll)
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Table 3b

57Fe Mossbauer hyperfine parameters and relative integrated intensities of the iron speci@SM%47-mc

Conditions Isomer shift Quadrupole splitting Hyperfine field Relative intensity Identification

(mmys) (mnys) M (%)

300 K, He 0.61 0.94 - 100 Doublet, Fe(lll)

77 K, He 0.73 0.99 - 76 Doublet, Fe(lll)
1.65 3.49 - 3 Doublet, Fe(ll)
0.79 46.6 21 Sextet, Fe(lll)

4.2 K, He 0.73 0.99 - 41 Doublet, Fe(lll)
1.76 3.30 - 2 Doublet, Fe(ll)
0.73 - 48.0 57 Sextet, Fe(lll)

the present spectrum with spectra c recorded at 4.2 K on thefine structure in the region 4-11 eV above the edge (1569-
washed and on the mildly calcined samples, the sextet ap-1576 eV). A broad peak is also present, centered at around
pears enhanced and significantly sharper. This is ascribed t®20 eV above the edge (1584 eV). These features are typ-
a higher concentration and a higher average size of the ag-cal of tetrahedrally coordinated aluminum [26]. The oc-
glomerated Fe-containing phase caused by the severe calcitahedrally coordinated aluminum, measured?f4l MAS

nation procedure. NMR in H/ZSM5-17 is not visible in the Al K-edge spec-
tra. This is ascribed to the differences in the measurements
3.7. 2’Al MAS NMR, Al K-edge XAFS conditions, i.e., high vacuum (Al XAS) versus strongly hy-

drated state’(Al MAS NMR). When water is removed

2TAl MAS NMR spectroscopy was carried out on the from the pores of the zeolite, only tetrahedral aluminum is
original zeolite provided by Zeolyst (NHHZSM5-17) and present [28]. From the results presented it is concluded that
on its acidic form (HZSM5-17) obtained by calcination.  no significant changes occurred to the aluminum coordina-
The spectra are reported in Fig. 6. For both samples a domi-tion during the synthesis, even after applying a severe calci-
nating resonance was detected at 55 ppm, attributed to tetranation procedure.
hedrally coordinated framework Al atoms [52]. The shape
of the resonance is asymmetric. This is ascribed to varia-
tions in the chemical shift arising from the Si—-O—Al angles 3.8. Fe K-edge HR-XANES
of the different crystallographic T sites. An additional sig-
nal was recorded at 0 ppm and is assigned to octahedrally Figure 8 shows the normalized high-resolution fluores-
coordinated extra-framework Al. While in the NHZSM5 cence pre-edge spectrum of the hematite reference and its
this peak was present as a hardly visible weak broad com-calculated deconvolution peaks. Four different contributions
ponent, its intensity increased upon calcination to about 7% are visible. Peaks 1 and 2, centered respectively at 7112.65
of the total aluminum. The existence of octahedrally coor- and 7114.05 eV, are related to > 34 (quadrupolar) and/or
dinated aluminum attached to the framework has frequently 1s — 4p (dipolar) metal electronic transitions [35,54,55].
been reported for acidic zeolites [53]. Contributions 3 and 4 centered above 7115.0 eV (7115.34

Al K-edge XANES spectra of the support (NFZSM5- and 7116.88 eV) are due to extra transitions involvid®8
17, H/ZSM5-17) and of the over-exchanged/E&M5-17 bitals of distant iron neighbors [35]. Contributions 3 and 4
after severe calcination (FBSM5-17-sc) are depicted in  were not included in the determination of the reference pre-
Fig. 7. As can be seen in this picture, all spectra over- edge area and centroid position. The pre-edge area and the
lap, pointing to an identical aluminum coordination in all centroid position of the hematite reference were used as stan-
the samples. A sharp whiteline is visible, followed by a dard to analyze the data of the ZSM-5 samples [34].

Table 3c

57Fe Mossbauer hyperfine parameters and relative integrated intensities of the iron speci@SMF47-sc

Conditions Isomer shift Quadrupole splitting Hyperfine field Relative intensity Identification

(mmys) (mnys) (M (%)

300 K, He 0.62 0.83 - 69 Doublet, Fe(lll)
0.59 40.7 31

77 K, He 0.72 0.94 — 41 Doublet, Fe(lll)
1.66 3.34 - 4 Doublet, Fe(ll)
0.75 48.6 55 Sextet, Fe(lll)

4.2 K, He 0.70 0.82 — 21 Doublet, Fe(lll)
1.79 3.19 - 4 Doublet, Fe(ll)

0.76 - 50.0 75 Sextet, Fe(lll)
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Fig. 6.27Al MAS NMR spectra of NH;/ZSM5-17 (a) and HZSM5-17 (b).
Fig. 8. Normalized high-resolution fluorescence pre-edge spectrum of he-

