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Abstract

The structure of the iron species in mildly calcined over-exchanggd$M5, prepared by CVD of Fegl was studied during heat
treatments in He or &/He (50:50) by coupling in situ Fe K edge HR-XANES and EXAFS. The majority of iron appears to be present as
Fe-binuclear complexes. EXAFS shows that the closest Fe—O shell in the complexes can be described with a [HO-Fe}$—EereOH
Heating to a moderate temperature (up~td50°C) results in the desorption of water from the Fe-coordination sphere, in He as well as
in a Oy/He (50:50) mixture. The composition of the gas phase strongly influences the changes occurring to the binuclear complexes in
the 150-350C temperature range. Above 250 in He a significant fraction of iron undergoes autoreduction. This is accompanied by the
removal of approximately one oxygen atom from the closest Fe—O shell, ascribable to the Fe—O—Fe bridging oxygen atom. The presence of
oxygen in the gas phase (P& 0.5 bar), on the contrary, suppresses the auto-reduction capability of the binuclear complexes by inhibiting
the removal of the Fe—O—Fe bridging oxygen.
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1. Introduction (i) the amount of iron loaded; (iv) the activation treatment
applied to the obtained FESM5 (calcination, activation in

Iron-exchanged ZSM5 has recently attracted consider- Y2CUO Of steaming). , o
able attention due to its ability to catalyze diverse selec- ~Fe-framework substituted ZSMS5, activated by calcination

tive oxidation reactions. Its activity has been demonstrated I V€U or by steaming at high temperature, has shown re-
for the selective oxidation of benzene to phenol usin@N markable activity towards the selective oxidation of benzene

[1-5], the catalytic decomposition of® [6—9], and for the to phenol by NO and towards the decomposition 0p®

selective catalytic reduction of nitrogen oxides using hydro- [1-9]. Studies by Ribera et al. [5].and Ramirez et.al. [13],
carbons (HC-SCR) [10-12]. performed on Fe-framework substituted ZSM5, activated by

i 0, I -
While the catalytic properties of iron-exchanged ZSM5 iteet\.mln(_t:] (VtO'G Fted\{\%tm), Talg/e ShOVY” that dfurmg (;heTﬁC
are well established, a debate is open in the literature on lvation treatment direrent =€ Species are formed. 1hese

the nature and the reactivity of the Fe-active phase. The SPecies vary from isolated extra framework Fe oxo-ions and

. o . . ._oligonuclear oxo-iron complexes located in the zeolite chan-
discussion is complicated by the fact that diverse synthesis : : ; . :
techniques are used, resulting in differenf ESM5 materi- nels to larger highly dispersed !ron—OX|de_z nanopartlcles on

. ' . ... the external surface of the zeolite. Experiments with 1,3,5-
als. These differences concern (i) the way by which iron is

. . - trimethylbenzene, too large to fit inside the zeolite pores,
loaded (synthesis or post-synthesis methods); (ii) the Chem'have demonstrated that the latter are not involved in the ox-
ical composition of the starting ZSM5 support (8l ratio);

idation of benzene to phenol [5]. This observation supports
the idea that only highly dispersed Fe species located within
" Corresponding author. the ze(.)hte. channels are responsible for the peculiar selec-
E-mail address: d.c.koningsberger@chem.uu.nl tive oxidation properties of F&ZSM5. Panov and cowork-
(D.C. Koningsberger). ers have ascribed the catalytic activity of this material to the
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presence of extra-framework binuclear iron species, locatedation of Fe species can be significantly suppressed by ap-
in the zeolite micropores and formed by extraction of iron plying a mild calcination procedure, obtained by coupling a
from the zeolite matrix during the activation treatment. By moderate temperature ramp with a high gas flow rate. The
reaction with NO these iron centers are believed to be ca- resulting mildly calcined FEZSM5 is, therefore, the best
pable of generating a specially reactive oxygen [1-4,14-16]. suited material for establishing a structure-activity relation
This oxygen (called-oxygen by the authors) is believed to for Fe/ZSM5 synthesized by CVD.
be responsible for the oxidation of benzene to phenolalready The objective of this work is to study the reactivity of
at room temperature. the Fe species present in ZSM5 obtained by CVD of
Binuclear Fe oxo-hydroxo species located at the BranstedFeCk. The reactivity of oxygen is of particular interest since
site positions of the framework have been proposed to beit represents the key step for the decomposition g®NI7],
the active phase also in FESM5 prepared by the chemical as well as for the HC-SCR of NO [10,11,17,26]. The
vapor deposition (CVD) of anhydrous Fedl7,10,11,17]. oxidation state of iron and its local environment in a mildly
Together with aqueous ion exchange [18] and solid-state calcined FEZSM5 sample have been monitored during
ion exchange [19-24], CVD of Fegbelongs to the so- heating treatments in He ang @y combining the results of
called post-synthesis loading techniques. With the CVD in situ EXAFS and high-resolution (HR)-XANES. The HR-
technique Fe is exchanged from the gas phase at aroundKANES of the Fe K edge, especially the pre-edge feature
330°C for the H" Bransted sites of an acidic AI-ZSM5 (related to 1s— 3d metal electronic transitions [32-34]),
support. Final steps in the synthesis are a washing procedureprovides detailed information on both the oxidation state of
followed by drying in air and calcination in oxygen [10,25]. iron and the coordination geometry [35]. This information
The as-obtained material presents major differences whencan be used as input for the analysis of the EXAFS
compared to the activated Fe-framework substituted ZSM5, data. Furthermore, both HR-XANES and EXAFS benefit
mentioned earlier. First, a significantly higher iron loading from the advantage of being applicable in situ, i.e., at
can be achieved~{ 5 Fe wt%, depending on the /&l reaction temperature and in the presence of reactants. Their
ratio). Secondly, no significant damage occurs to the zeolite combination is, therefore, a powerful tool for tracking
framework during the activation (calcination) [25]. This structural changes occurring on iron during gas treatments
indicates that the formation of active Fe species does notand catalytic reactions. From the results obtained in this
require extraction of aluminum from the zeolite framework. study a model will be proposed for the reactivity of the
The identification of the active phase with binuclear Fe species present in FESM5 during heating treatments
Fe oxo-hydroxo complexes in FASM5 by FeCs CVD in helium and oxygen. In a subsequent paper a structure
is based on results obtained by, ldnd CO TPR, FTIR, activity relation will be presented for the selective reduction
EPR, and isotopic exchange witfO, [7,10,11,17,26]. The  of NO by hydrocarbons in the presence of excess oxygen
binuclear Fe complexes, with the proposed core structure[10,11,26].
[HO-Fe—O-Fe-OM*, are believed to be responsible for
the decomposition of pD [7] and for the selective reduction
of NO by hydrocarbons in the presence of excess oxygen2. Experimental
[10,11,26].
EXAFS studies performed by Marturano et al. [27,28] 2.1. Preparation of the sample
and by our group [25,29] have confirmed that, indeed, Fe-
binuclear complexes are largely present iry Z8M5 ob- Over-exchanged F&SM5 was prepared following the
tained by CVD. The structure of these binuclear complexes, FeCk CVD method proposed by Chen et al. [10] and
after washing, resembles that of the closest Fe-binuclearextensively described in our previous work [25]. Particular
building unit in«-goethite [25,28]. In this unit two octahe- attention was paid to calcination. The procedure applied
drally coordinated iron atoms are symmetrically connected (mild calcination) was identical to the procedure proposed
via two hydroxyl groups [30,31]. in our previous work [25]. The sample was heated under a
A major problem in determining a structure activity rela- He flow of 800 mymin with a moderate temperature ramp
tion for the active phase in FESM5 is that for activated Fe-  (0.5°C/min) to 200°C. At this temperature, 200 rhin
framework substituted ZSM5, as well as for/ESM5 pre- of O, were added to the He flow while, under the same
pared by FeGICVD, Fe species (spectators) different from temperature ramp, heating was continued to B50After
binuclear complexes are present [7,17,25,26]. In particular,3 h at 550C, the temperature was decreased t?°G0
Fe-binuclear complexes can undergo agglomeration duringThe resulting sample, stored in air, will be referred to as
calcination [25], finally resulting in the formation of catalyt- Fe/ZSMS5.
ically inactive [3,10,24] goethite and hematite crystals on the
external surface of the zeolite. However, as demonstrated in2.2. 1CP, N2 physisorption, XRD
a previous study by our group [25], agglomeration of iron in
Fe/ZSM5 obtained by CVD can be controlled by adequately ~ The elemental composition of the startingZ8M5 sup-
tuning the conditions applied during calcination. Agglomer- port and of F¢ZSM5 was determined by using inductively
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coupled plasma emission spectroscopy. 0.10 g of the sam-calculated using a cubic spline function, obtained by inter-
ples were mixed in a platinum cup together with 0.40 g of polating the data several eV before and after the pre-edge
Li-tetraborate and 0.20 g of Li-metaborate and heated to [35].
925°C. This temperature was maintained for 1 h. After cool- The recorded HR-XANES spectra revealed the presence
ing, the resulting soluble borate was dissolved in 330 mIHCI of fluorescence saturation effects. This was revealed by com-
(1.0 M), diluted to 1000 ml with doubly deionized water, and paring the maximum intensity of the isolated pre-edges of
analyzed. the normalized HR-XANES spectra measured in fluores-
The micropore volume of the acidic support and of cence with those measured (on the same samples) in trans-
Fe/ZSM5 (after washing and after calcination) was deter- mission mode at beamline X1.1 at Hasylab (vide infra). Nev-
mined by N physisorption, using a Micromeritics ASAP  ertheless, numerical comparison showed that, as far as the
2010, as described in [25].2\physisorption data obtained pre-edge is concerned, it was possible to correct for the sat-
on sample FEZSM5 were corrected for the additional metal uration effects by dividing the maximum intensity of the
loading ¢~ 4.4 wt%) for comparison with the FZSM5 sup- isolated fluorescence pre-edges by that of the correspond-
port. ing pre-edges measured in transmission. This procedure was
XRD diffractograms obtained from the acidic supportand performed independently on the hematite reference and on
from the F¢ZSM5 sample (after washing and after calci- sample FEZSM5, measured at 3@ in He. The correc-
nation) were compared to visualize possible lattice dam- tion factor obtained for F&ZSM5 measured at 3@ in He
age or formation of additional Fe-rich crystalline phases. was used to normalize also the pre-edge data gZB#5
X-ray diffraction patterns were recorded using a Nonius PDS measured at higher temperatures and in different environ-
120 powder diffractometer. The radiation used was G@-K  ments (H¢O,, He/Hy). The rightness of the correction ap-
(» =1.78897 A). Diffractograms were recorded for 24 hand plied was further confirmed by using the procedure outlined

