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Abstract

Fe-ZSM-5 catalysts (0.2—1.2 wt% Fe) were prepared by an exchanging of Na-ZSM-5 Wittidfes formed by the dissolution of iron
in acidic medium, and characterized by UV-vis, EPR, and X-ray absorption spectroscopy and by TPR and TEM. Their catalytic properties
were investigated for the selective catalytic reduction (SCR) of NO by isobutane (2000 ppm NO, 2000 ppm isobutasel 3200 h‘l)
or by NHz (1000 ppm NO, 1000 ppm N&i 1% O, 750,000 h'1). The catalysts were highly active in both reactions, competing favorably
with catalysts prepared by chemical vapor deposition of g@@b H-ZSM-5. The spectroscopic studies showed that at Fe contents less than
or equal to 0.3 wt%, ca. 95% of the iron was present in mononuclear sites of different coordination. At higher Fe contents, small oligomeric
clusters coexisted with mononuclear sites, and at 1.2% Fe, large, poorly ordered Fe oxide aggregates were also detected. By correlation
the activities with the concentration of Fe sites as determined from UV-vis spectra, it was established that mononuclear Fe ions are activ
sites for both SCR reactions, but oligomers contribute as well. At the same time, oligomers (and aggregate surfaces) are more active i
unselective oxidation of the reductant, which limits the temperature window of selective NO reduction. This unselective attack by clustered
species occurs at low temperatures with isobutane; hence the best performance was found for a catalyst of low Fe content (0.3 wt%), whic
is at variance with previous optimization strategies. Withg\N#he unselective attack occurs at a much higher temperature; hence the best
catalysts for NH-SCR are those with the highest exposure of Fe sites.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction prepared by chemical vapor deposition (CVD) of anhydrous
iron(lll) chloride onto the H-form of the zeolitEL0] have
Iron-modified ZSM-5 has recently received much atten- been shown to yield high activities most reproducibly. In the
tion in catalysis research because of its promising activity other reactions, a lower Fe content is more favorable, and the
in numerous reactions of industrial and environmental rele- active species are sometimes developed only during a high-
vance, such as selective oxidations withON[1,2], the de- temperature treatment of the as-prepared catalysts.
composition or selective reduction of nitrous oxigBe-5], Although much effort has been invested in the charac-
the selective catalytic reduction (SCR) of N®y ammonia terization of the iron sites in these catalysts, with a multi-
[6-8] or hydrocarbon$o—-14], and the selective oxidation of  tude of physicochemical techniques having been applied by
NH3 to Ny [15]. For the selective NO reduction, catalysts now, the nature of the active sites for most of the reactions
mentioned above is still under debate. Thus, intra-zeolite
mspondmg author. Fax: +49 234 321 4115, bingclear oxygen-bridged Fe sites, for which mode]s were
E-mail address w.gruenert@techem.ruhr-uni-bochum.de derived from EXAFS studie§l6,17] have been claimed
(W. Griinert). to be active sites for hydrocarbon-SQH0,11], and binu-
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clear sites are also proposed to activate the oxygen depositednsight into the behavior of the iron sites during catalysis.
from N2O («-oxygen)[2,18]. On the other hand, mononu- The present paper is a full account of data that have been
clear sites (not necessarily of the same structure) have beermreliminarily communicated if33].

suggested to catalyze benzene oxidation bYDN19-21]

N2O decompositiofi22], and hydrocarbon-SCR3]. A ma-

jor problem with Fe-ZSM-5 catalysts, particularly at high Fe 2. Experimental

content, is a tendency of the Fe species to cluster into aggre-

gates, which leads to a very heterogeneous distribution of2.1., Materials

iron species in these materidls3,24,25] In previous stud-

ies, our groups proposed thatin Fe-ZSM-5 prepared by CVD  The parent Na-ZSM-5 ($Al = 14) sample was kindly
of FeCh, the active sites for isobutane-SCR are minority supplied by Chemiewerk Bad Kostritz (Germany). Iron was
sites[13], probably oligomers of low nuclearityncluding introduced with an Improved Liquid lon Exchange tech-
mononuclear sitefl3,24,26] Cooperative studies of 2D nique slightly different from that of Long and Yari§0].
decomposition over Fe-ZSM-5 with iron sites prepared by For this purpose 6 g of Na-ZSM-5, a varying amouifa-{
steam extraction of framework Fe led to the conclusion that ple 1) of Fe powder (Merck, Goodfellow), and 600 ml of
N20 decomposition proceeds on oligonuclear aggregates,deionized water were charged into a double-necked flask
whereas the reduction of XD by CO or propane can pro-  equipped with a gas-inlet tube and a magnetic stirrer. Af-
ceed on both isolated and oligomeric si{2%,28] ter the flask was flushed with argon, 6 ml of concentrated
The lower Fe contents used in catalysts for phenol oxi- hydrochloric acid was slowly added to the mixture, result-
dation and several studies op® decomposition and reduc-  ing in a HCI concentration of 0.1 mott. After the liquid
tion bear the promise of a more homogeneous structure ofwas stirred for 5 days it was removed, and the prepared Fe-
the Fe sites present, although recent characterization studieg SM-5-samples were washed with deionized water. Finally
have shown that it is impOSSible even then to Completely €S-the Cata|ysts were dried at room temperature and subse-
cape aggregatiof27,28] It has been demonstrated [24, quently calcined in flowing air according to the following
26,29]that a high Fe content is not a prerequisite for high temperature protocol: first the temperature was raised from
activities in isobutane-SCR. However, the mechanochemi- ropom temperature to 423 K at 2 Kmih and, after a 15-
cal preparation route described [6] did not turn out to  mjn isothermal period, the temperature ramp was continued
be flexible enough to make available a series of Fe-ZSM- at 5 K min—! to 873 K, where the samples were left for 2 h.
5 Catalysts with Varying distribution of the sites observed in In several p|aces reference will be made to a Fe-ZSM-5
catalysts with high Fe contef24]: isolated sites of different  material prepared by CVD of Fe€Into H-ZSM-5, which
coordination sphere, oligomeric Fe oxo species of different \yas studied earlier in our grouji3,24] and was labeled
nuclearity, and large Fe oxide aggregates. A(CVD, W1, C5) in the earlier papers. It containss wt%
In a study of various preparation procedures, the “Im- Fe and is referred to here as Fe-Z(CVD). Another reference
proved Liquid lon Exchange” (ILIE) originally proposed by  catalyst prepared by the mechanochemical preparation route

Long and Yand30] was found to do the best at living up to  described ir[26] and containing 0.5 wt% Fe is referred to
these expectatior{81]. This preparation method, which in-  here as Fe-Z(MR).

volves treatment of Nt ZSM-5 with Fé+ ions generated in
situ by the dissolution of iron powder in diluted hydrochloric 5 5 petermination of iron contents
acid under anaerobic conditions, was modified with regard

to the quantity of iron powder used to obtain a series of  Thg jron contents of the Fe-ZSM-5-samples were deter-
Fe-ZSM-5-catalysts with iron contents down to 0.2 wt%. In mined by the ICP-OES method. For this purpose we digested

the prgsent paper, an extended study pf the structural ands mg of each sample by melting a mixture with 250 mg of
catalytic properties of these catalysts is presented. In theLiBOZ at 1273 K and subsequently dissolving the melt in
first section, catalytic and (ex situ) characterization results

are reported. The characterization has been performed with
several techniques, including X-ray absorption spectroscopyTable L _ _ L _
. . ~ Prepared Fe-ZSM-5-samples, their chemical composition, and micropore
(XAFS), electron paramagnetic resonance (EPR), UV-Vis |\ o obtained from brphysisorption
spectroscopy, temperature-programmed reduction by hydro