In Fig. 9 the experimental normalized pre-edge spectra m_atite (measured in He at 3, 1 bar) and best deconvolution calculated
of the F&ZSM5 samples are presented together with that with GRAMS.
of hematite. The Fe K pre-edges of all samples are signifi-
cantly different from that of the reference oxide. They hardly
show contributions centered at high energy1150 eV),
ascribable to distant Fe neighbors. When comparing the

pre-edges of the calcined samples (E8MS5-17-mc and hematite, is closer to that of a perfectly symmetric octahe-

Fe/ZSM5-17-sc) V\."t.h that of F’GZS.MS .17 HO, only mi . drally coordinated reference. It is therefore concluded that
nor changes are visible. After calcination the overall height . : . S

. I ._. in the FZSM5 measured under ambient conditions iron is
appears to be slightly decreased and some tailing are visi-

ble at around 7116 eV. This contribution, more evident in present as F& octahedra with a slightly distorted symme-

the severely calcined sample (SM5-17-sc), can be at- try. N(_) _S|gn|flcant d|ﬁ§rences in the local geometry of iron
. : . was visible upon calcination.

tributed to agglomeration processes of iron occurred dur-

ing calcination. Thg pre-edge features of the measured SaM=» g Fe K-edge XAFS

ples are collected in Table 4, together with that of averaged

Fe(ll) and Fe(lll) referenge materials Wit'h known coordina- In Fig. 10 the near edge (XANES) spectra of the/ Fe
tion and geometry, obtained from the literature [34]. Typ- 7g\s samples, are presented, together with that of the
ically, a separation of 4+ 0.1 eV is present in the pre- o) hematite reference. As can be seen, the edge position
edge centroid position of Fe(ll) (7112.1 eV) and Fe(lll) ¢ 5 the FgzSM5 samples, including that of FESM5-
(7113.5 eV) compounds, irrespective to their coordination. y7_¢) corresponds to that of the reference. It is therefore

On the contrary, the pre-edge area is depending on both the.¢|ded that, also after sublimation of FeGhe oxida-
oxidation state and the geometry of the iron coordination. As 4 state of iron is F&.

appears in Table 4, the centroid position of the pre-edges of

the F¢ZSM5 samples and of hematite corresponds, within
the margin of error, to that of Fe(lll) reference compounds.
Furthermore, the integrated intensity of the/EEM5 pre-
edges, which appear to be lower than that of the reference
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Fig. 9. Normalized high-resolution fluorescence pre-edge spectra/of Fe

Fig. 7. XAS Al K-edge spectra of NiyZSM5-17, H/ZSM5-17, and Fe ZSM5-17-H,0, Feg/ZSM5-17-mc, FEZSM5-17-sc, and hematite (mea-
ZSM5-17 sc. sured in He at 30C, 1 bar).
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Table 4 o.10f
Pre-edge characteristics of M@SM5-17-H0, Fe/ZSM5-17-mc,
Fe/ZSM5-17-sc-FeyOg3, and reference model coordinations [34]
Sample Normalized Total Centroid 0.051
height area position (eV) M
Fe/ZSM5-17-H,0 0.043 0.119 7113.41 < 0.00 Mww“’“"‘vww* Nrvomrh
Fe/ZSM5-17-mc 0.040 0.120 7113.42 = ™
Fe/ZSM5-17-sc 0.039 0.119 7113.48
a-Fe032 0.049 0.138 7113.50 .0.05+
a-Fe03 0.052 0.204 7114.29
Reference model Total area Centroid 010
position (eV) L ) ) )
Fe(ll) in tetrahedral coordination 2P (£0.02) 7112.1 3 6 K (AY) 9 12
Fe(ll) in octahedral coordination .@ (+0.02) 7112.1 @
Fe(lll) in tetrahedral coordination B4 (+£0.02 71135
Fe(lll) in octahedral coordination .08 (£0.02) 71135 0.3 Fo.O
@ After substraction of spectral contributions 3 and 4 (Fig. 8). v '; e-Cl
0.2
Figure 1la shows the experimental EXAFS data of g o1 Fe-Fe,
Fe/ZSM5-17-Cl. The correspondirig Fourier transformed ~§ [emommmno \
spectrum (uncorrected) is depicted in Fig. 11b, together with £ 0.0 %
the best fit obtained. In the Fourier spectrum one major & TN
asymmetric peak is visible at around 1.6 A, followed by a 3 -01
second weak contribution at 2.5 A. The best fit for the major =
peak was obtained by using two separate shells: a Fe-Cland -02}
a closer Fe—O shell. A% weighing of the Fourier transform
showed that the contribution at 2.5 A was ascribable to -0-30 1 2 3 7
a heavy scatterer. Therefore this contribution was fitted R(A)
with a Fe—Fe shell. The total fit was further optimized by (b)