averaged in order to optimize the signal-to-noise ratio. in [38], based on intensity dependent correction of the oc-
curring saturation.
2.3. FeK-edge HR-XANES The characteristics of the isolated pre-edges, i.e., cen-

troid position and integrated intensity were calculated using

High-resolution X-ray Absorption Near Edge Spectros- the Grams software. Prior to calculations, the pre-edge of
copy was applied in order to study the oxidation state and the «-FexO3 (not shown here, see [25]) was deconvoluted into
coordination geometry of Fe in FESMS5. This information pseudo-Voigt components (50% Gaussian, 50% Lorentzian
was obtained by analyzing the features (centroid position peak shapes). The contribution from components centered
and integrated intensity) of the Fe K pre-edge, located 15—above 7115.0 eV was ignored [32,35]. The estimated accu-
20 eV before the main Fe K-edge crest. The HR-XANES racy in the energy determination for the HR-XANES spectra
measurements at the Fe K edge were carried out at thepresented in this study i¢0.05 eV, while the error in the
undulator beamline ID16 at the ESRF (Grenoble, France). integrated intensity i£5%.
Details about the experimental setup are given in [36] and in

our previous paper [25]. 2.4. FeK-edge XAFS

2.3.1. HR-XANESdata collection Fe K-edge XAFS was applied in order to study the Fe-
Fe/ZSM5 was pressed into self-supporting wafers and oxidation state and the local atomic environment around

placed in an in situ fluorescence cell [37] at°4®@ith iron, i.e., number, distances, and chemical nature of Fe

respect to the beam. Spectra were recorded at 1 bar duringieighbors. The XAFS data were collected at the Wiggler

heating treatments from 30 to 3%0 (heating ramp of  station X1.1 of Hasylab (Hamburg, Germany). The exper-

3°C/min). The heating treatments were performed under imental setup is described in [25].

different atmospheres, i.e., flowing He (100/min) or a

50:50 Hg O, flowing mixture (total flow= 100 ml/min). 2.4.1. XAFSdata collection

The sample heated up in He, after 30 min stabilization = Fe/ZSM5 was pressed to obtain self-supporting wafers,

(under flowing He) at 350C, was flushed with a 50:50 calculated to have an absorbengy(x) of 2.5, and placedin

He/H2 mixture (total flow= 100 ml/min, T = 350°C) and a controlled atmosphere cell. The cell is similar to that used

measured after 15 min under the same conditions. Hematitefor the HR-XANES fluorescence measurements and is de-

was measured under static He at80as internal reference.  scribed in detail elsewhere [37]. The samples were treated in

situ under flowing He (50 miimin) or under a 50:50 &YHe

2.3.2. HR-XANES data processing mixture (total flow of 50 mfmin). They were heated under
The fluorescence Fe K XANES spectra were normalized the mentioned flows to 120 or 35Q, applying a temper-

by the average absorption intensity, calculated in the 7200—ature ramp of 3C/min. Spectra were recorded at working

7300 eV region. To isolate the pre-edge feature, the contri- temperature (under flowing atmospheres) or, with the cell

bution to the pre-edge of the main Fe K edge was subtractedclosed, after being cooled to 77 K. A list of the measure-

from the normalized XANES spectra. This contribution was ments performed on sample F£SM5, including informa-
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Table 1

List of XAFS spectra recorded from FASM5: pretreatments and measuring conditions

Pretreatments Environ. conditions Aver. scans Measurements code
(flowing atmosphere) during measurement

He, 15 min, 30C Static He, 77 K 3 F&ZSM5-He 30°C/LN

4 He, 30 min at 120C Static He, 77 K 3 F&ZSM5-He 120°C/LN

4 He, 30 min at 350C Flowing He, 350C 1 Feg/’ZSM5-He 350°C (1sty350°C
4 He, 60 min at 350C Flowing He, 350C 1 FgZSM5-He 350°C (2ndy350°C
4 He, 90 min at 350C Flowing He, 350C 1 Fe/’ZSM5-He 350°C (3rd)/350°C
4 He, 120 min at 350C Static He, 77 K 3 F&ZSM5-He 350°C/LN

4 O2/He, 60 min at 350C Flowing O,/He, 350°C 3 Fe&/’ZSM5-0, 350°C/350°C

4+ Op/He, 120 min at 350C Static Q/He, 77 K 3 FgZSM5-0, 350°C/LN

4 = Heating treatment (5C/min).

tion on pretreatments, measuring conditions, number of av- Table 2

eraged scans, and measurements codes, is given in Table Elemental composition (ICP) and micropore volume @ysisorption) of

XANES spectra of hematite and Fe—titanate were also mea-H/ZSM> (starting support) and of FESMS, after washing (FEZSM5-w)
. . and after washing followed by a mild calcination M5-w+ mc

sured and used, respectively, as internd! femd Fé refer- 9 y (EEMSw mc)

ences. Samples AL Fe/Al Micropore
(atomic ratio) (atomic ratio) volume
(Cnﬁ/gsupporﬁ

2.4.2. XAFSdata processing H/ZSM5 70 o0 o015
. Extraction of the EXAFS dgta from the measured absorp- Fe/ZSM5-w 174 1.0 012
tion spectra was performed with the XDAP code developed re/zsms-w+ me 17.2 1.0 0.12
by Vaarkamp et al. [39]. Three scans were recorded for each
measurement and averaged. In the case of significant differ- _ _ .
ences between the three scans, spectra were analyzed sepY the EXAFS data analysis are estimated tedi®©% in the
arately (see Table 1, scans/ZS&M5-He 350C (1st, 2nd, coordination numberX), £1% in the distancek), +5%

3rd)/350°C). The pre-edge was subtracted using a modified in the Debye-Waller factorAo?), and+10% in the inner
Victoreen curve [40]. The background was subtracted em- Potential correction4 Eo) [45].

ploying cubic spline routines with a continuously adjustable

smooth parameter [41,42]. Normalization was performed by

dividing the data by the intensity of the absorption spectrum 3. Results

at 50 eV above the Fe K edge.