- : Sampl A tof i d | Mi

gen (Bb-TPR), transmission electron microscopy (TEM), ampie in g‘rzggr;ig:n use crc()):tent nFe/ A Vo'chr?gore

and pore volume determination by Whysisorption. The in- (9/g zeolite) (Wi%) (cmdgY)

formation about the na_ture of the Ee species in the catalystsNa_ZSM_5 _ 005 0008 Q15

has been correlated with activities in the selective reduction re-z(12) 05 12 0.195 Q12

of nitric oxide with isobutane and ammonia, which makes it Fe-z(0.7) 0333 Q7 0114 Q13

possible to draw conclusions about the nature of the active Fe-Zgg-g; 82 8-2 8-89; glg
T ; P Fe-Z(0. 1 ) .04 1

sites in these reactions. In the second sec{i®j, in situ Fez(02) 005 02 0,033 P

UV-vis and EPR studies are described, which give deeper



316 M. Schwidder et al. / Journal of Catalysis 231 (2005) 314-330

diluted nitric acid. ICP-OES measurements were carried out 10 Kmin~! temperature ramp between room temperature
with a UNICAM PU-7000-spectrometer. We confirmed the and 1073 K. The hydrogen content of the effluent gas was
results by comparison with results deduced from the XAFS measured with a Hydros instrument (Fisher—-Rosemount).
spectra of these samples by comparing the edge heights ob-
tained with the specific absorption coefficient of iron on the 2.6. X-ray absorption spectroscopy
basis of Lambert—Beer’s law.
X-ray absorption measurements (Feedge at 7112 keV)
2.3. Catalysis were carried out at Hasylab beamline E4 (Hamburg/Ger-
many), with a Si(111) double crystal monochromator for
The SCR of NO with isobutane was carried out in a cat- energy tuning. Absorption spectra were measured in trans-
alytic micro-flow quartz reactor at temperatures between 823 mission mode and in fluorescence mode in the case of sam-
and 523 K, with reaction temperatures decreasing during theples with low iron loading. In both cases samples were di-
measurement sequence. Before each catalytic run, 150 mduted with polyethylene and pressed into wafers of suitable
of catalyst was heated in flowing He to 823 K at 5 Kmin thickness. When measurements were made in transmission
and left at this temperature for 30 min. After that, a feed mode, the intensity decrease in the beam was detected by ion
mixture of 2000 ppm NO, 2000 ppm isobutene, and 3% O chambers that were installed before and after the sample. An
in He was directed through the catalyst bed at a flow rate iron metal foil was measured at the same time (between the
of 154 mImirr, which resulted in a GHSV of 42,000 k. second and an additional third ion chamber) for energy cal-
To relate the present study to our earlier wfiR,24,26,29] ibration. For measurements in fluorescence mode, a 7-pixel
additional experiments were carried out with a mixture of Si(Li) detector was used. In all cases measurements were
1000 ppm NO, 1000 ppm isobutane, and 2%iitHe, where carried out at LN temperature. Data treatment of the EX-
the GHSV was adjusted to 30,000*h These sets of con-  AFS part of the spectra was accomplished with the software
ditions are referred to here as set A- and set B-isobutane,VIPER for Windows[35]. The pre-edge background of the
respectively. spectra was subtracted according to Victoreen’s law, and the
The SCR of NO with ammonia was performed under EXAFS functiony = (u — wo)/no was evaluated relative
similar conditions; however, the temperatures were varied to an atomic backgroundp estimated with the smoothing-
between 873 and 423 K. The feed gas composition wasspline technique. For preliminary determination of the edge
1000 ppm NO, 1000 ppm N¢land 2% Q in He at a GHSV position, the inflection point of the pre-edge peak was used
of 750,000 i1 (10 mg catalyst, 183.3 mImirt gas feed; to avoid fluctuations imposed by slight changes in the shape
set A-NHs). In addition, results obtained with a GHSV of of the edge itself. In the model fits, this led to numeri-
30,000 ! (set B-NH) are reported as well. The compo- cal values of theEq correction that were higher than usual
sition of the effluent gas was analyzed by calibrated mass (se€Tables 2—4. Radial distribution functions were obtained
spectrometry in the case of isobutane-SCR and a combina-by Fourier transformation of the?-weighted EXAFS func-
tion of photometric devices for the detection of NO, NO tions. Fitting of the Fourier-filtered EXAFS functions was
and NH in the case of NB-SCR (for part of the work sup- ~ carried out on the basis of scattering amplitudes and phases
ported by the mass-spectrometric detection gbIN In both obtained from the code FEFFd36]. To minimise the num-
cases, we also used gas chromatography to analyze the quarber of free parameters, equal backscatterers were fitted with
tity of nitrogen released to trace the possible formation of the sameZ shift wherever possible (variations #40.5 eV
NO, or N»O in significant amounts by setting up a nitrogen admitted). A less stringent constraint was imposed on the
balance. This balance typically rendered values between 95Debye—Waller factor (001 Afz <o <0.015 /372).
and 105%.
2.7. UV—vis-DRS-spectroscopy
2.4. Determination of pore volumes
UV-vis-measurements were performed with a Cary 400
Pore volumes were determined fromp Idhysisorption spectrometer (Varian) equipped with a diffuse reflectance ac-
data with the BJH methofB4]. Nitrogen physisorption was  cessory (Harrick). For light absorption reduction, samples
carried out with an Autosorb-1-MP device (Quantachrome). were diluted byx-Al,O3 (calcined for 4 h at 1473 K) in a
Before each experiment the samples were dehydrated atatio of 1:10. Deconvolution of the UV-vis spectra into sub-
573 Kfor 2 h. bands was performed by the computer program GRAMS/32
(Galactic).
2.5. Temperature-programmed reduction
2.8. Electron paramagnetic resonance
Temperature-programmed reduction was performed with
a gas mixture containing 4.2 vol%j,Hn He. Before each EPR spectra in the X-band ¢& 9.5 GHz) were recorded
experiment, the samples were heated at 823 K for 2 h in with a CW spectrometer (ELEXSYS 500-10/12; Bruker)
flowing synthetic air. The reduction was carried out with a at a microwave power of 6.3 mW, a modulation frequency
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of 100 kHz, and a modulation amplitude of 0.5 mT. The which disappeared after calcinations. An ICP analysis of Fe-
magnetic field was measured in reference to the stan-Z(0.2) resulted in a V content of about 200 ppm, and the
dard 2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH). For EPR spectra did not indicate a significant increase of in-
temperature-dependent measurements in the range from 8@ensity with growing Fe content. The vanadium obviously
to 293 K, a commercial variable-temperature control unit originated from an impurity in the iron used because it
(Bruker) and a conventional EPR sample tube were used,was not present in repetitive preparations with a different
while in situ-EPR measurements during calcination at higher iron source. Since the catalytic results of samples without
temperatures were performed in a home-made EPR flow re-a V EPR signal did not differ significantly from those with

actor as indicated if4]. V impurity (which are presented here), it is clear that the
catalytic behavior reported arises from the Fe species, not
2.9. Transmission electron microscopy from the V impurity. This should have been expected for

hydrocarbon-SCR, where vanadium is known to be of poor
TEM/EDX measurements were performed at 200 keV activity, whereas a considerable activity of zeolite-supported
with a CM 20 microscope (Philips) equipped with an EDX VO?" ions for NH;-SCR has been described ear(&7,38]
accessory (EDAX PV 9900). Samples were dispersed on aApparently, however, the concentration of ¥Ois too low,
lacey carbon film. or it is converted into inactive intra-zeolite V(V) sit§38]
during the severe calcination step, so that a significant con-
tribution from VO could not be detected in NHSCR as
3. Results well.
N2 physisorption data are also listed ifable 1 In
3.1. Iron contents and pore volumes the case of sample Fe-Z(0.2) the micropore volume does
not significantly decrease in comparison with the parent