including the contribution of distant O-neighbors, ascribable
to oxygen of the zeolite lattice (Fe-D The results of Fig. 11. (a)x (k%) experimental data of F&@SM5-17-Cl, measured in He
the EXAFS analysis are collected in Table 6. These show at 77 K. (b)k! F_ouriertransformed experimental (gray solid line) and fitted
that upon sublimation of Feglthe majority of the iron ~ (Plack dotted line.k =1-4 A, Ak = 2.7-13.0) data of FEZSMS-17-Cl,
. ) . . measured in He at 77 K.
atoms in the FEZSM5 consist of isolated Fé species.
These species contain on average two chlorine atoms and are
bound to the zeolite via two oxygen atoms [21]. The Fe—Fe is present, already at this stage of the synthesis, as binuclear
contribution, however, suggests that a minor fraction of iron or oligomeric chlorinated Fe complexes.
The EXAFS data of the F&SM5 after washing are plot-

16 ted in Fig. 12a. The! Fourier transformation is presented
together with the best total fit in Fig. 12b. A very broad peak
is present in the Fourier transform of the/B&M5-17-H0
at 1.5 A (| Fe—0O in the picture), together with a second one
at around 2.5 A [Fe—Fg). No satisfactory fit could be ob-
tained by using a Fe—Cl contribution. The peak at 1.5 A was
therefore entirely fitted with the Fe—O reference. The analy-
sis of this contribution was performed on the basis of the
information obtained by the HR-XANES experiments, i.e.,
a total amount of six oxygen neighbors was always fitted.
Different possibilities for the distribution of the six oxygen
neighbors were explored, i.e., two separate Fe—O shells with
a2:4ora 3:3 oxygen distribution and three separate Fe-O
shells with a 2:2: 2 distribution (Table 5). Even though all
the models present acceptable statistics, the best fit could
be obtained with the models 2:2:2 and 3:3. The second
peak of the Fourier transform|Fe—Fe, Fig. 12b) could
be satisfactorily fitted with one single Fe—Fe shell centered
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Fig. 10. Normalized XANES spectra of F&SM5-17-Cl, F§ZSM5-17-
H,0, Fe/ZSM5-17-mc, FEZSM5-17-sc, and hematite (measured in He
at 77 K).
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at 3.05 A. Also for the washed sample oxygen from the lat-

0.101 tice was fitted at higher distance (Fe)OAs can be seen
from Table 5, in FgZSM5-17-H0 iron is organized in bin-
0.05F uclear Fe-clusters (Fe—Fe coordination is 1.0).

Figure 13a shows the EXAFS of the ASM5 after the
mild calcination. The correspondirtg Fourier transforma-
tion is presented together with the best total fit in Fig. 13b.
By comparing Figs. 12b and 13b it is evident that the Fourier
-0.05 transform of the mildly calcined sample resembles very
closely that of the sample after washing. Minor changes are
visible in the imaginary part of the Fourier transformation

<
>

%

s

1

-0.10
. . at 3.0 A. The same procedure used for thg¢ ZaM5-17-

3 6 wany O 12 H,O was applied for fitting the distribution of the oxygen

@) atoms in this sample. Also for the mildly calcined sample

the best fit could be obtained with both the 3:3 and the
2:2:2 models, i.e., with a symmetrical distribution of the
six oxygen atoms in two or three separate Fe—O shells. The
EXAFS coordination parameters for the model 3:3 (this
model is chosen since it makes use of less free parameters
than the 2:2:2) are summarized in Table 6. Slight changes
were revealed in the Fe—Fe contribution. The use of a single
Fe—Fe shell could not produce a satisfactory fit. A second
shell had to be introduced Fe—Fe in Fig. 13b). The CN

of the Fe—Fe shell is increased to 1.2. Furthermore a sec-
ond Fe—Fe shell (Fe—Eewith a CN of 0.4 appears at higher
distance. These changes are ascribed to further agglomera-
tion of iron. The statistical significance of the fitted Fes-Fe

k! Fourier Transform (A

03 1 2 3 4 shell was confirmed by the comparison between the noise
R(A) level present in the experimental data with the amplitude of
(b) the chi function produced by only this contribution (FesFe
Fig. 13c).