3.1. ICP, N physisorption, XRD

2.4.3. EXAFSFe-O, FeFereferences, data analysis

The Fe-O reference used for the EXAFS data analysis Table 2 shows the elemental composition and the mi-
was created from experimental EXAFS data, obtained from cropore volume of the parent/dSMS support and of the
ferric acetylacetonate (measured at L.N. temperature). TheF&/ZSM5 sample after washing, and upon mild calcination.
Fe—Fe phase shifts and backscattering amplitudes werelhe SyAl ratio in the starting support and in the obtained
calculated using the software FEFF7 [43]. The theoretical F&/2ZSMS5 is, within the margin of error, the same. This re-
Fe—Fe reference was calibrated on EXAFS data obtainedsult shows that no aluminum was leached out during the
from hematite at L.N. temperature, by fitting i space. ~ Synthesis [25]. The F\l of 1.0 is a typical result of the
The complete procedure followed for the creation and the FeCk CVD technique, by which a complete exchange of
calibration of the EXAFS Fe—O and the Fe—Fe references isF€' for the Brensted protons of the support is obtained.
reported in [25]. It should nevertheless be noted that, as shown in previous

The EXAFS data analysis was performed by applying Works [21,25,27], partial removal of Fe from the Brgnsted
multiple-shell fitting in R space [41]. The difference file ~ Sites may occur during washing and calcination.
technique was applied to resolve the different contributions  After the loading of iron, a decrease of around 20% was
in the EXAFS data. The EXAFS fits were checked by detected in the micropore volume of the ZSM5 support

applyingk®, k2, andk3 weightings. (Fe/ZSM5-w). No further changes were visible upon mild
The number of independent fit parametensngp) was calcination. This shows that applying a mild calcination
determined by equation procedure does not result in significant removal of iron to
the external surface of the zeolite. This observation was
Nindp= 20kAR +2, (1) confirmed by HR-TEM measurements shown in [25].

X-ray diffractograms (not shown), collected after the
as outlined in the Reports on Standard and Criteria in XAFS subsequent steps of the Z&SM5 synthesis, did not show
Spectroscopy [44]. Errors in the numerical values obtained any change in the diffraction peaks. This indicates that no
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detectable damage to the ZSM5 framework is observed,
nor the presence of additional Fe oxidic or oxo-hydroxidic
crystalline phases.

3.2. FeK-edge HR-XANES

Fig. 1a shows the normalized background subtracted
high-resolution pre-edges isolated from the HR-XANES
spectra of FEZSM5, measured during the heating treatment
in helium. By increasing the temperature from 30 to 130

283

tion. An additional increase of the temperature to 260
caused a clear shift of the pre-edge toward lower energy,
accompanied by only a slight decrease in the maximum in-
tensity and in the area (integrated intensity) of the pre-edge.
Reaching the final temperature of 38D resulted in an ad-
ditional minor shift toward lower energy, while no further
changes were measured in the pre-edge area.

The characteristics (integrated intensity vs centroid po-
sition) of the pre-edges of FESM5, measured during the
heating treatment in helium, are plotted in Fig. 1b with

a clear enhancement was detected in the pre-edge intensitySMall black dots. This figure also gives the pre-edge fea-
while no significant shift was visible in the pre-edge posi- tures of well-defined Fe—crystalline materials, with known
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Fig. 1. (a) Normalized high-resolution background substracted pre-edge
spectra of FEZSM5, measured during heat treatment in He (1 bar,
100 ml/min, heating ramp 3C/min); (b) Summary of pre-edge charac-
teristics (centroid position and integrated intensity) of Z8M5 (@), mea-
sured during heating treatment in He. Pre-edge characteristi¢3ra!!,
OFd!l, @edll G)pd! AEd! () and ©Fd! /@FE! binary mixtures

(#), obtained from the literature [35], are reported for comparison, to-
gether with the experimental pre-edge features of hemakije The dia-
gram does not consider five-coordinated' Fe€!! combinations, as well

as ternary or more complex mixtures. * The average oxidation number of
the ®)rd!l /@Ed! binary mixtures is reported in the uppefaxis against

the corresponding energy of the centroid positions (lawexis).

Fe-oxidation state and coordination geometry. Here Il and
Il give the Fe oxidation states, while the number between
brackets in the superscript represents the number of oxy-
gen neighboring atoms. Single-phase Fe compounds are
indicated with large gray dots, while binary mixtures of
BFd! /MEd! are plotted with small gray lozenges. As a
comparison, the results obtained for hematite measured in
He at 30°C are also shown, depicted with a triangle.

The pre-edge features of the Fe references have been
obtained from the work of Wilke et al. [35]. In their
work the authors have shown that, irrespectively of the
coordination geometry, the centroid position of' Ead Fé!
are separated by.4+ 0.1 eV and are positioned at 7112.1
and 7113.5 eV, respectively. At a given oxidation state, the
lowest pre-edge integrated intensity corresponds to the most
centrosymmetric coordination of iror®{Fe). A decrease
in symmetry, as well as in the number of coordinated
neighbors @ Fe— @ Fe), results in an increase of the pre-
edge integrated intensity. The variation in pre-edge intensity
is larger for F&' compounds.

The results of Wilke et al. obtained for binary mixtures
of ®Fd! /@Fd! are important to understand the changes
in the coordination geometry of Fe in FESM5, as a
function of the heat treatment in He. The authors have
systematically varied thé)Fd'' /@Fd' molar ratio of a
binary mixture. In their XANES study they determined the
centroid position and the integrated intensity of the pre-edge
feature of the different mixtures. The average oxidation state
of the ®Fd!" /@Ed! binary mixtures is given here in the
upperx-axis as a function of the corresponding energy of the
centroid positions (lowet-axis). It should be noted that the
average red—ox state and integrated intensity of iron varies
non linearly with the pre-edge position. This phenomenon
is caused by the different contributions to the pre-edge
intensity from tetrahedrally and octahedrally coordinated Fe
atoms.

By comparing the data obtained for FASM-5 with
those of the references, it can be concluded that iron in
Fe/ZSM5 measured in He at 3C is present as slightly
distorted octahedrally coordinated'felts oxidation state
and coordination geometry appear, indeed, to be very similar
to that of the hematite reference. By heating/Z8M5
in He to 13C°C an increase is visible in the pre-edge
integrated intensity, while only a slight shift-0.2 eV)
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71124 71135 centroid position (eV)
m

of the centroid position is observed. The main effect of g

moderate heating in He is a decrease in symmetry or/and Fe !l = Fe .
in the number of neighbors coordinated to iron, without a L g;ggfé
a significant reduction in the average Fe-oxidation state. _ N, |- 02 350°C
A plausible interpretation for these results appears to be the 3 g og 4 mmme H2 350°C
incipient removal of water molecules from the coordination ‘E‘
of iron. S

An additional increase of the temperature to 260 g-
caused a clear shift of the pre-edge)7 eV), together with 2 003

©

only a slight decrease of its integrated intensity. As can be
seen in Fig. 1b, the features of the pre-edge at’Zbh He
appear to be similar to that of a 50:80F€" /AFd' mix-

ture. Although only qualitative conclusions can be deduced, ¢ gg .
7109 7112

the results clearly show the onset, above 4@0of reduc- BiisTf (evf”s R
tion phenomena involving a considerable fraction of iron.
The reduction is accompanied by an additional decrease in 2022 24 26 2.8 3.0 a.0s.*
the average Fe-coordination number. This can be ascribed tc %4 T T @ el
a further desorption of water and, coherently with the chem- 2 0.36 | b Fe
ical reduction of iron, to removal of oxygen. The featuresof £ .1 . |
the pre-edge appear to be only slightly affected (additional &
slight reduction) by an increase of the temperature from 2603 *#°[ @) ]
to 350°C. Do . (5) pe I

Fig. 2a shows the normalized high-resolution background ¢ , 5, t ]
subtracted pre-edges of FESMS5, measured during heating 5 i - o R 5,350°C|
in oxygen from 30 to 350C (O,/He = 50:50). The pre- =© 016 Hu330°C » o s .
edge measured in He at 30 is also given for comparison. % 012 ¥ . He,30°G.4.0180°C
Heating F¢ZSM5 in oxygen to 160C resulted in a strong §: o8k . ®
increase in the pre-edge intensity. This increase is almostg i 6) pg I
identical to that measured under He at $80(see Fig. — %% ©IFell
1a). Increasmg the temper{:\ture further to 360did not 0.00 — 1125 1130 135
cause any major change with respect to both the pre-edge centroid position (eV)

position and its intensity. These results are visualized in Fig.