The iron contents of the Fe-ZSM-5-catalysts and the cal- Na-ZSM-5. With Fe-Z(1.2), however, a significant decrease
culated FgAl ratios are listed iable 1 As shown inthista-  Trom the initial 0.15 cmig~* to 0.12 cni g~ is observed.
ble, the catalysts are designated according to their Fe content
(Fe-Z(0.2) for Fe-ZSM-5 prepared by ILIE, with 0.2 wt% 3.2. Catalysis
iron). With a decreasing amount of iron used in the prepara-
tion, the iron content of the resulting samples also decreases. Fig. 1la shows the temperature dependence of the NO
The iron content ranges from 1.2 to 0.2 wt%, and for the conversions obtained in isobutane-SCR with the Fe-ZSM-
parent Na-ZSM-5-sample an iron impurity of 500 ppm was 5 catalysts prepared by the ILIE technique at 42,008 h
found. (conditions: set A-isobutane). With increasing reaction tem-
During the EPR study, a weak V(IV) impurity signal perature, the NO conversions increase in all cases and pass
was seen in some of the samples in the uncalcined statethrough maxima. With growing iron content of the cata-
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60+ = 60+
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201 Fe-Z(1.2) 201 g
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500 600 700 800 500 600 700 800
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Fig. 1. SCR of NO with isobutane over Fe-ZSM-5 prepared by improved liquid ion exchange (ILIE). 2000 ppm NO, 2000 ppm isobutan&.3e00h 1,
(a) NO conversion; (b) isobutane conversion.
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lysts, the NO conversion at the lowest reaction temperature 100

(523 K) increases strongly (from 10 to almost 40%). The

conversion maximum is shifted to lower temperatures, from

~ 680 K (sample Fe-Z(0.2)) to 620 K (sample Fe-Z(1.2)).

At the same time, the peak NO conversions achieved go 80-

through a maximum, ranging from 65% Fe-Z(0.2) via 86%

Fe-Z(0.3), which is the highest NO conversion observed,

to 69% Fe-Z(1.2). Remarkably, at temperatures above the

conversion maximal( > 623 K), a decreasing iron content X

leads to an increasing NO conversion (with the exception =

of ILIE-0.2), whereas at temperatures below the conversion %
X

X Fe-Z(CVD), 5 % Fe
* Fe-Z(MR), 0.5 % Fe

)

maxima (" < 573 K) the trend is the opposite. Fig. 1b

the corresponding isobutane conversions can be found. Here,
all samples, except for sample Fe-Z(0.2), show rather simi-
lar behavior. Remarkably, in the low-temperature range the
NO conversions exceed the isobutane conversions at high Fe
content, whereas they are about equal at low Fe content. All 20-

catalysts but Fe-Z(0.2) achieve a 50% isobutane conversion ® Fe-Z(0.2)

at ca. 600 K, where the NO conversions range 73-75% (Fe- o Fe-Z(0.3)

Z(0.6), Fe-Z(0.7)) via 66% (Fe-Z(1.2)) to 63% (Fe-Z(0.3)). & Fe-Z(0.7)

At temperatures higher than 670 K, the isobutane conver- 0 . . . . . .
sions exceed 90% and stay almost constant with a further 500 600 700 800
temperature increase. Sample Fe-Z(0.2) shows lower isobu- T K

tane conversions over the whole temperature range, with a

maximum conversion of only slightly more than 65%. Fig. 2. SCR of NO with isobutane over Fe-ZSM-5. Comparison of prepa-
Fig. 2 demonstrates that the ILIE series fills in the gap ration techniques: mechanochemical route accordiri@ad (Fe-Z(MR)),

between the two types of Fe-ZSM-5 catalysts studied in our CVD of FeCk into H-ZSM-5 (Fe-Z(CVD)), sample labeled A(CVD, W1,

groups earlief13,24,26,29]those prepared by chemical va-  €5) in [13,24} and ILIE. 1000 ppm NO, 1000 ppm isobutane, 2%, O

por deposition of FeGlinto H-ZSM-5 (Fe-Z(CVD)) and by 30,000 <.

the mechanochemical route describedd6] (Fe-Z(MR)).

With the smaller GHSV of condition set B-isobutane (which

includes simultaneous decreases in the NO and isobutand€n Studied as a reference. At low iron content (Fe-Z(0.3)
concentration), the temperature of the NO conversion peakanOI Fe-Z(0.2)), the NO conversions increase monotonously

shifts slightly to lower values as expected, but, with the ex- With temperature. The Ngtconversions are given ifig. 3o,
ception of Fe-Z(0.2), the peak NO conversion does not in- Where the data of Fe-Z(CVD) and Fe-Z(MR) have been
crease but decreases slightly. At the same time, the width ofoMitted; the curves for the former resemble that of Fe-
the selective temperature region is smaller under the condi-Z(1-2), whereas for the latter the NHtonversions equal
tions of set B, again with the exception of Fe-Z(0.2), which the NO conversions in the I|n_1|ts_ of experimental error. At
is the only sample that behaves more favorably under thesglOW reaction temperatures, this is also true for all catalysts
conditions than under set A. FroRig. 2, from which two prepared by ILIE. At higher temperatures, the ammonia con-
members of the ILIE series are omitted for the sake of clar- Version goes on increasing slightly (up to values of about
ity, it can be seen that Fe-Z(0.2) is similar to the MR sample, 95% with Fe-Z(1.2) in the range where the NO conversion
which also includes the unfavorable response of the latter Starts to decrease with catalysts of higher Fe content). Hence,
upon application of set B conditiofid9], whereas Fe-Z(0.7) these catalysts oxidize ammonia at high temperatures, to an
(and Fe-Z(1.2), which is almost identical under these con- €xtentincreasing with the Fe content. For Fe-Z(0.3) and Fe-
ditions) behaves like the CVD catalyst, again including the Z(0.2), however, NO and N¢iconversions are equal over

response to the change in reaction conditidr3. the whole temperature range; that is, the ammonia oxidation
Fig. 3a shows the temperature dependence of the NO con-activity of these catalysts is very small.
versions with the reductant ammonia at 750,000 fcon- In Fig. 4 NO conversions obtained with isobutane and

ditions: set A-NH). Here the sample with the highest Fe with ammonia are compared under identical conditions
loading (Fe-Z(1.2)) shows a maximum behavior, as with the (set B) for some of the catalysts. As expected, the 25-fold
isobutane reductant. With the NHeductant, however, the decrease in the GHSV leads to significant downward shifts
decrease after the conversion maximum is much less pro-of the light-off temperature for N#SCR. With Fe-Z(1.2),
nounced and the conversion maxima are found at higherNO conversions around 40% are achieved at a tempera-
temperaturesT( > 773 K). The best catalysts compete fa- ture as low as 423 K. The NO conversions with isobutane
vorably with the \bOs/WO3/TiO2 Eurocat[40], which has (given as gray curves) always remain below those witisNH
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Fig. 3. SCR of NO with NH over Fe-ZSM-5. Comparison of preparation techniques and relation toBg/WO3/TiO, system represented by the Us/
WO3/TiO, Euroca{40]. 1000 ppm NO, 1000 ppm N¢i12% Oy, 750,000 i1, (a) NO conversion; (b) Nkiconversion.
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Fig. 4. Comparison of NO conversions over Fe-ZSM-5 with isobutane
and NH; reductants. 1000 ppm NO, 1000 ppm isobutane (oNR%

0,, 30,000 h1, black curves with data points for Nfreductant, grey
curves (fromFig. 2) for isobutane reductant: (a) Fe-Z(0.2) and Fe-Z(1.2);
(b) Fe-Z(0.6).

however, for the catalysts with lower Fe content, the conver-

3.3. Ho-TPR

In Fig. 5, the H-TPR profile of sample Fe-Z(1.2) is com-
pared with the profiles of reference samples: mechanical
mixtures ofx-FeO3 and y-Fe03 with H-ZSM-5 (5 wt%

Fe) and with Fe-Z(CVD). The hydrogen consumption is re-
lated to the iron content of the samples. The profiles of
the mechanical mixtures show the well-known shape with a
small low-temperature peak and a much more intense high-
temperature peak, which are usually attributed to the reduc-
tion sequence R®3 — Fes0O4 — Fe(0). In comparison
with the «-oxide sample, both peaks of theoxide sample

are shifted to higher temperatures 650 K — ~ 690 K;

~ 830 K— ~ 945 K). Itis not clear whether these tempera-
ture shifts arise from structural differences, as the reduction
kinetic of iron oxides is also influenced by particle size, mor-
phology, defect density, etf41]. As expected, integration

of the TPR profiles gives H-e ratios of 3.0. The profile

of the CVD sample is much more complicated than those
of the iron oxides, which indicates a highly heterogeneous
species distribution. Sample Fe-Z(1.2), however, exhibits a
much simpler H consumption curve with only two peaks in
the region of the low-temperature peak of the reference ox-
ides. At the same time, the /e ratio observed with this
sample (2.3) clearly exceeds the value of 1 expected for a re-
duction Fét — Fe?t and is close to the HFe ratio of the
CVD catalyst.