Fig. 12. (a)x (k%) experimental data of F&SM5-17-H,0, measured in He _ ; :
at 77 K. (b)k® Fourier transformed experimental (gray solid line) and fitted The EXAFS data of the FESM5-sc are dlsplayed In

(black dotted lineR = 1—4 A, Ak = 2.7-13.0) data of FAZSM5-17-H0, E|g. 14a. Thek™ Fourier tra}nsfprmatlon and the best total

measured in He at 77 K. fit obtained are presented in Fig. 14b. The large Fe—O peak
at 1.5 A does not show any differences when compared
to the corresponding one in the washed and the mild

Table 5
Fits of different models obtained by multiple shells analysis of the EXAFS dafZ $5-17-H,0
Shells N R (R) Ac? (1073 A2) AEq (eV) kt-variance (%)
(£10%) (£1%) (£5%) (+£10% Im. part Abs. part
Fe/ZSM5-17-H,0 (model 2: 4) 0.33 0.17
Fe-Q 21 193 65 120
Fe-O 4.0 203 87 —-6.5
Fe—Fg 1.0 303 11 05
Fe-QO 4.8 4.18 114 —8.8
Fe/ZSM5-17-H0 (model 2:2: 2) 0.13 0.07
Fe-O 19 185 05 7.2
Fe-Q 2.0 199 01 111
Fe—G; 21 209 30 —10.5
Fe-Fe 10 3.05 08 -25
Fe-Q 45 4.02 94 -30
Fe/ZSM5-17-H,0 (model 3:3) 0.13 0.08
Fe-Q 31 191 91 120
Fe-O 3.0 2.05 59 -81
Fe-Fe 10 3.05 07 -3.0

Fe-Q 4.4 399 105 -19
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Fig. 13. (a)x(ko) experimental data of FZSM5-17-mc, measured in He at 77 K. (b} Fourier transformed experimental (gray solid line) and fitted
(black dotted line,R = 1-4 A, Ak = 2.7-13.0) data of F&ZSM5-17-mc, measured in He at 77 K. (c) Comparison between the average noise level in the
experimental data of F&SM5-17-mc (see (a)) and the amplitude of the fitted Fe-éantribution (see Table 6); fitted Fe—f;e(ko), solid black line;
experimental FEZSM5-17-mcy (k9), gray solid line.

Table 6
Best fits obtained by multiple shells analysis of the EXAFS dat@ZB#15-17-Cl, F¢ZSM5-17-H,0, F&/ZSM5-17-mc, and FEZSM5-17-sc
Shells N RA) Ac? (1073 A2) AEg (eV) k1-variance (%)
(£10%) (£1%) (£5%) (£10% Im. part Abs. part
Fe/ZSM5-17-Cl 0.08 0.04
Fe-O 18 199 -1.0 -59
Fe—Cl 21 220 14 45
Fe-Fe ® 294 00 85
Fe-Q 4.4 397 105 -55
Fe/ZSM5-17-H,0 (model 3: 3) 0.13 0.08
Fe-Q 31 191 91 120
Fe-O 3.0 205 59 -81
Fe-Fe 1.0 3.05 07 -30
Fe-Q 4.4 3.99 105 -19
Fe/ZSM5-17-mc (model 3: 3) 0.10 0.06
Fe-Q 3.0 190 96 120
Fe-O 31 204 43 -7.3
Fe—-Feg 12 3.06 54 —36
Fe-Fe 0.4 340 1Q7 -80
Fe-Q 4.7 411 117 —6.6
Fe/ZSM5-17-sc (model 3: 3) 0.25 0.12
Fe-Q 3.0 190 81 120
Fe-O 31 204 69 -7.2
Fe-Fe 16 3.03 20 —-4.3
Fe-Fe 13 342 85 -85

Fe-Q 4.8 4.18 112 -8.9




266 A.A. Battiston et al. / Journal of Catalysis 213 (2003) 251-271

0.3
0.10
0.2
=
0.05 £ 0.1
8
[}
< /\ § .00
< 0.00 \/ "N s
3 -0.1
'8
-0.05 Ey
02f
0.10f
. " L L -0'30 1 2I 3 4
3 6 cay O 12 RA)

CY (b)

Fig. 14. (a)x (k% experimental data of F&SM5-17-sc, measured in He at 77 K. () Fourier transformed experimental (gray solid line) and fitted (black
dotted line,R = 1-4 A, Ak = 2.7-13.0) data of F&ZSM5-17-sc, measured in He at 77 K.

calcined samples. On the opposite, significant changes are4. Discussion

visible in both the real and the imaginary part of the Fe—

Fe shells. For an easier comparison the Fourier transformsg 1. syblimation of FeGl
of the washed and of the differently calcined samples are
presented together in Fig. 15. On the/E8M5 sample
upon severe calcination an increase is clearly visible in
the intensity of the real part of the Fe—Fghell, together
with a minor shift of the imaginary part towards a shorter
distance. At the same time, the contribution of the second
Fe—Fe shell (Fe—k§becomes significantly better resolved
and increased in intensity as well. The EXAFS coordination