2b. Heating in the presence of oxygen caused a decreaséig. 2. (a) Normalized high-resolution background substracted pre-edge

in the centrosymmetry of Fe but did not result in chemical SPectra of FEZSMS, measured during heat treatment (heating ramp of

reduction of Fe. This can be ascribed to the removal of I:’;] ﬁ;g:;”g)e'ﬂ c(’i(yg:: glogar;hiﬁ? ﬂ;ﬂé22Qg23)5;5305)6?(’61?;5‘?;;‘1

coordinated water molecules. As can be seen, the averaggeatment in He to 350C (1 bar, 100 mimin, heating ramp of 3C/min).

Fe pre-edge features measured ofiZ2M5 in oxygen at (b) Summary of pre-edge characteristics of Z8M5 measured at 30C in

350°C resembles those of five-fold coordinated'Fe helium (@), during heat treatment in oxygel), and measured in hydrogen
Completely different results were obtained on the Fe pre- at 350°C (O) after heat tre_atment_in He to 38C. For details on Fe

edge measured in Hat 35(°C, after preheating in He at  "e'erences [35] see the caption to Fig. 1b.

the same temperature (see Fig. 2a). The pre-edge is clearly

shifted to lower energy-£1.3 eV, when compared to the of hematite and Fe—titanate are also reported, respectively,

reference sample) and its integrated intensity appears toas internal Fé and Fd references. As can be seen from the

be increased. The pre-edge characteristics arati350°C picture, the Fe K-edge position of F&SM5 at 30°C cor-

are very close to that of tetrahedrally coordinated ,Fas responds to that of hematite (i Consistently with what

depicted in Fig. 2b. Thus, the reduction process affected observed by HR-XANES, heating to 12G does not result

almost all of the Fe atoms in sample/ZSM5. in reduction of iron. A real reduction is observed only upon
heating in He to 350C.

3.3. FeK-edge XAFS Fig. 3b shows the experimental EXAFS data (measured
in He at 77 K) of F¢ZSM5-He 3C°C/LN (solid line),

3.3.1. Heat treatment in He Fe/ZSM5-He 120°C/LN (dotted line), and FE&ZSM5-He

The effects of the heating treatment in He on the oxida- 350°C/LN (dashed line). Sample FESM5-He 350C/LN
tion state of iron are visualized in Fig. 3a. The picture shows was measured after 120 min stabilization in He at 350
the XANES spectra of FZSM5, measured at liquid nitro-  Fig. 3b shows that both the EXAFS amplitude and the
gen temperature after treatment in He a@0120°C, and nodes ink space are affected by the treatment in He, thus
at 350°C (after 120 min stabilization). The XANES spectra heating in He resulted in significant changes affecting the
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Fig. 3. (a) Normalized XANES spectra of FE&SM5-He 30°C/LN (solid
line), Fe/ZSM5-He 12C°C/LN (dotted line), F¢ZSM5-He 35C°C/LN
(dashed line). Sample FESM5-He 350°C/LN was measured after
120 min stabilization in He at 350C. Normalized XANES spectra of
hematite @, solid line) and Fe-titanateQ( solid line) are also re-
ported, respectively, as internal 'feand Fé references. (b) Exper-
imental x(k) data measured as a function of the heat treatment in
He: F&/ZSM5-He 30°C/LN (solid line), F¢ZSM5-He 120°C/LN (dot-
ted line), F¢ZSM5-He 35C°C/LN (dashed line). (c) Fourier transform
(K1, Ak = 2.7-13.2 A1) of EXAFS data of F¢ZSM5-He 30°C/LN
(solid line), F¢ZSM5-He 120°C/LN (dotted line), and FEZSM5-He
350°C/LN (dashed line).

Table 3
Coordination parameters obtained Ryspace analysiké, Ak = 2.7-13.2
A—1: AR =0.7-4.2 A) of EXAFS data of F&ZSM5-He 3°C/LN

Shels N R Ac2(103A2) AEg(eV) Kk -Variance (%)

(£10% (+1%) (+£5%) (£10% Im. part Abs. part
Fe/ZSM5-He 30°C/LN (model 2:2:2) 0.46 0.41
Fe—-Q 1.9 186 -39 05
Fe-G 20 197 -50 134
Fe—-Q 21 209 -1.0 —6.8
Fe-Fg 12 3.05 59 -32
Fe-Fe 04 340 142 —-55
Fe-O 45 401 150 -5.0
Fe/ZSM5-He 30°C/LN (model 3:3) 0.38 0.36
Fe-Q 30 190 96 120
Fe-G 31 2.04 43 —-7.3
Fe-Fg 12 3.06 54 —36
Fe-Fe 04 340 107 -8.0
Fe-Q 4.7 411 117 —6.6

Model (2:2:2): Nindp = 25.4; Nfree (fit) = 22.
Model (3:3): Nindp = 25.4; Nfree (fit) = 18.

local environment of iron. These changes are also revealed
in the corresponding Fourier transforms of the experimental
EXAFS data (Fig. 3c). Three main peaks are visible,
centered, respectively, at around 1.5 A (Fe—0, in the picture),
2.6 A (Fe—Fg), and 3.1 A (Fe—F#. It can be seen that the
largest changes occur after heating in He at temperatures
higher than 120C. Large changes can be observed in the
Fe—O shells region in the rangedk< R < 2.0 A. Also the
Fe—Fe shell is influenced.

The EXAFS coordination parameters obtained by the
R-space fitting procedure for sample /ZSM5-He 30°C/

LN are collected in Table 3. For the-space fit the Fourier
transform range was taken from 2.7 to 13.2%Avith a range

in R space from 0.7 to 4.2 A. The number of independent
parameters was calculated to Nggp = 25.4. Consistently
with the results obtained by HR-XANES on FESM5
measured at 30C, the fit of the Fe—O contribution revealed
the presence of six oxygen neighbors. A good quality fit
could be obtained with two different oxygen distributions,
i.e., by using two oxygen shells (model 3:3) or three oxygen
shells (model 2:2:2). The total number of fit parameters
was 18 and 22, respectively. No significant difference was
obtained in the statistical variance of the two fits. It should
be noted that for both models the fits were optimized by
including distant oxygen neighbors, attributed to the zeolite
framework (Fe—Q). No further implications for a structural
model were derived from this Fe-@ontribution, added to
the fit in order to analyze more reliably shell FesKeide
infra).

The second peak of the Fourier transform (Fe}keas
fitted with a Fe—Fe shell at 3.05 A with a coordination
number of 1.2. This shell is ascribed to the presence of
binuclear Fe complexes [25]. The fact that the coordination
number of this shell is higher than 1.0 and that an additional
Fe—Fe shell could be fitted at higher distancés£ 3.40 A,
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0.25
Fe-O Table 4

Coordination parameters (model 2:2:2) obtainedRbgpace analysiskt,
Ak =27-13.2 A1, AR =0.7-4.2 A) of EXAFS data of F&ZSM5-He
30°C/LN, Fe/ZSM5-He 120°C/LN, and F¢ZSM5-He 35C°C/LN