3.4. XANES

Fig. 6 shows the near-edge region of the normalized

sions achieved are quite close in an intermediate temperatureX-ray absorption spectra for the prepared samples and those

range around 573-673 K.

for a-FeO3 andy -Fe,Os as reference materials and the ref-
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H/Fe
23

Fe-Z(1.2)

24

Fe-Z(CVD)

Fe-Z(1.2)

Absorption, a. u.

Fe-Z(0.7)

E \‘ 3.0
! Fe-Z(0.3

Fe-Z(0.2
\ 3.0
R -

U . 7100 7120 7140 7160
400 600 800 1000 iso- Photon energy, eV
Temperature, K thermal

5 % y-Fe,O,
+ H/ZSM-5

H, consumption, normalized to Fe

5% o-Fe,0,
+HIZSM-5

Fig. 6. FeK XANES of Fe-ZSM-5 prepared by ILIE, compared with refer-
Fig. 5. TPR traces of a catalyst prepared by ILIE, compared with reference gnce spectrax-Fe,03 and y-Fe,O3, Fe-Z(CVD), and Fe-Z(MR). Spec-
samples: Fe-Z(CVD)y-Fe;O3 andy-Fe;O3 mixed with H-ZSM-5. trum of Fe-Z(0.2) measured in fluorescence mode, remaining spectra in
transmission mode.

erence catalysts Fe-Z(CVD) and Fe-Z(MR) for comparison.
The edge positions of all samples are quite similar, indicat- containing Fe ions in both octahedral and tetrahedral coor-

ing that the oxidation state of iron in the samples under study dinations, which suggests that both coordinations may be

Its predomn;antlei(asAm_ thebreferegc;(])_mdes.kln a_II sp?c- present in the zeolite samples as well. The shape of the step
rajsa presd-;atge p_f[a_a ( )h'lsho' S(fervsd.d '? pea a:jr_lsei OMand of the post-edge region resembles the spectruo of
al — ransition, which is forbidden for coordination Fe,O3 rather than that of -F&Os.

geometries with an inversion center. Therefore, the origin of
this signal could be iron in tetrahedral or in distorted oc-
tahedral coordination. The spectra of all ILIE samples are
quite similar, but there are significant differences to the ref-
erence samples in the edge shape and the post-edge region. Fig. 7presents the absolute part of the Fourier-transform-
On the one hand, the increase in the absorption coefficiented k?-weighted spectra for the calcined Fe-ZSM-5 samples
in the step is steeper with the zeolite-supported Fe specieginder study and-Fe;O3z and, for comparison, the spectra
than withy-FeO3, and there is no low-energy shoulder as for Fe-Z(CVD) and Fe-Z(MR). All spectra, including that

in the latter (labeled B). The maximum of the absorption for the reference oxide, show a signal at distances smaller
coefficient is earlier than with both reference oxides, which than 2 A (uncorrected), which is attributed to O scatterers.
can be, however, a consequence of insufficient resolution be-The intensities of this scattering feature are quite similar
tween the maximum and a low-energy shoulder very close toin all samples, whereas height and width vary to some ex-
it, as in the case af-FeOs. A high-energy shoulder at the  tent. No long-range order above 4 A (uncorrected) can be
maximum (labeled C) is very pronounced in all Fe-ZSM-5 detected in any of the samples, which is normally taken to
samples, whereas it has lower intensity in the spectra of theindicate the absence of large oxide particles (see, however,
reference oxides. A maximum at ca. 7150 eV (D), which [13,24]and below). The scattering events between 2 and 3.5
is observed in the spectra of both reference oxides, may beA, which are very intense in-Fe03 and arise mostly from
identified as a weak feature with Fe-Z(1.2), but it is absent Fe neighbors there, are also of low intensity in the zeolite
in the remaining samples. Therefore, the XANES does not samples. A qualitative comparison of this region shows that
indicate the presence of iron in a well-defined short-range in most samples of the ILIE series, the extent of Fe aggre-
order typical of one of the reference oxides. The shape of gation should be smaller than in the CVD sample. There is
the pre-edge peak is closer to that observed withe,O3 some resemblance in the spectra for the latter and for Fe-

3.5. EXAFS
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Fig. 7. EXAFS spectra (modulus of the Fourier—transformédweighted
spectra) of Fe-ZSM-5 prepared by ILIE, compared with reference spectra:
a-Fe 03, Fe-Z(CVD), and Fe-Z(MR). Spectrum of Fe-Z(0.2) measured in
fluorescence mode, remaining spectra in transmission mode.

Table 2
Fit results in comparison to crystallographic datareffe,O3
No. Element FitresultéR = 8.3%) Crystallographic data <
R(A) CN 02103272, R(A) CN =
AEg (eV) =
[
1 O 199 28 45/254 19457 3 L
2 O 216 30 6.9/26.3 21162 3
3 Fe 296 53 6.5/16.1 2.9004 4
4 Fe 337 38 5.4/16.3 3.3642 3
5 Fe 369 29 21/165 3.7053 6
6 O 375 18 10/25.9 3.7857 3 . r T v
- - 0 2 4 6 8
Fitfor 25 A% < k < 14 A™%, and ank window of AR = 3.16 A. r A

. . Fig. 8. Examples for model fits of EXAFS spectra. alre,O3; for model
Z(1.2), but the scattering feature at 3.4 A (uncorrected) is parameters seBable 2 (b) Fe-Z(1.2): (c) Fe-Z(0.2): for model parameters