The EXAFS fit of the sample after Fef3ublimation re-
vealed that the majority of the Fe species formed upon reac-
tion with the Brgnsted sites are mononuclear (Table 6) [21].
They consist of isolated tetrahedral3te attached to the
zeolite matrix via two oxygen atoms located at the same
distance. The charge of iron is further balanced by two
chlorine atoms. The detection of a minor Fe—Fe scattering

parameters for model 3:3 are .coIIected in Table 6. The (Fe—Fe CN=0.3), can be ascribed to the presence, already
increase of the Fe—Fe coordination numbers of both Fe—Feat this stage of the synthesis, of Fe binuclear clusters or

shells gfter severe calcination is consistent with a§|gn|f|cant Fe species with a higher nuclearity. The presence of such
formation of Fe clusters. Nevertheless, clear differences
are still present in the local coordination of iron between
the severely calcined sample and the hematite referenc

species was revealed by an in situ ESR study by Kucherov
and Shelef on F&ZSM5 samples (obtained by sublimation)
eexceeding a FAAl ratio of 0.6 [23]. Also the presence of

(Fig. 16). weakly bound FeGllocated on the external surface of the
zeolite can not be ruled out [21].
0.3
0.3
02}

k' Fourier Transform (A)

y Fe/ZSM5-17-H20
02 T | e Fe/ZSM5-17-m.c.
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Fe/ZSM5-17-s.c.

Fe/ZSM5-17-s.c.
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Fig. 15. k1 Fourier transformed experimental EXAFS data of/Fe
ZSM5-17-H,0, Fe/ZSM5-17-mc, and F&ZSM5-17-sc, measured in He Fig. 16.k1 Fourier transformed experimental EXAFS data of EZ8M5-
at 77 K (Ak =2.7-13.0). 17-sc andx-Fe,O3, measured in He at 77 KAk = 2.7-13.0).
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4.2. Washing Table 7

Fe—O and Fe—Fe atomic distances and coordination numbergaethite
As already pointed out by Marturano et al. [21], wash- 2nd hematite from X-ray diffraction data [58,59]

ing was proved to be the key step for the formation of the Shells Closest Fe—Fe binuclear ~_ a-goethite Hematite

binuclear Fe complexes, proposed as the catalytically active unit in «-goethite RA CcN R@A) CN

phase in FeZSM5 [1,2,12,18]. It can be concluded from our RA CN

work that during this step dramatic changes occur to the lo- F&=& 195 3 195 3 196 3
- ; L Fe-Q  2.09 3 2.09 3 212 3

cal environment of the Fe atoms. While the oxidation state of

. . Fe-Fg  3.02 1 3.02 2 295 4

iron remained unchanged 8, as appears from the cen- . ¢ _ _ 398 2 336 3

troid position of the HR-XANES Fe K pre-edge (Table 4) Fe-rg - - 3.46 4 3.74 7

and from the near edge region of the XAFS spectra (Fig. 10),
the geometry turned from tetrahedral to octahedral. Since the
integrated intensity of the pre-edge peak of th¢ Z&M5-
17-H,O sample is lower than that of the hematite reference, ) o o
it is concluded that the octahedral configuration of iron in Mensional polymerization [56,57], it is concluded that the
the F§ZSM5 after washing possesses a higher degree c,fagglornerated Fe—cont;unmg pha§e mgst consist also of lin-
symmetry than that in hematite [34]. The high dispersion €&r oligomers located in the zeolite micropores. The homo-
of the Fe phase is underlined by the complete absence ofgeneity of the distribution of iron within the zeolite crystals
pre-edge spectral contributions centered above 7115.0 evWwas confirmed by EELS (Figs. 3b and 4) and by HR-TEM
Their presence, reported in the literature to increase with (Fig. 2a). In particular, no gradient in the iron concentration
the degree of Fe(O,0Okoctahedral polymerization (ferri-  Was detected when approaching the crystal surface (note that
hydrite < goethite< hematite) [34,35], is, on the contrary, the local concentration of iron measured by EELS was found
clearly visible in the pre-edge peak of the measured hematiteto be consistent with the bulk ICP results) and no particles
(Figs. 8 and 9). could be detected on the external surface of the zeolite.

The removal of chlorine from the Fe local surrounding The structure of the binuclear Fe complexes formed upon
appeared clearly from the EXAFS results. The washing stepwashing can be determined by comparing the Fe—-O and
must also be responsible for the displacement of part of Fe—Fe coordination numbers and interatomic distances in
the isolated mononuclear species and their subsequent reFe/ZSM5-17-H0 with those ofa-goethite and hematite,
stabilization to the Al of the framework to form Fe binuclear as obtained from XRD data [58,59] (see Table 7). As can be
clusters. This observation is in agreement with the partial seen, the structural parameters obtained fotZEd5-17-
regain of the intensity of the Brgnsted Al-OH vibrations H,0 with the 3: 3 and the 2: 2 : 2 fit models (Table 5) corre-
(Fig. 1). From the IR it can also be deduced that the formed gpond to those of the closest Fe—Fe binuclear building block
b.inuclear irpn species are not bound at the silanols position, iy y-goethite. In this unit, two iron atoms are symmetrically
since the Si—OH groups appeared to be completely restored.qnnected via two hydroxyl groups.