Shels N R(A) Ac2 @10 3A2) AEg(eV) k-Variance (%)

o
-
(&)}

<
£
S
o
2 o05f L VR
S (£10%) (+1%) (£5%) (£10% Im. part Abs. part
E Fe/ZSM5-He 30°C/LN 046 041
5 005 Fe-O 1.9  1.86 -39 05
° Fe- 20 197 -50 134
% 0415 Fe-y 21  2.09 -10 —-6.8
Fe-Fg 12  3.05 59 -32
Fe-Fe 0.4  3.40 1@ -55
-0.25 : : ‘ Fe-Q 45 401 19 -5.0
0 1 2 3 4
R(A) Fe/ZSM5-He 120°C/LN 049 037
Fe-Q 20 185 -39 05
Fig. 4. Fourier transformi, Ak = 2.7-13.2 A1) of EXAFS data of Fe-y 20  1.97 _50 134
Fe/ZSM5-He 30°C/LN (solid line) andR-space fit (dotted line;.@ < R Fe-Q 1.4 2.09 22 —6.8
(A) < 4.2; fit-model 2:2:2). Fe-Fg 1.2 3.05 29 -3.2
Fe-Fe 0.4  3.40 1@ -55
N = 0.4), as already discussed in [25], is the result of F&-@ 45 401 19 -50
further agglomeration of a fraction of iron. From the EXAFS Fe/ZSM5-He 35°C/LN 058 055
coordination numbers of the Fe—Fe shells, binuclear clustersre-o, 1.8  1.85 -35 -18
in sample F¢ZSM5 are estimated to account for at least Fe-G 20  1.97 —-43 126
70% of the total iron [25]. The quality oR-space fit using ~ Fe-& 09 ~ 2.08 2 -111
the 2:2:2 model is demonstrated in Fig. 4 for thg ZBM5 Egjg (1)'2 g'% 15 _;‘g
sample treated in He at 3C RT and measured at L.N. o " 32 399 1D _49

temperature.

The results obtained during the heat treatments can be
best described and understood in terms of the 2:2:2 model.
The reactivity of the FE&ZSM5 sample, using the 2:2:2
model, is visualized in changes in the number of oxygen
neighbors in the Fe—0and Fe—Q@ coordination. 18}

The results of theR-space fits of measurements /Fe

Nindp = 25.4; Niree (fit) = 22

20T

ZSM5-He 30°C/LN, Fe/ZSM5-He 120 C/LN, and F¢ 31-6'
ZSM5-He 350°C/LN, using the 2:2:2 model, are summa- g 1ab
rized in Table 4. It can be seen that the coordination num- z

ber of the Fe—@ coordination significantly decreases with 127

increasing temperature from 2.1 (30) to 1.4 (120), and

to 0.9 (350°C). As a result, the imaginary part of the to-

tal Fe—O contribution appears to be shifted toward lower — — —

(Fig. 3c). Since the EXAFS analysis showed already a de- Hes0e t:;l,z,?e?,t He S0

crease in the coordination number of the Fe-sbell at

120°C (Fe-oxidation state is II1), the oxygen located in this Fig. 5. Average number_ of oxygen atoms in t_he Fe-eDordination shell

shell cannot be responsible for red—ox behavior of iron. The (Medel 2:2:2) as afunction of heat treatment in He.

Fe—G shell is therefore attributed to weakly bound oxy-

gen, most probably of 0. Besides a further decrease in the Fe—Fe distance of the binuclear Fe complexes (2.97 Ain

the oxygen coordination number, an increase in the disor- He at 350°C). During the fitting process, the coordination

der (Ac?) and a change in the inner potential valueHp) number and distance of the FesFshell were fixed to the

of the Fe—Q@ shell is observed when heating from 120 to Vvalues obtained for measurement/EEM5-He 30°C/LN

350°C. At the same time a small decrease is visible in the (model 3:3). Fe—Fgis a minor contribution and no impor-

coordination number of the Fe<®hell. The decrease ofthe tant information was derived from this shell for the auto-

oxygen coordination number of the Fes-6hell as a func-  reduction properties of the FESM5 sample.

tion of the He treatment is visualized in Fig. 5. No changes

are observed for the Fe=Qhell during the heat treatment 3.3.2. Sabilizationin Heat 350°C

in He. The results presented above for the He treatment at
Also a change in the distance of the FerFeobserved 350°C were obtained after 120 min stabilization on stream

when heating from 120 to 35, indicating a shorteningin  and after cooling the F&ZSM5 sample to liquid nitrogen
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Fig. 6. (a) Normalized XANES spectra of FE&SM5-He 350°C (1sty
350°C (solid line), F¢ZSM5-He 350°C (2nd)/350°C (dotted line), F¢
ZSM5-He 350°C (3rd)/350°C (dashed line), and F2SM5-He 350°C/
LN (dashed-dotted line). Normalized XANES spectra of hemat@e (
solid line) and Fe-titanateQy, solid line) are reported as internal 'fte
and F& references. (b) Experimental(k) data of F¢ZSM5-He 350°C
(1st)/350°C (solid line), F¢ZSM5-He 350°C (2nd)/350°C (dotted line),
Fe/ZSM5-He 35C°C (3rd)/350°C (dashed line). (c) Fourier transform
k1, Ak = 2.7-13.2 A1) of EXAFS data of FgZSM5-He 350°C
(1st)/350°C (solid line), F¢ZSM5-He 350°C (2nd)/350°C (dotted line),
Fe/ZSM5-He 350°C (3rd)/350°C (dashed line).

temperature. However, very important changes occurred
during this stabilization period. The HR-XANES results
(Fig. 1b) already showed that, after reaching 360n He,

the oxidation state of Fe is close to 2.4. The XANES spectra
recorded in situ at 350C are depicted in Fig. 6a. The figure
shows a clear shift to lower energy of the edge position of
spectrum FgZSM5-He 350 C (1st)y350°C, recorded after

30 min stabilization. This confirms that heating/ESM5 in

He to 350°C results in the reduction of a significant fraction
of iron. However, the state of iron under He at 38D
appeared to be unstable. This is visible by tracking the shift
of the edge position with time on stream (measurements 1st,
2nd and 3rd). A significant shift{2 eV) occurred, showing

an average reoxidation of iron.

The effect of the reoxidation process on the local structure
of iron can be tracked by the analysis of the EXAFS data
collected in situ in He at 350C. The EXAFS spectra
obtained respectively after 30, 60, and 90 min exposure
to He are shown in Fig. 6b. It can be seen that both
the amplitude and the nodes of the EXAFS oscillations
are changing as a function of the stabilization period. The
corresponding Fourier transforms are presented in Fig. 6c¢.
The Fe-O contribution shows an increase with time on
stream of its maximum intensity (at around 1.4 A in
the picture) accompanied by a contraction toward lower
distance. No significant differences are visible, on the
contrary, in the Fe—Fe contribution.

Table 5 shows the results of the EXAFS fit, performed on
Fe/ZSM5 measured in situ at 33C during the stabilization
in He. The most significant changes with time on stream
occurred in the coordination number of the Fg-¢hell.
The coordination number increased from 1.2 (1st scan)
to 1.7 (3rd scan). As already deduced from the XANES
spectra (Fig. 6a), this increase was accompanied by a
corresponding partial oxidation of iron. The Fer€hell is
therefore associated with the red—ox properties of the Fe-
binuclear complexes. The decrease with time on stream of
the coordination number of the FesQhell, which was
already shown not to be related to red—ox properties of
iron (previous section), is most probably due to further
desorption of water from the coordination sphere of iron. No
differences were visible in the Fe=Ghell.

3.3.3. Heat treatmentin Oy

The influence of the oxygen presence on the reducibility
of iron during the heat treatment can be seen in Fig. 7a,
by comparing the XANES spectra of F&SM5-He 350C
(1st)/350°C and F¢ZSM5-O, 350°C/350°C. As can be
seen, the edge position of the sample heated in He (after
30 min stabilization) appears to be close to the edge of Fe—
titanate (F&), while the edge position of F&SM5 heated in
oxygen corresponds to that of the hematite referenc¥ JFe
Thus, oxygen prevented the auto-reduction of iron.