much less intense in the ILIE sample. seeTable 3

To confirm the applicability of scattering functions (am-
plitudes, phases) supplied by the FEFF8.10 code, it is nec-
essary to test them by fitting a reference systeig. 8 and parameters to be sensibly fitted from a given spectral range
Table 2report results of such a test, which was performed in k and R space (actual values given Trables 2 and 8
with «-FeO3. It should be noted that the Fe(lll) oxides are It should be noted, however, that the constraints used (see
unfavorable references because they contain a considerabl&xperimental section) limit the number of free parameters
number of closely related neighboring shells (E&ble 2 to acceptable values, maybe with the exception of the full
and involve several multiple scattering paths, which have models for Fe-Z(0.3) and Fe-Z(0.2).
been neglected in the fit reported here. Even so, a large num- The fit of the second coordination sphere as summarized
ber of free parameters might imply that the models fail to in Fig. 8a andTable 2is quite acceptable and shows that the
meet the Nyqvist criterion that determines the number of free scattering functions provided by FEFF8.10 are reliable for
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Table 3 Table 4
Fitting results for the Fe-ZSM-5 samples (6-shell model) Fitting results for the Fe-ZSM-5 samples (4-shell model)
Sample No. Element R(A) CN o2(103A-2)y Sample No. Element R(A) CN o2(103A-2)y
AEg (eV) AEg (eV)
Fe-Z(1.2§ 1 o) 200 35 7.7/235 Fe-Z(1.2§ 1 o] 201 35 6.7/263
R=112% 2 0 219 09 17/230 R=129% 2 o) 222 12 12/26.6
3 Fe 302 11 7.7/223 3 Fe 306 74 230/225
4 Fe 351 11 29/223 4 Fe 334 68  241/234
S Fe 368 12 13/233 Fe-z(0.29 1 o 207 25  22/266
6 0 ar7r 64 13/225 R=117% 2 0 227 16  10/276
Fe-z(0.7% 1 o) 203 48 9.7/249 3 Fe 300 21 123/200
R=8.6% 2 0 226 06 10/24.8 4 Fe 322 54  215/196
3 Fe 303 09  104/244 . 1 1
4 Ee 358 10 15/24.4 271A " <k <120A 7, AR=341A.
5 Fe 373 12 10/254 bo71A <k <100A71 AR=283A.
6 0 382 74 100/239
Fe-Z(0.6 1 5 204 44 88/251 FeOs3 already in Fe-Z(1.2), and a tendency of the coordi-
k=9.1% 32 Foe 3(2)2 (118 é'g/gi'i nation shells to move to even higher distances is observed
4 Fe 360 11 1:8;24:4 with decreasing iron content of the samples. Obviously, the
5 Fe 375 13 13/25.4 short-range order of the aggregates, while reminiscent of that
6 o 383 64 5.7/24.1 of «-FeO3 in Fe-Z(1.2), differs more and more from this
Fe-Z(0.3f 1 o) 206 45 1607221 oxide with decreasing Fe content. The high Debye—Waller
R=128% 2 0 223 02 24/230 factor of the first iron shell indicates a large degree of dis-
3 Fe 303 a7 88248 order in the particles or a superposition of different types
4 Fe 353 03 10/24.9
5 Fe 371 08 10/257 of short-range order, as suggested already by the XANES
6 o 382 44 5.3/22.0 and found earlier in Fe-Z(CVD}13]. The increase in the
Fe-2(0.2} 1 o 208 34 93/227 goodness-of-fit-parameter has analogous implications.
R=122% 2 o) 230 05 6.3/218 The low intensity of the scattering events above 3 A (un-
3 Fe 313 09  162/245 corrected) prompted us to also try models with a lower num-
4 Fe 359 04 99/245 ber of Fe neighbors, which would meet the Nyqvist criterion
5 Fe 379 10 6.9/254 also at low Fe content. Models with only one Fe neighbor did
6 0 382 48  167/217 . g ) .
not provide satisfactory fits at all; two examples with two Fe
a271 A <k <120A7Y AR=341A. shells, which have also been tried to test the suitability of
bo71 At <k <115A7Y AR=339A. a y-Fe0s3 short-range order in our case, are summarized
¢ 271A "t <k <100A7Y, AR=308A. in Table 4 It appears that these models are inappropriate as
d271 A7 <k <1002 AR=283A. well, because they result in unrealistically high iron CNs and

Debye—Waller factors.

this system. At the same time, the comparison with the crys-  In summary, our XAFS results imply that ILIE produces
tallographic data indicates which systematic error has to besamples with a lower degree of aggregation than CVD of
expected with the simplified model employed. Apart from FeChk into H-ZSM-5, with decreasing cluster content at
some deviations in the distances of the closely neighboring smaller Fe content. At high Fe content (1.2 wt%), there is
O shells, there are, in particular, errors in the Fe coordination some structural similarity of the clustered phase 66,03
numbers (CNs). The CNs of shells 3 and 4 are overestimated(and a definite dissimilarity compared withFe; O3, which
by ca. 30%, whereas those of shell 5 and the last (oxygen)has a first Fe—O shell below 1.9 A and only two Fe—Fe shells
shell are seriously underestimated, which may have beenin the second coordination sphere); however, significant de-
caused by a rather small impact of these scattering eventsviations (or the presence of an additional clustered structure)
on the total signal of the second coordination sphere. are obvious and become more pronounced at lower Fe con-

Figs. & and ¢ exemplify the application of this model to tents. Even in the material with a higher degree of aggrega-
samples Fe-Z(1.2) and Fe-Z(0.2). Fit results for all samples tion, no order beyond 3.5 A (uncorrected) was detected.
are listed inTable 3 In all cases, the sum of the coordination
numbers of the first two O shells is between 4 and 6, which 3.6. UV-vis
indicates the presence of octahedrally and tetrahedrally co-
ordinated iron. The sum of the coordination numbers of the = UV-vis spectra of Fe-ZSM-5 catalysts prepared by ILIE
iron shells, which is 13 i-Fe,O3, decreases with decreas- and calcined in air are displayed figs. a—e, where spec-
ing iron content of the zeolite samples from 3.4 (sample tra of reference samples are also givéigé. 9-h). The
Fe-Z(1.2)) to 2.3 (sample Fe-Z(0.2)). As for the interatomic spectral shapes, which vary strongly with the iron content,
distances, there is no perfect coincidence with those-in  may be represented by sub-bands, as indicated in the fig-
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Fig. 9. UV-vis spectra of Fe-ZSM-5 prepared by ILIE, after calcination in air at 823 K, compared with reference spectra. (a) Fe-Z(0.2); (b) Fe-Z(0.3);
(c) Fe-Z(0.6); (d) Fe-Z(0.7); (e) Fe-Z(1.2); ¢yFe,O3 andy-Fe>Og3; (g) Fe-Z(CVD); (h) Fe-Z(MR). In panel (f), the spectrum of Fe-Z(1.2) is added in gray,
enlarged to include the-Fe,O3 spectrum completely in the range assigned to large aggregated@0 nm). This comparison shows that in Fe.Z(1.2) the
intensity at< 300 nm (isolated sites) cannot be accounted for completely by contributions from aggregates even in the most unfavorable case.

ures (for numerical results s@able 5. At low Fe content, Table 5

there is hardly any signal above 400 nm, and 95% of the Numerical analysis of UV-vis spectra of Fe-ZSM-5 cataly5ig.(9). Per-
spectral intensity is accounted for by sub-bands centeredcentage of the sub-bands; (- < 300 nm, /; — 300 < A < 400 nm,
at A < 300 nm {Table §. With increasing Fe content (Fe- I3 — % > 400 nm) and wt% Fe of the corresponding species (see text)

Z(0.6), Fe-Z(0.7)), the spectrum becomes broader, but ca.Catalyst  Fe? Feo Fe® Total Fe
95% of the spectral intensity is still covered by bands cen- l1 (%) Wi%) 12 (%) WI%) I3(%) Wi%) (Wi%)
tered below 400 nm. Only the spectrum of Fe-Z(1.2) extends Eeiggg g?o gégs gg 8.815 - - 8;

. e e- . . . . - -
significantly to wavelengths above 400 nm. Fe-z(06) 762 046 185 011 53 003 06

The assignment of the sub-bands has been discussed ifte-z(0.7) 707 049% 229 016 64 0045 07
some detail if24,28]and is based on earlier proposals made Fe-Z(1.2) 48 058 234 028 280 034 12
in [42]. We ascribe the bands at220 nm and~ 285 nm a |solated F&T in tetrahedral and higher coordination.
to Fe* « O charge transfer bands of isolated Fe ions in ° Oligomeric Fe3+0, clusters.