aﬂ?l_rhwai/lh.i.”gb ude th _ The formation of highly dispersed binuclear complexes
hed 0SS Iauefr spgctrfq excfu e the fpreslencde I OUNs coherent with the hydrolysis process known for Fei@l
\évtismii Fsear:peecigs ?Fsilgné;ar']lfh;acgggeat I;?satfih rsn?anc?ésaqueous solution. This starts via the formation of a hexaaqua
at this stagepof the syr?t.hesié was Euggested by Marr'furanoIon [(Fe(OI—b)d“, which is stable only in strongly acidic
et al. [21] in order to explain an EXAFS Fe—Fe coordination media (.[HJr > 6 M]) §Jue ©a strong tendency towlalrds
number lower than one (0.5) as found in the analysis of their hydrolytic polymerization [56,57]. At higher pH, a condition
EXAFS data. Our EXAFS data-analysis, on the contrary that is certainly encountered during the extensive washing
shows a Fe;Fe coordination number of 1 0 (Table 5) Thé of the zeolite, the formation of a dimer represents the first

combination of the Mdssbauer and EXAFS results obtained step'p.rior' to condensat'ion to large polycations and possible
in this work proves that the coordination number of 1.0 Précipitation asr-goethite or hematite [56,57,60-62]. The

found for the Fe—Fe shell is not the result of an average extremely important role of the zeolitic sgpport is indeed' to
between mononuclear Fe-species and Fe-polycations. preyent the therm-odynamlcallly favqred |ron-(.:on-dens§1t|on.