The XAFS spectra in the presence of oxygen were mea-
sured in situ (FEZSM5-0O, 350 C/350 and after cooling
to 77 K (F&ZSM5-0, 350°C/LN). Differently from what
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1.6
Table 5

Coordination parameters (model 2:2:2) obtainedibgpace analysiskt,
Ak =27-13.2 A1, AR =0.7-4.2 A) of EXAFS data of F&ZSM5-
He 350°C (1sty350°C, Fe/ZSM5-He 350°C (2nd)/350°C, Fe/ZSM5-
He 350°C (3rd)/350°C, and F¢ZSM5-He 350°C/LN; Ningp = 254;
Niree (fity = 22

Shels N  R(A) Ac?2@103A2) AEg(eV) k-Variance (%)

-
N

absorption (a.u.)
o
®

(£10%) (+1%) (£5%) (£10% Im. part Abs. part

Fe/ZSM5-He 350°C (1sty350°C 055  0.30
Fe-Q 12  1.88 2 -55 0.4
Fe- 20 197 2 126
Fe-@@ 12  2.08 8 -93
Fe-Fe 1.1 299 10 04 0.0 = . .
Fe-Fe 0.4  3.40 172 01 7110 7120 71 7140
Fe-Q 16  4.09 19 -88 energy (eV)

Fe/ZSM5-He 350°C (2ndy350°C 0.67  0.39
Fe-O 14 1.88 2 -55
Fe- 20  1.97 ? 126
Fe-@@ 1.1  2.08 8 -93
Fe-Fg 1.1  2.99 10 04
Fe-Fe 0.4  3.40 13 15
Fe-Q 22  4.00 150 -72

Fe/ZSM5-He 350°C (3rd)/350°C 0.94 047
Fe-O 1.7 1.89 19 —65
Fe- 20 197 2 126
Fe-@@ 07 206 20 -87
Fe-Fg 1.2 297 125 —0.4
Fe-Fe 0.4  3.40 148 31 :
FE—Q 3.7 3.91 180 —22 -0.05 | ‘_-'_-.

Fe/ZSM5-He 35°C/LN 058 055 s 4 5 5 7 8 9 10 11 12 13
Fe-O 18 1.85 -35 -18 k (A1)
Fe- 20 197 —43 126
Fe-Q 09 208 2 —111
Fe-Fg 1.2 2.97 13 18
Fe-Fe 04  3.40 150 -55 0.15
Fe-Q 32  3.99 150 —49 -
N
<

observed under helium, the three EXAFS spectra recorded § 0.05
in oxygen at high temperatures at increasing exposure time"g
appeared to be identical and were therefore averaged. Sig-@
nificant differences are visible when comparing the EXAFS 'C
functions of F¢ZSM5 measured in situ at 33C in oxygen, -§_O 05
and in helium after 30 min stabilization (Fig. 7b). The corre- o

sponding Fourier transforms, collected in Fig. 7c, show that ~,
these differences concern mainly the Fe—O coordination. In
the presence of oxygen, the Fe—O peak appears significantly .. . . .
enhanced in intensity and shifted towards lowker 0 1 2
The structural parameters obtained by the analysis of R(A)
the EXAFS SpeCtra recorded in the prgsence of .Oxygen Fig. 7. (a) Normalized XANES spectra of FESM5-He 350°C
are collected in Table 6. Apart from differences in the (15 3500C (solid line), FezZSM5-0, 350°C/350°C (dotted line), and
Debye—-Waller factors (temperature effects), the results of Fe/zsms-0, 350°C/LN (dashed line). Normalized XANES spectra of
the fits (F§ZSM5-0Q, 350°C/350°C and FgZSM5-0, hematite @, solid line) and Fe—titanate solid line) are reported as inter-
350°C/LN) coincide. The total Fe—O coordination number nal Fé' and Fé references. (b) Experimentai(k) data of F¢ZSMS5-He
(around 5.0) appears to be consistent with the results350°C (1sty350°C (solid line) and FEZSMS5-0, 350°C/350°C (dot-

. . " ted line). Note that the XAFS spectra of ZSM5 recorded at 350C
obtained by HR-XANES (See Fig. 2b é0350 C)) When in the presence of oxygen did not reveal any difference with time
compared to the sample measured at°3&0 He after on stream. (c) Fourier transform¥, Ak = 2.7-13.2 A1) of EXAFS
30 min stabilization (see Table 5), a sharp increase wasdata of F¢ZSM5-He 35(°C (1sty350°C (solid line) and FEZSM5-0,
detected in the coordination number of shell Fe{D9 vs 350°C/350°C (dotted line).
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Table 6 decrease in the Debye—Waller factor of the Fe—Bkell
Coordination parameters (model 2:2:2) obtainedrbgpace analysiskf, (see for comparison Table 4, FESM5-He 30°C/LN).
— —1. — . .
ol aAn d’FMzes_M%-Y_LlézséchfLiXAFs data of FZSM5-0; - No differences were detected, on the other hand, in the
/ ! # © / coordination numbers of the Fe—Fe shells, excluding Fe—Fe
Shells N R(A) Ac?(103A%) AEg(eV) kl-variance (%) agglomeration phenomena during the treatment.
(£10%) (£+1%) (£5%) (£10% Im. part Abs. part
Fe/ZSM5-0, 350°C/350°C 126  0.50
Fe-O 19 186 20 -25 4. Discussion
Fe- 20 1.99 50 130
Fe-g 10 202 16 —133 Several studies performed on /ZSM5, obtained by
Fe-Fg 12 299 %8 -16 . . i
FeFe 04  3.40 151 _37 CVD or solid-state ion exchange of FeChave elucidated
Fe-O 44 381 19 10 the evolution of iron along the different steps of the synthesis
[7,10,11,21,25,28,46],i.e., loading of iron, washing, and cal-
Fe/ZSM5-O, 350°C/LN 097 070 T o L
cination. Upon sublimation of Fegiliron is exchanged for
Fe-Q 20 185 —38 —43 the H™ Brgnsted protons of the zeolite in the form of iso-
Fe- 20  1.97 -50 120 n ) ina th hi
Fe-q 1.0  2.02 5 66 lated FeCi™ species [25,28,46]. During the washing step,
Fe-Fqg 12  2.96 2 20 these species aggregate to form Fe-binuclear complexes, still
Fe-Fe 0.4  3.40 19 0.0 bound to the framework aluminum [25,28]. The structure of
Fe-O0z 38 391 18 —22 the Fe-binuclear species in washed/Z8M5, determined
Nindp = 25.4; Nfree (iit) = 22. by EXAFS, resembles that of the closest Fe-binuclear build-

ing unit in «-goethite [30,31], consisting of octahedrally co-
ordinated F& oxo-hydroxo ions. A possible structure for
the Fe-binuclear complexes, based on the similarity with the
181 building blocks ina-goethite [30,31], was proposed in our
previous study [25] and is depicted in Fig. 9a. In this model
hydroxo-bridged Fe atoms are bound to the framework via
two oxo-ions, and balance the lattice extra charge of two alu-
minum atoms. The Fe—O coordination, coherently with EX-
147 AFS and HR-XANES results, showing that iron possesses
an octahedral coordination, is further completed by adsorbed
water and by a terminal hydroxyl group. A similar model

2.0

N (Fe-O,)
>

1.2 : )
was presented by Marturano et al. [28], proposing a single
oxo-bridge to the zeolite lattice.

10 . \ . , . \ . L .

He 30°C . 1st ond ard LN, 02350°C The influence of calcination on the further evolution of

He 350°C treatment the binuclear iron complexes was investigated in our previ-
ous work [25]. We have found that, if the calcination pro-
Fig. 8. Number of oxygen atoms in the Fer-€oordination shell (model ~ cedure is carefully controlled (mild calcination procedure),
2:2:2) as a function of heat treatment in He, and in the presence.of O agglomeration of the binuclear Fe-complexes towards in-
active oxidic clusters can be significantly suppressed, al-
1.2 for F§ZSM5-He 35(°C(1st)/350°C). The coordination ~ though not completely. This finding, based on HR-TEM,
number of shell Fe—§ on the contrary, appears only EELS, Mossbauer, FTIR, and EXAFS spectroscopy is con-
slightly decreased, probably as a result of further water firmed by the results of the EXAFS analysis, presented in
desorption with time on stream (1.0 vs 1.2, for/EEM5- this work. Irrespectively, to the different pretreatments ap-
He 350°C(1sty350°C). The Fe—Q distance appears also plied (heating in He or &), two Fe—Fe shells could always
to be slightly shortened. Also during the heating treatment be fitted, with a coordination number respectively of 1.2 and
in oxygen, the Fe—@shell remained unaffected. 0.4 (Tables 3-6). The closest Fe—Fe shell (Fe}-keas-