. . . Cc H
tetrahedral and octahedral coordination, respectively Large FOs particles.
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r2/t1 — e transitions unresolved); the band-at350 nm to give some preference to theFe,O3 short-range order, how-
oligomeric clusters; and sub-bands above 400 nm to largeever with strong distortions or coexistence of a different type
particles. From the intensity of the sub-bands and the relative of short-range order. However, even if all intensity found
percentage, and by multiplication with the total Fe content, for Fe-Z(1.2) at 400 nm and above was assigned to well-
the amount of each kind of Fe species has been derivaed (  crystallizedy -FeO3, there would remain a significant ex-
ble 5. This analysis neglects the wavelength dependencecess intensity over thg-FeO3 contribution below 300 nm
of the absorption coefficient, which is not known for this (seeFig. 9, where the spectrum of Fe-Z(1.2) has been scaled
system. However, since the variation in the absorption coef-to match that ofy-FeOs in the region around 400 nm),
ficient may be expected to be smooth and not erratic, the which proves the presence of isolated sites in significant
values obtained may be considered a meaningful approx-quantities also in Fe-Z(1.2). While we consider the assump-
imation, possibly superimposed by a moderate systematiction of an ordereg -Fe;O3 particulate phase as highly unre-
deviation that does not affect the conclusions of the presentalistic (vide supra), it may be safer to consider the 0.5 wt%
work. Indeed, absorption coefficients determined fofCo  of isolated F&" species in Fe-Z(1.2)Table § as an upper
ions at different positions in pentasil zeolites were found to limit.
differ only marginally[43]. According toTable 5 ca. 95%
of the iron is mononuclear in Fe-Z(0.2) and Fe-Z(0.3). With 3.7. TEM
increasing Fe content, the percentage of isolated sites de-
creases, but because of the increased Fe content of the sam- |n Fig. 10 TEM micrographs of sample Fe-Z(1.2) are
ples, the absolute amount of isolated iron species in the cat-compared with those of Fe-Z(CVD). In both samples, large
alysts goes on increasing and levels off above 1% Fe. iron oxide aggregates can be clearly detected. They coex-
In samples with significant particle content (Fe-Z(1.2)), ist with much smaller particles (see, egig. 10, lower left
there is some uncertainty regarding the actual percentage obanel), which are probably intra-zeolite. Generally, the size
isolated sites because contributions of the particles in theof the big aggregates is larger in Fe-Z(CVD) than in Fe-
A < 300 nm wavelength region cannot be completely ruled Z(1.2); typical sizes are between 20 and 50 nm in the former
out. Fig. 9 shows UV-vis spectra of possible references and between 5 and 20 nm in the latter. Their surfaces are
for the particlesu-Fe,O3 and y-FeO3z. Whereas the for-  usually curved. Only in Fe-Z(CVD) were some (rare) exam-
mer does not contribute below 300 nm, the latter does. Theples of well-crystalline oxide aggregates with sharp edges
EXAFS results, although indicating in general a high disor- found on the external zeolite surfadéd. 10 marked by ar-
der in the aggregated species (see also Discussion sectionyows in upper left panel). The location of the aggregates with

Fe-Z(CVD) Fe-Z(1.2)

Fig. 10. TEM micrographs of Fe-Z(CVD) and Fe-Z(1.2).
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curved boundaries is less clear. Whereas extra-zeolite locatra recorded at 77 and 298 K are compared. Several signals
tion is likely with some of them, others seem to be covered known from earlier studig®4,28]can be distinguished. Sig-
by a layer of light matter. On the whole, a broad particle size nals atg ~ 4.3 andg ~ 6 (which is weak under ambient
distribution is seen in both samples, with an upper end at conditions because of the influence of adsorbed water, but
much higher sizes for Fe-Z(CVD). more pronounced at higher temperatuigigg. 1k, d)) have
During the measurements, a strong perturbation of the been assigned to isolated ¥eions in tetrahedral coordi-
electromagnetic lens field, which had to be corrected to ob- nation and in environments with more neighboring oxygen
tain high-quality micrographs, was observed for sample Fe- ions (5 or 6), respectively. In addition, a narrow and a broad
Z(1.2) but not for Fe-Z(CVD). This is a hint for a higher net signal atg ~ 2 can be discerned.
magnetic moment of sample Fe-Z(1.2). In samples Fe-Z(0.2) and Fe-Z(0.3) the: 2 EPR signal
EDX measurements of the zeolite crystals in sample Fe- is assigned to isolated Eeions in a highly symmetric envi-
Z(1.2) at positions free of @3 particles always showed the ronment Fig. 11a). This is also consistent with the fact that
presence of iron. This suggests that inside the pore systenthe line intensity increases markedly with cooling to 77 K,
there is a rather homogeneous distribution of Fe. For Fe-which is typical for pure paramagnetic behavior according to
Z(CVD), areas free of F£3 were difficult to find, because  the Curie—Weiss law. It is also in agreement with UV-vis re-
of the rather homogeneous distribution of very small parti- sults that indicate the presence of almost exclusively isolated
cles Fig. 10 lower left panel). In certain areas of sample Fe speciesKigs. & and b). In samples with 0.6 and 0.7% Fe,
Fe-Z(1.2) a porous cloudy structure was detected that con-for which UV-vis spectra indicate the presence of a certain
tained, in addition to Si and Al, about 30% Hé&d. 10 lower amount of oligomers and even some,Bg nanoparticles
right panel). This species was probably formed by partial de- (bands above 300 and 400 nmHigs. & and d), a broad
struction of the zeolite lattice due to the long-term treatment line with a low field maximum around 2350 G at 298 K is
in HCI solution. However, these amorphous structures were superimposed on the narrow signalgats 2 (Figs. 14, b).

clearly a minority feature. In sample Fe-Z(1.2), where UV-vis showed a pronounced
trend toward formation of oxide particles, which according
3.8. EPR to TEM have a size of several nanometerig§. 9e, 19,

the linewidth of the broad signal is even larger, shifting the
In Fig. 11, ex situ EPR spectra for calcined Fe-ZSM-5 low field maximum to about 880 G, whereas the narrow