The Mdssbauer result, on the other hand, suggest a pos- NS must be obtained by an immediate stabilization via the
sible underestimation in the coordination number of the lattice charge of the nascent Fe binuclear complexes, which
Fe—Fa shell obtained by the EXAFS fit. Indeed, some ag- Plocks their possible further migration and aggregation.
glomeration of Fe was revealed by the Mossbauer spec-A decisive role in this respect is most probably played also
trum collected from the washed FESMS5 sample at 4.2 K by the steric hindrance encountered by the iron species in the
(Fig. 5a, Table 3a) [51]. The broad width of the sextet sug- narrow micropores of the ZSM5. The question which still
gests the coexistence of Fe species with different nuclearityhas to be answered is whether the zeolite is able to prevent
(average size of 2 nm). Since no Fe—Fe contribution could further migration and polymerization of the Fe binuclear
be fitted by EXAFS at high distances, typical of a three di- complexes also during the subsequent calcination step.
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4.3. Calcination of these asymmetrically broadened sextet lines reflects the
poor crystallinity of the agglomerated phase after mild
In order to investigate the stability of the Fe binuclear calcination.
complexes two different calcination procedures were ap- The differences in the abundance, degree of crystallinity
plied, i.e., a mild and a severe calcination. In both cases theand dimension between the Fe-containing particles of the
final temperature (550C) was maintained for three hours. two samples was confirmed by TEM (Figs. 2b—d). While
While the severe calcination procedure reproduces condi-on the severely calcined FASM5 Fe-rich particles were
tions typical of a standard calcination, the mild calcination easily detected (Fig. 2c), they were difficult to identify af-
procedure was specially aimed to prevent metal clustering.ter mild calcination, even at the maximum possible mag-
A similar procedure was successfully applied by de Graaf nification. On FEZSM5-17-mc Fe particles were very low
et al. [63] in order to prevent agglomeration of Pt particles in number and degree of crystallinity, appearing as few and
in zeolite Y. Mild calcination was obtained by coupling a poorly defined darker spots. Their richness in iron was con-
high gas flow with a moderate temperature ramp. As a re- firmed by local EDX elemental analysis. For the few vis-
sult, the highest possible quantity of moisture was removed ible Fe-containing crystals on the mildly calcined sample
from the zeolite at relatively low temperature, strongly sup- the best match of thé-spacings was obtained with crys-
pressing the migration of hydrolyzed species and the result-talline «-goethite and possibly hematite. On the severely
ing clustering. calcined sample, together withgoethite, hematite crystals
Since the XRD patterns recorded after both types of cal- were clearly visible (see also Figs. 3e, 3f, and 4). This find-
cination were identical to the one measured from the parenting is coherent with the expected evolution of Fe metastable
H/ZSM5 support, it is concluded that no damage occurred hydroxylated species. In the internal volume of the zeolite
to the framework of the zeolite during these treatments. This polymerization processes are hindered by both the unbal-
observation is supported by the combination of the Al-XAFS anced charge of the framework and the narrow dimensions
and the AI-NMR results. AI-NMR showed that in the parent of the zeolite pores. But, once iron is transported to the ex-
support around 93% of the Al atoms were arranged in tetra- ternal surface, the agglomeration can proceed to the forma-
hedral coordination into the zeolite framework (Fig. 6). This tion of the most thermodynamically stable structures, i.e.,
result was confirmed by the Al K XANES data, recorded «-goethite and, finally, hematite [56,57,60-62,64].
from the same support (Fig. 7). Since no differences were  Part of iron was removed from the internal volume of the
visible between the Al K XANES spectrum of H-ZSM5-17  zeolites to the external surface after calcination. This was
and F¢ZSM5-17-sc (Fig. 7), it is concluded that no large confirmed by the EELS measurements (Figs. 3d, 3f, and 4).
formation of extra-framework (octahedral) aluminum oc- While no significant change was measured in the micropore
curred during the synthesis, not even upon application of the volume of the FéZSM5 upon mild calcination, some regain
most severe calcination procedure. No significant changesin the internal volume was indeed detected after applying
were visible in the IR spectra of the FESM5 upon calci- the severe procedure. The migration of iron towards the
nation as well (Fig. 1). The intensity of the silanol and of external surface of the crystals is clearly depicted in Fig. 3d.
the Al Brgnsted signal appeared to be similar to that of the The edges of the crystal of the FASM5-17-mc are clearly
washed sample. This indicates that, even after calcination,enriched in iron when compared to the internal region.
a significant fraction of iron was still bound to the zeolite Nevertheless, no clear aggregation in form of particles is
framework. Nevertheless, differences in the broadening of detectable yet. On the severely calcined sample, on the other
the silanol and of the Al Brgnsted bands make a quantita- hand, large particles are visible.
tive comparison between washed and calcined samples not The HR-XANES demonstrated that the oxidation state
possible. and the geometry of the local coordination of iron did
While the above mentioned results underline the stability not change upon calcination (Fig. 9, Table 4). Indepen-
of the support during the synthesis and the pretreatmentdently of the calcination procedure, Fe is present in oc-
of the FgZSM5 catalysts, the effects of the different tahedra with an oxidation state of+3 Some small tail-
calcination procedures on the agglomeration of iron appearing appeared in the Fe K-pre-edges after calcination at en-
very clearly from the results of the macro- and microscopic ergies above 7115.0 eV. This contribution, which is more
characterization techniques. In the Méssbauer spectra of thgpronounced in the severely calcined sample, is ascribed to
severely calcined sample (Fig. 5c¢), sextet lines are visible atthe presence of three-dimensional polymerization of part of
all temperatures. This is a clear indication of the presence ofiron [34,35].
large particles with a size distribution from 2 to over 10 nm. The Fourier transform of the EXAFS data of ZASM5
The presence of this sextet, on the contrary, appeared to bafter mild calcination appears to be similar to that of the
significantly lower when the mild calcination was applied sample after washing (Fig. 15). This indicates that the
(Fig. 5b). The fact that for mild calcination the onset of agglomeration phenomena involved only a minor fraction of
the magnetically split components occurred only at 77 K iron. An additional shell {Fe—Fe) with a low coordination
accounts for a significantly smaller average dimension of number (CN= 0.4) had to be introduced for optimizing the
the agglomerated phase. Furthermore, the very large widthfitting of the Fe—Fe scattering. Contemporarily, the CN of
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the first iron shell (Fe—Fg) appeared to be only slightly
increased+20%) when compared to the sample measured D 'EI IEI 'Dl I:I

after washing. The increase in the FerFhell, whose
distance is typical of edge-sharing octahedrally coordinated 'ET U l}
iron neighbors, can be ascribed to the additional formation Cl Cl

of linear oligomers. As can be seen from Table 7 this shell \

(Fe—Fa) is present inv-goethite with a coordination number Fe

of 2. Also the distance of the second iron shell inf E8M5- / \

17-mc (Fe—Fg 3.40 A) appears to match that obtained by 0 0

the average of the external shellsvirgoethite (Fe—Feand / N/ D Tj' 'D D I:I
Fe—Fg in Table 7). These shells are due to the presence  Si Al Si

in the goethite structure of corner sharing octahedrally Fe/ZSM5-17C1
coordinated Fe units. The appearance of this second shell (@

in the Fourier transform of the mildly calcined FESM5,
therefore, can be attributed to the incipient formation of
lowly agglomerated iron hydroxide particles, which can end \
up in the crystallization otx-goethite particles. It should A H
be noted that the results of the fit are coherent with the o/ \ g o/ \

presence ofx-goethite crystallites revealed by HR-TEM. AYWAY SN SN

The small changes in coordination numbers of the Fe-Fe Al
shells, nevertheless, suggest that a significant fraction of iron ﬁ‘ Ij ’D
must still exist in the form of binuclear complexes. From the

coordination number of the Fe—Fe shells (Table 6) binuclear
clusters in FEZSM5-17-mc are estimated to account for
around 70% of the total iron amount. It should be noted, . _
nevertheless, that this value appears to be overestimated, '
when compared with the results obtained by Mdssbauer 17 OH, H,0 | Al
spectroscopy (Table 3b), which reveals that after mild