As shown by the results obtained during the heat treat- cribed to the presence of binuclear Fe complexes [25,28].
ments, changes in the oxidation state of iron are related toThe fact that the coordination numbe¥) of this shell is
variations only in the Fe—{Ocoordination number. A coordi-  higher than 1.0, and that also a second Fe—Fe shell (Eg-Fe
nation number of approximately 1 corresponds to an averagecould be fitted at a higher distanck & 3.40 A, N = 0.4),
Fe-oxidation state close to Il. When the Fg-éordination suggests that a fraction of iron possesses a higher degree
number is increased to 2, Fe is completely oxidized'(Fe  of agglomeration than the binuclear complexes [25]. Never-
The changes in the Fe<+@oordination number, as a func- theless, from the EXAFS coordination numbers of the Fe—
tion of the different treatments, are visualized in Fig. 8. Fe shells, binuclear clusters in mildly calcined/BE&M5

As in the presence of helium, also the heat treatment are estimated to account for at least 70% of the total
in oxygen resulted in a shortening of the distance and airon. It should be noted that quantification by M&ssbauer
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Fig. 9. Proposed structure for the binuclear Fe complexes jZ$®5
obtained by CVD of FeGl upon: (a) washing; (b) mild calcination and
treatment in He at 30C; (c) mild calcination and moderate heating (up
to ~ 150°C) in He or @/He (50:50): desorption of water; (d) mild
calcination and heating in He to 38C: auto-reduction of iron, ascribed to
the removal of the Fe—O—Fe bridging oxygen atom; (e) mild calcination an
heating to 350C in a O;/He (50:50) gas mixture: the presence of oxygen

spectroscopy has shown that this number could be over-
estimated [25].

4.1. Binuclear iron complexesin mildly calcined Fe/ZSM5,
pretreated in He at 30°C

While calcination is generally applied as an activation
procedure for FEZSM5 obtained by CVD of FeGl[10—
12,25], its influence on the local Fe—O coordination of the
Fe-binuclear complexes, formed upon washing, has not been
unraveled, yet. The features of the Fe K pre-edge of (mildly
calcined) F¢ZSM5 measured in He at 3€ (Fig. 1b) show
that iron has a slightly distorted octahedral coordination and
an oxidation state of Ill [35]. These results are confirmed
by the position of the Fe K edge (Fig. 3a), which overlaps
with that of the F&' hematite reference, and by the results
of the EXAFS analysis (Table 3), showing the presence
of six oxygen neighbors in the Fe-coordination sphere.
The EXAFS data could be fitted with a symmetric oxygen
distribution in two (model 3:3) or three (model 2:2:2)
oxygen shells. A plausible structure for the binuclear Fe
complexes in mildly calcined F&SM5 after pretreatment
in He at 30°C, arising from the EXAFS and the HR-
XANES results, is depicted in Fig. 9b (oxygen atoms are
labeled consistently with the 2:2:2 model in Table 3).
This structure matches the model previously proposed in
the literature [7,10,11,17] for the catalytically active phase
in calcined F¢ZSM5, i.e., a binuclear Fe complex with
the core structure [HO-Fe—O—Fe—-@H. This model is
based on experimental evidence obtained by TPR, FTIR,
and ESR studies [10-12,17] and appears as a plausible
evolution of the binuclear complexes formed upon washing.
The Fe—-O-Fe bridging oxygen atom may result by the
condensation at high temperature of two bridging hydroxyl
groups with the desorption of a water molecule. A sufficient
partial pressure of @in the gas phase during calcination
should prevent migration and desorption of the bridging
oxygen.

In the model presented in Fig. 9b, the two oxygen atoms
located by the EXAFS analysis in the closest oxygen shell
(Fe—Q) are assigned respectively to a bridging oxygen atom
and a hydroxyl group. The Fe+Qlistance (1.86 A) ap-
pears to be consistent with the average distance of a terminal
OH group and a Fe—O—Fe bridging oxygen. Molecular mod-
eling calculations performed on a binuclear [OH-Fe—O-
Fe—OH?* model-complex, bound to the zeolite framework
via two oxo-ions [47], have found for the terminal Fe—OH
groups a distance of 1.88 A and for the bridging Fe—O—Fe
oxygen atom a Fe—O distance of 1.93 A. Slightly shorter
Fe-O distances are nevertheless reported in the literature
for Fe—O—Fe oxo-bridges (around 1.85 A) [48]. EXAFS is
therefore not able to discriminate between these two types
of oxygen. Oxygen located in shell Fe>@ ascribed to

4 two bridging (Fe—O-Al) O-atoms, by which the iron atoms
are stabilized to the zeolite lattice. Indeed, the FedB3-

in the gas phase inhibits the removal of the Fe—~O—Fe bridging oxygen atom. tance of 1.97 A is consistent with the average distance found
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for oxygen in the (Fe—O-Al) coordination of the mononu- Fe/ZSM5 obtained by CVD on acidic supports with differ-
clear Feq complexes formed upon CVD of Fe{JR5,28]. ent SyAl ratios, have shown that oxygen can be desorbed
In our previous work [25] we found a distance of 1.99 A. from Fe/ZSM5 by merely heating. Furthermore, the amount
Marturano et al. [28], though optimizing their EXAFS fit by ~ of oxygen released increases with decreasing@\Siatios.
introducing two separate Fe—O shells, found for the sameLobree et al. [21] have come to similar conclusions studying
Fe—O-Al coordination an average distance of 1.96 A. Mole- the auto-reducibility of iron in F&ZSM5 obtained by solid-
cular modeling calculations, mentioned above, found for the state ion exchange. They found that, at a fixe@ASratio
Fe—O-Al bridges an average Fe—O distance of 1.95 A, thus(S.A.R. was 25 in their experiments), the auto-reducibility
consistent with the Fe—-Oshell assignment. The most dis- of iron can be strongly enhanced by increasing the iron load-
tant oxygen, located in shell FesOs assigned to weakly ing, i.e., by reducing the average distance of the iron atoms
bound oxygen as in adsorbed water. As discussed further,in the zeolite channels. Kucherov and Shelef [46] reached
since upon heating to 38C the C.N. of shell Fe—-9ap- an identical conclusion using EPR spectroscopy. Activation
peared to be reduced from 2 to only 1, oxygen atoms were of oxygen should therefore be facilitated by the close inter-
not completely assigned to adsorbed water molecules. As de-action of Fe atoms as in the case of Fe-binuclear clusters.
picted in Fig. 9b the second oxygen neighbor in Fewas The best suited candidate for the reactivity in He appears
tentatively assigned to a Si-O-Si bridging oxygen of the ze- to be the bridging oxygen atom between the two Fe atoms.

olite framework. This hypothesis is supported by results obtained through
180, isotopic exchange studies [26]. The experiments, per-
4.2. Heat treatment in He (auto-reduction) formed on F¢ZSM5 obtained by CVD, have shown a R1

isotopic exchange mechanism, prevailing at temperatures up

During heating in He different changes are revealed with to 450°C, i.e., molecular oxygen from the gas phase ex-
increasing temperature in the Fe—O coordination of the changes only oné20 atom against 40 atom from the
Fe-binuclear complexes. Heating to IZD results in an solid. On F¢ZSM5 obtained via impregnation, on the con-
increase of the integrated intensity of the Fe K pre-edge trary, where the presence of binuclear complexes have been
(Figs. 1a and b). This is the result of a decrease in the demonstrated to be negligible [26], a R2 mechanism pre-
centrosymmetry of the coordination of the Fe atoms [35], vails, in which*80, is exchanged in one step against two
caused by a lowering in the number of oxygen neighbors. 180 atoms.
The EXAFS fit reveals indeed a slight decrease, from 2.1  The analysis of the FZSM5 EXAFS data recorded in
to 1.4, in the coordination number of the most distant He at 350C (Fe/ZSM5-He 350°C (1st)) shows that the
Fe-O shell (Fe—g) Table 4). Shell Fe—gxherefore contains  reduction in the oxidation state of Fe is accompanied by
weakly bound oxygen, coherently with its elongated Fe—O a removal of oxygen from the closest Fe-O shell (Fg—O
bond. Since the decrease in the Fg-e0ordination number  Table 5). The coordination number of shell Fe-i®reduced
is not accompanied by a reduction in the oxidation state of from 2.0 to 1.2, coherently with the removal of bridging Fe—
iron, as revealed by the position of both the pre-edge centroid O—Fe oxygen. Shell Fe=<Oemains unmodified, confirming
(Fig. 1b) and the Fe K edge (Fig. 3a), removal of oxygen up the correctness of its assignment to Fe—O-Al bridges,
to 120°C is ascribed exclusively to desorption of water, as while only a slight further decrease is revealed in shell
depicted in Fig. 9c. No further changes are revealed in the Fe—Q. This is probably the result of further desorption
results of the EXAFS fit. In particular, as already mentioned, of water with time on stream. A slight contraction is also
no changes were visible in the fit of the Fe—Fe coordination, visible in the Fe—Fe interatomic distance. By comparison
excluding further agglomeration of iron during heating. with the Fe—Fe distance measured after cooling to 77 K