prepared by ILIE are presented. Figs. 15 and b, spec- line, though easily visible, does not increase with rising tem-
g=43 g=43
g=2 .
g=68 |
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Fig. 11. EPR spectra of Fe-ZSM-5 prepared by ILIE. (a, b) comparison of spectra taken at 77 K and room temperature; (c, d) temperature dependence of the
spectra of Fe-Z(0.6) (c) and Fe-Z(1.2) (d).
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perature, which indicates a deviation from a paramagnetic signal appeared at4y 2 in Fe-Z(CVD) upon heating above
(isolated) natureKig. 11b). 373 K [24]. The difference in the temperature dependence
It was shown earlier that the temperature dependence ofof the EPR signals of the two samples might be due to the
the signal intensity bears valuable information on the pres- difference in particle size, which is also detected by TEM
ence of magnetically coupled phag@4,44,45] Whereas (Fig. 10. In Fe-Z(CVD), particles larger than 50 nm are
well-ordered crystallinex-Fe,O3 is antiferromagnetic be-  formed, whereas the particles are much smaller in Fe-Z(1.2).
low the Neel temperaturéy = 960 K and should therefore It is possible that the former are truly antiferromagnetic up
not be EPR-active, it has been shown that nanoparticles ofto a temperature of about 400 K, and the latter change from
a-Fe0s3 (d ~ 3 nm) do give rise to an EPR signal below ferrimagnetic to superparamagnetic at markedly lower tem-
T'n because of incomplete compensation of the spin mo- peratures. This would also explain why the observed per-
ments[43]. At low temperature, these particles show ferri- turbation of the electromagnetic lens field during TEM mea-
magnetic behavior. In the EPR spectra, this is reflected by surements was strong for sample Fe-Z(1.2) but negligible for
broad anisotropic signals, since the resulting magnetic mo-Fe-Z(CVD).
ment vectors of the particles tend to align with the direction
of the external magnetic field. With rising temperature, ther-
mal fluctuations lead to the collapse of the ferrimagnetic 4. Discussion
order and the particles become superparamagnetic above
the so-called blocking temperature. As a result, the EPR 4.1. Structure of the Fe sites
signal narrows and shifts towagd~ 2 as the temperature
increased45]. It was also shown that the transition from The results of the spectroscopic investigation show that
the ferrimagnetic to the superparamagnetic state is shiftedthe improved liquid ion exchange technique gives access to
to higher temperatures as the particles become larger; thasamples that are structurally more homogeneous than those
is, for a given temperature the EPR linewidth increases with prepared by CVD of Fe@linto H-ZSM-5. On the other
the size of the magnetic particles. Thus, characteristic EPRhand, it makes it possible to vary the site structure to include
spectra have been observed for samples with a certain dis-oligomeric and particulate moieties as present in the CVD-
tribution of FeOgs particle diameters, which consist of a derived Fe-ZSM-5. At an iron content less than or equal
superposition of a broad anisotropic and a narrow isotropic to 0.3 wt%, ca. 95% of the iron is present in mononuclear
signal[46]. sites. This conclusion is based mainly on the UV-vis data
Against this background, temperature-dependent EPR(Fig. 9, Table §. Itis confirmed, however, by the EPR results
measurements have been performed with samples Fe-Z(0.6]Fig. 11a), where all signals observed with Fe-Z(0.2) and Fe-
and Fe-Z(1.2)Kigs. 1 and d) as described earlier for Fe- Z(0.3) could be assigned to isolated sites and exhibit para-
Z(CVD) in [24] to gain more information about differences magnetic behavior. The EXAFS results support this conclu-
in the nature of the iron oxide aggegates. Frbig. 11c it sion qualitatively with a very low sum coordination number
can be seen that the signal @t 2 for sample Fe-Z(0.6)  of the neighboring Fe shells (1.8-2.4 in Fe-Z(0.3) and Fe-
narrows slightly and follows a Curie-like temperature de- Z(0.2) vs 13 ine-FeO3). Such a low coordination number
pendence, which is typical for both isolated®*Eeons but indicates either a very small average size of the aggregates
also for oxide nanoparticles in the superparamagnetic state or the coexistence of a small number of aggregates with an
UV-vis measurementd={g. 9c) suggest that this sample is excess of isolated sites.
dominated by isolated R& ions with a small contribution of At 0.6-0.7 wt% Fe, coexistence of isolated and oligomeric
oligomers. Because of their location inside the pore system, moieties is found by UV-vis spectroscogyid. 9, Table 5,
these oligomers are assumed to consist of a few Fe atomsand an increasing clustering tendency is supported by EX-
only, which is probably not enough to create superpara- AFS, where the Fe sum coordination number increases
magnetic behavior. Therefore, the~ 2 signal in sample  above 3 Table 3. The coexistence of isolated ¥eions
Fe-Z(0.6) has to be regarded as arising from both highly and weakly interacting Fe sites within oligomers of low nu-
symmetric isolated Fe& species and small oligomers with  clearity is also suggested by the temperature dependence
weak dipolar coupling. of the EPR spectraF{g. 11c). However, the missing fer-
The EPR spectrum of sample Fe-Z(1.2) at 298 K is char- rimagnetic/superparamagnetic behavior confirms that the
acterized by a very broad anisotropic line and two narrower formation of extended oxide particles does not take place
features ag ~ 2 (Fig. 11d). The two broader lines narrow at Fe contents of 0.6-0.7%. At an Fe content of 1.2%, the
and are shifted to a higher resonance field with increasing aggregation is obvious, not only from UV—vis and TEM
temperature (marked with arrows). Based on the considera-measurements, but also from the EPR spectrum itself, the
tions above, these two signals can be assigned to ferrimagtemperature dependence of which is typical for ferrimag-
netic/superparamagnetic &2 particles of different size,  netic/superparamagnetic f&; nanoparticlesKig. 11d).
whereas the remaining narrow signalgat- 2 might be due Given the literature reports on conflicting results of dif-
to isolated and weakly interacting Hesites. In contrastto  ferent techniques regarding the size of the Fe oxide nanopar-
sample Fe-Z(1.2) prepared by ILIE, a huge, rather narrow ticles, a more detailed discussion of this question is of in-
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terest. In the TEM micrographs, the difference in the par- left and upper right panels). It has been demonstrated in
ticle sizes in Fe-Z(1.2) and Fe-Z(CVD) is shown directly [13]that EXFAS is able to detect long-range order in Fe ox-
(Fig. 10. The difference is also clearly indicated by the ide particles that are formed during solid-state ion exchange
different temperature dependence of the EPR spectra (com-of an excess of Feglinto H-ZSM-5 followed by calcina-
pare Fig. 11d with Fig. 2 in[24]), since the temperature tions without intermediate washing. These particles proba-
series shows the antiferromagnetic/paramagnetic transitionbly had never been intra-zeolite. Well-crystallized particles
in Fe-Z(CVD) at a markedly higher temperature than with on the external zeolite surface are found also in Fe-Z(CVD)
Fe-Z(1.2). The strong perturbation of the electromagnetic (Fig. 10 upper left panel), but they are very rare. Since ag-
lens field during the TEM investigation of Fe-Z(1.2) (but not gregation is known to occur only upon washing and calcina-
with Fe-Z(CVD)) gives an additional hint of a smaller parti- tion in Fe-ZSM-5 prepared by CVD of Fegihto H-ZSM-5

cle size in the latter. [13,24,39] these crystalline particles do not seem to be a re-

Differences in the particle size are also accounted for sult of incomplete distribution of the iron, but rather the final
by the TPR results. Indeed, in the TPR trace of ILIE-1.2 state of a migration process. This migration process transfers
(Fig. 5, there is much less intensity at high temperatures, mononuclear iron species from intra- to extra-zeolite loca-
which is usually assigned to aggregates (cf. spectra of refer-tions, with intermediate formation of oligomers of growing
ence oxides). The reduction degree achieved with Fe-Z(1.2)size and, in the near-surface region of the zeolite crystal, of
is well above HFe= 1, which would be expected for Fe more or less extended oxide conglomerations, probably ac-
ions at cation positions. It is, in fact, comparable to that of companied by massive structural damage and inclusion of
Fe(CVD), indicating a similar amount of Fe in clusters, the alumosilicate matter.
size of which is smaller.

On the other hand, UV-vis seems to be insensitive in the 4.2. Relation between structure and catalytic performance
range of sizes considered. The range of cluster sizes in whichof Fe sites
the absorption shifts from the 300-400 nm wavelength re-
gion tox > 400 nm is unknown. Already ifR4] it has been Catalysts of the ILIE series provide, to our knowledge,
shown by comparison of temperature-dependent EPR datahe best SCR activities published for Fe-ZSM-5 in the liter-
with UV-vis spectra that aggregates of strongly varying sizes ature so far (excludinff], which has not been reproduced).
give indistinguishable UV-vis bands above 400 nm. This is With isobutane, Fe-Z(0.3) gives a peak NO conversion of
now confirmed by a comparison of the TEM micrographs, > 86% at 623 K Fig. 1), whereas other authors report 78—
which show very different particle sizes for Fe-Z(1.2) and 86% for Fe-ZSM-5 made via the CVD route (including those
Fe-Z(CVD) (Fig. 10 with the respective UV-vis spectra additionally promoted by Laj11,47] with Fe contents of
(Figs. ® and g), which are very similar despite the lower ca. 5%. It is true that application of a moist feed increases
Fe content. the peak conversion over La-Fe-ZSM-5 to 904%]. How-

As observed already if13] and confirmed if25], EX- ever, at higher temperatures, this catalyst suffers the same
AFS fails to indicate the very extended Fe oxide aggregatesloss in NO conversion as other Fe-ZSM-5 materials pre-
formed upon thermal stress in the Fe-ZSM-5 catalysts. The pared via the CVD route, ending up at 40-50% conversion
sum coordination number of the Fe shells does not increaseat 723-773 K (see, e.g[11]) where Fe-Z(0.3) still con-
significantly from Fe-Z(0.7) to Fe-Z(1.2)Téble 3, and it verts > 70% of the NO. This excellent behavior at higher
appears to be small, given the considerable extent of aggretemperatures is a key feature of the latter. INngN6CR, Fe-
gation indicated by the UV-vis spectruffig. 9) and the size  Z(1.2) compares well with a Fe-ZSM-5 of 1.9 wt% made by
of the particles shown in the TEM micrographsd. 10. Long and Yand30] by the same preparation route as the one
The difference in the EXAFS spectra between Fe-Z(1.2) and we have adopted here. In a run at 1,100,008, lFe-Z(1.2)
Fe-Z(CVD) (ig. 7), in which very large aggregates were de- achieved or exceeded the conversions report¢8@Uhat all
tected by Mossbauer and EPR spectrosdafy24]and now temperatures with a slightly lower Fe content. As in case
by TEM, consists just of smaller intensities of the scattering of isobutane-SCR, it has been shown very recently that Fe-
event at 3.3 A (uncorrected) and of some doubtful features ZSM-5 can be effectively promoted by rare-earth ions, in
between 4 and 5 A (uncorrected) in Fe-Z(1.2). This con- this case ceri{48].
firms, indeed, the lower extent of aggregation in Fe-Z(1.2),  The availability of quantitative estimates for the amounts
but it does not allow more detailed conclusions to be drawn, of Fe species in the catalysts employed prompted us to cor-
because of the obvious insensitivity of the method to the ag- relate SCR rates with these data. Since the rates have been
gregates. measured far outside the differential range of conversions,