H,0 OH,
¢

OH Fe/ZSM5-17-H,0

Si

A
o/+
/

O~
/

particles were formed at the expense of iron located in the
zeolite channels. From the EXAFS fit the amount of binu-
clear Fe-clusters after the severe calcination is estimated to
be around 40% of the total iron quantity. As can be seen
in Fig. 16 thek! Fourier transform of the FESM5-17-sc is
still very different from that of the hematite reference. Thisis Fio 17, F o h FOMS after: (@) F b
ascribed to the very broad distribution in particle size and in -'9- 17- Fé species in overexchanged after. (a) Feq sublima-
.. tion: Fe monomers at Al-Brgnsted sites positidh, §ee proposed struc-
the onv degree of crystallinity of the aggreggted phases. Also ture); minor presence of Fe linear oligome®X¥) and/or FeGj (MEl);
for this sample a lower presence of '_:e binuclear spec_!es,(b) washing: binuclear Fe oxbydroxo complexe*’, see proposed struc-
when Compared tothe EXAFS resullts, I.S SqueSted by Ivloss'tures); minor presence of linear Fe ghydroxo oligomers W) and
bauer 'SpeCtrOSCOPY (less than 20% of iron). ' amorphous Fe nanoparticle@®; (c) different calcination procedures. Af-
While Clea_r changes were revealed by EXAF_S in the ter mild calcination (left): binuclear Fe oybydroxo complexes”);
Fe-Fe _coo_rdlnat|on of the FESMS as a fupctlon Of. linear Fe oxghydroxo oligomers QM); amorphous Fe nanoparticles
the calcination procedure, the Fe—O coordination remainedand infrequent goethite (possibly also hematite) crystallii); severe
unchanged (Table 6). This result underlines the similarity, caicination (right): hematite and-goethite crystalsll); Fe amorphous

under the experimental conditions applied, in the 0Xygen nanoparticles@®); linear Fe oxghydroxo oligomersm‘); binuclear Fe
distribution around iron in the Fe binuclear complexes (prior o hydroxo complexestlh).
to and after calcination) and in the building blocks of

Fourier transform of the severely calcined sample (Fig. 15). ﬂ ) |:|“|:|
numbers of both the Fe—Fand the Fe—Feshell to respec- |:|
tals, as was indeed detected by HR-TEM and EELS. These [&Iﬁ DH [h

calcination binuclear complexes can not account for more
than 40% of iron.
Much more clear changes were revealed in the EXAFS ﬂ |:| ﬂ
The intensity of the two Fe—Fe shells appeared to be en-
hanced. This is reflected in the increment of the coordination
K

tively 1.6 and 1.3 (Table 6). This simultaneous increase is the
result of the formation of large-goethite and hematite crys-

Fe/ZSM5-17-m.c. Fe/ZSM5-17-s.c.
(©
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the agglomerated phase. All the ASM5 samples (with  presence, after washing, of monomeric Fe species is ruled
the exception of the FZSM5-17-Cl) were pretreated with  out.
He at 30°C after being exposed to air. Humidity could As expected, calcination results in aggregation of iron,
have been responsible for rehydration of the Fe binuclearremoved from the Brgnsted sites. Applying a severe cal-
complexes in the calcined FASMS5, veiling differences  cination results in significant migration of iron to the ex-
with the washed sample. This could be the reason for theternal surface of the zeolite, where if further aggregates to
differences between the results obtained in this study andform abundant and clearly visible-goethite and hematite
those presented on the calcined/EEM5 by Marturano crystals. Oligomers and amorphous nano-particles are also
et al. [21]. In their EXAFS study a calcined FESM5 formed within the zeolite micropores. The extent of this ag-
sample was measured after flushing He at 4@0 The gregation can nevertheless be limited by adequately tuning
reactivity of oxygen in FEZSM5 will be discussed by our  the conditions of the calcination.
group in detail elsewhere [65].

It should be noted that the results of the EXAFS fitting
presented in this work for the sample/ZSM5-17-sc (Ta- Acknowledgments
ble 6) are different from those presented by our group on
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guence, the contribution of more distant iron, indeed present

in the Fourier transformed signal at 3.2 A, was overlooked.
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