An additional increase of the temperature under flowing (Fe/ZSM5-He 350 C/LN, Table 4), the contraction cannot
helium caused clear changes in the features of the Fe Kbe ascribed to temperature effects and is probably the
pre-edge (Figs. 1la and b), showing a clear reduction in theresult of a rearrangement of the complexes upon heating.
average oxidation state of iron. Indeed, the centroid position From the body of the HR-XANES and EXAFS results,
and the integrated intensity of F&SM5, already at 260C, the most plausible structure for the binuclear complexes
correspond to those of a reference 506F€" /WFd! in He at 350C is depicted in Fig. 9d. At this stage
physical mixture [35]. A slight additional reduction was of the treatment two vacancies have been created in the
revealed at 350C. The reduction is confirmed by the clear coordination of iron by the desorption of respectively a
shift (~ 4 eV) to lower energy of the Fe K edge (Fig. 6a). weakly bound water molecule (Fes)aand bridging oxygen

These results show that, at high temperature in He, oxy- (Fe—Q). A discussion still open in the literature concerns the
gen must be activated and removed from the Fe—O coor-possibility of liberating gaseous by spatially separated
dination of the binuclear complexes. Auto-reduction phe- oxo-complexes, such as [HO-Fe—O—Fe4®Hhaving only
nomena associated to desorption of oxygen at high tem-one bridging oxygen atom. Voskoboinikov et al. [26] have
perature are known in the literature for ZSM5 prepared  suggested that such complexes might communicate with
by CVD or solid-state ion exchange of FeClO»-TPD each other via the £ ions of the zeolite. Neighboring Fe—
experiments, performed by Voskoboinikov et al. [49] on O-Fe complexes, separated by a limited number gf O
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ions of the support, could disproportionate into one Fe— show that the presence of oxygen in the gas phBsg £
O-0O-Fe and one Fer—Fe complex, whergl stands for 0.5 bar) suppresses the autoreduction capability revealed
a vacancy. Oxygen could be subsequently easily desorbecdy the binuclear complexes at the same temperature in He.
by the (generated) highly unstable peroxo-complex. Such The intensity of the Fe K pre-edge in oxygen at 360is
a mechanism would require the existence of Fe-binuclearsimilar to that of the five-fold coordinated tereference
complexes bound to pairs of Al-centered tetrahedra in close (Fig. 2b) [35]. Consistently, five oxygen neighbors have
proximity with each other. This condition could indeed be been identified by the EXAFS analysis (Table 6). As at
fulfilled by a significant fraction of the iron complexes in  350°C in helium, only one oxygen is located in the Fe-O
over-exchanged F&SM5 (Feg/Al = 1) with a high Al/Si shell, in agreement with the removal of one water molecule
ratio. during heating. The distance of the remaining oxygen in the
Although a significant fraction of the Fe-binuclear com- Fe—Q shell appears to be slightly shortened, pointing to a
plexes can undergo autoreduction in He at relatively low stronger bond of the Fe to the zeolite Si—-O-Si oxygen. Shell
temperature+{ 250°C), they appear to be highly unstable. Fe—G, assigned to two oxygen atoms of Fe—O-Al bridges,
This was revealed by the differences in the XAFS spectra remained unchanged, consistently with the assignment. As
recorded with time on stream at 350 and at 77 K after 120 can be seen also qualitatively, by comparing khd=ourier
min stabilization in He at 350C. As seen in Fig. 6a, the Fe  transforms depicted in Fig. 7c, the difference in the Fe-O
K edge appeared to be shifted stepwise to higher energy withcoordination of the binuclear complexes at 380in the
exposure time, thus reoxidation of iron took place during the presence or absence of oxygen are localized atRoWwhe
measurements. The reoxidation was accompanied by a reinEXAFS analysis revealed, indeed, that different from the
crease in the coordination number of shell Fg{Table 5). measurement in He at 35@, in the presence of oxygen the
The remaining shells, on the contrary, remained virtually un- coordination number of the Fe+®hell remains 2, as it was
changed. This result confirms the previous observation thati, Fe/ZSM5 measured in He at 3€. This result confirms
changes in the oxidation state of iron are related to only one that the F& < Fd! red—ox reversibility in the binuclear
oxygen atom in the closest Fe—O shell (Fg@ost proba-  complexes is related to one oxygen atom located in shell Fe—
bly the Fe—O-Fe bridging atom. The reason for the reoxida- O1 (R = 1.86 A). According to the model proposed by Chen
tion with time on stream is still unclear. While He withavery gt 4. [10-12] this atom is assigned to a Fe—O—Fe bridging
high purity was used (certified purity 5.0), additional oxy- oxygen (Fig. 9e). In the presence of a significant partial
gen traps were not added to the He line. It can therefore ”Otpressure of oxygen in the gas phase its removal (desorption)

be excluded that traces of oxygen from the gas phase mightq;om the Fe complexes appears to be inhibited.
have partially reoxidized the Fe complexes. Nevertheless, re-

oxidation could also have been caused by oxygen released at
high temperatures from the zeolite, supporting the idea of
Voskoboinikov et al. [26] of an easy oxygen exchangeability
between the zeolite and the Fe-binuclear complexes.

5. Conclusions

The analysis of the EXAFS and HR-XANES data ob-
4.3. Heat treatment in the presence of O, tained from mildly calcined F&ZSM5 shows that the ma-
jority of iron is present as Fe oxo-hydroxo binuclear com-
Up to a moderate temperature' the addition of oxygen plexes. The closest Fe—O coordination of the Fe-binuclear
to the helium flow does not cause significant changes to Complexes can be described with a [HO-Fe-O—FefOH
the coordination of iron. Heating FESM5 to 160°C in core.
oxygen results in an increase of the Fe K pre-edge intensity ~Heat treatments to 35€ in He and in a 50:50 gHe
(Figs. 2a and b) similar to that measured in He at430  Mmixture do not cause further agglomeration of iron. Heating
(Fig. 1a and b). As in the case of He, this is ascribed to to @ moderate temperature (up te 150°C) results in
desorption of water, coordinated to the binuclear complexesthe desorption of water from the Fe coordination sphere.
upon exposure of the FESM5 sample to air. As expected, As expected, desorption of water is unaffected by the
desorption of water is not influenced by the presence of composition of the gas phase (He or a 50:5¢/K@e

oxygen (Fig. 9c). mixture).
On the contrary, changes occurring to the binuclear  Onthe contrary, the composition of the gas phase strongly
complexes at higher temperatures (from 130 to 350 influences the changes occurring to the binuclear complexes

appeared to be strongly influenced by the presence of oxygerin the 150-350C temperature range. By heating in He a
in the gas phase. As seen from Fig. 2b, which collects significant fraction of iron is reduced (auto-reduction). This
the pre-edge features of FESM5 heated in oxygen, the isaccompanied by the removal of approximately one oxygen
oxidation state of iron remained unchanged'{Feaip to atom from the closest Fe—O shell, attributed to the Fe—O-Fe
350°C. This result is confirmed by the position of the Fe bridging oxygen atom. The reduced binuclear complexes
K edge, which overlaps with that of the hematite reference appear to be highly unstable and undergo reoxidation with
and of F¢ZSM5 measured at 3« (Fig. 7a). These results  time on stream.
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The presence of oxygen in the gas phakg, (= 0.5 bar)
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[18] X. Feng, W.K. Hall, J. Catal. 166 (1997) 368.

suppresses the auto-reduction capability of the binuclear[19] M. Kogel, V.H. Sandoval, W. Schwieger, A. Tissler, T. Turek, Catal.

complexes by inhibiting the removal of the Fe—O—Fe bridg-
ing oxygen.
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