It has been discussed[ibi3,25]that the failure of EXFAS assumptions regarding the rate law had to be made to al-
to detect these particles should be due to a high degree of dislow the correlation of rate constants with the quantity of
order in them. Our TEM image&ig. 10 confirm this view. sites. A first-order rate law was assumed for both reac-
In both samples studied, the majority of iron seen by TEM tions. For NK-SCR, this is fully in agreement with kinetic
appeatrs to be involved in large aggregates with curved sur-measurements of Huang et §9], who found orders of
faces and in very small intra-zeolite particl€sy. 10, lower ~ 1 for NO and~ 0 for NH3. For hydrocarbon-SCR, there
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are hardly any kinetic measurements available, except for For NHz-SCR, similar conclusions can be drawn from the
the methane reductant. There, the sum of reaction orderscorrelations inFig. 12. The attempt to correlate with Fe in
of NO and methane (for equimolar feed) is often found to oligomers alone failsKig. 12 b2). However, the best result
be around 1, but in some reports it is considerably higher is achieved here with the total Fe contdrity, 12 b1), which
(cf. [50]). is even better than that achieved with the sum of isolated and
Fig. 12a shows the results for different correlation at- oligomeric sitesfig. 12 b2). From this, it can be concluded
tempts for isobutane-SCR at 523 K, which is well below that all accessible iron, probably including the surfaces of
the conversion maximum. It is clear from this figure that the oxide aggregates, participates in NBCR.
the rate constant correlates best with the sum of the iron in  Despite the rather clear-cut results, these correlations
isolated and oligomeric sites, whereas there is no propor-should be taken with some caution. As mentioned above,
tionality with the concentration of the oligomeric clusters the actual species concentrations may be influenced by a
alone Fig. 12 a2). Therefore, a major contribution of the moderate systematic deviation, and the results of Fe-Z(1.2)
isolated sites can be identified. The correlation of the rate may be additionally affected by the uncertainty about con-
constant with the concentration of isolated sites yields a benttributions of the clusters at lower wavelengths. Moreover, all
curve Fig. 12 al), which implies the participation of a sec- “species” employed in the analysis represent in fact several
ond type of site, the oligomers. Given the fact that only one sites, which may have different reactivities. Thus, there are
of the samples contains significant amounts of large aggre-three types of isolated sites, the different reduction behavior
gates, one might expect that the correlation with the total Fe of which is demonstrated in Part Il of this pap@2]. Hence,
does not differ much from that with the sum of oligomers differences in their intrinsic SCR activities seem to be quite
and isolated sites. This is indeed the case; in fact, the corre-likely. The intrinsic activity of oligomers may be influenced
lation does not go through the origin, although the intercept by their nuclearities, and that of the aggregates by the state
is small Fig. 12 al). Apparently, the surfaces of the clusters of their structural order. However, most of the conclusions
do not contribute to the SCR reaction, which agrees with ob- suggested above may be also derived without reliance on the
servations made by many other groups before. guantitative correlations shown Fig. 12

wt.-% Fe(iso) wt.-% Fe(iso)
0620 0.2 0.4 06 . 0.0 0.2 0.4 0.6
ST : : : 020 f 4 . . 10.20
[ ]

0.4 4 {o4 015 191
X ® XX X
) T o0} {010 &
024 Jo2 £ E E

0.05 40.05

0.0 . . 0.0 0.00 ! . 0.00

0.0 0.5 10 0.0 0.5 1.0
wt-% Fe(total) wt-% Fe(total)
wt-% (Fe(iso) + Fe(oligo)) wt-% (Fe(iso) + Fe(oligo))
00 02 04 06 08 00 02 04 06 08

06 : y : +— 0.6 0.20 v : T T 0.20

a2 ' b2 * ’
*

04l loa 0.154 40.15
X s K " <
< £ < < 010 % {o.10 ©
Eo02} {028 E £

0.054 £ 40.05

0.0 . 0.0 0.00 y 0.00

0.0 0.2 0.4 0.0 0.2 0.4

Fig. 12. Correlation of SCR rates (first-order rate constants) with the concentration of different Fe species detected by UV-vis spectrosd®pyitifa) SC
isobutane at 523 K; (b) SCR of NO with ammonia at 523 K.

wt-% Fe(oligo)

wt-% Fe(oligo)



M. Schwidder et al. / Journal of Catalysis 231 (2005) 314-330 329

Thus, the conclusion about the activity of isolated sites sion under more and more moderate conditions. Our in situ
in isobutane-SCR may be based also on the fact that thespectroscopic studies show indeed that under reaction condi-
best catalyst (Fe-Z(0.3)) contains almost all of its iron in tions, the iron sites are much more reduced in isobutane-SCR
mononuclear entities, and that the dramatic increase in thefeed than in NH-SCR feed; that is, the interaction of NH
concentration of oligomeric sites in Fe-Z(0.Gpable § on with the iron is much weakdB2]. This explains why clus-
the whole cause the catalytic behavior to deteriorate. How- tered sites exhibit a constructive role in BHSCR but not
ever, a contribution of the oligomeric sites to the SCR can- in isobutane-SCR, and it forms the basis of quite different
not be conclusively identified from the present data on a optimization strategies for Fe-ZSM-5 in these reactions. For
qualitative basis because it is not possible to separate thasobutane-SCR, the concentration of isolated sites has to be
assumed contributions of mononuclear and oligomeric sitesincreased, avoiding clustered sites. For ;N&CR, a high
qualitatively. If, however, the concentration of isolated sites dispersion of iron should be sought as well, but the Fe con-
in Fe-Z(1.2) is indeed overestimated (vide supra), a signif- tent may be increased without limitations imposed by cluster
icant contribution of oligomers would have to be invoked formation, because small clusters are favorable in this reac-
to explain the further growing low-temperature conversion tion.
despite the decreasing concentration of isolated sites. With
NHg-SQR, the confirmation of the catalytic relevance of iso- 5 conclusions
lated sites follows the same lines drawn for isobutane-SCR,;
the dramatic increase in the concentration of oligomeric sites  Fa.z5M-5 catalysts with low Fe content (0.2—1.2 wt%)

betwegn Fe—Z(O.3) and Fe-Z(0.6) does not cause a correyyere prepared by exchange of Na-ZSM-5 witi*Féons
sponding jump in NO conversiofig. 3). Itimproves, how-  that were formed by the dissolution of iron metal in acidic
ever, the activity much more than the gradual growth of the medium. The structure of the Fe species was character-
isolated site concentration would justify, and the increase jzeq py various physicochemical techniques (UV-vis, EPR,
goes on up to Fe-Z(1.2). Therefore, the contribution of the x_ray absorption spectroscopy, TPR, TEM) and related to
oligomers to the SCR of NO is more obvious for the ammo- their activity in the selective catalytic reduction of NO by
nia than for the isobutane reductant. Indeed, looking at NO jsoputane or by ammonia. It was found that at Fe con-
conversions at higher temperatures suggests that they mightents less than or equal to 0.3 wt%, ca. 95% of the iron
possess a higher intrinsic activity in this reaction: when pro- was present as mononuclear sites of different coordination,
ceeding from Fe-Z(0.3) to Fe-Z(0.6), which increases the \yhereas mononuclear sites coexisted with oligomeric enti-
mononuclear sites moderately and adds oligomer sites in antjies at 0.6-0.7 wt% Fe, and additionally with large, poorly
amount still much below that of the isolated sites, the NO ordered Fe oxide aggregates at 1.2% Fe.
conversion jumps from 18 to 53% at 673 K, and from30to  The catalysts prepared proved highly active in both SCR
78% at 723 K Eig. 3. A contribution of the particles can-  reactions, competing favorably with catalysts prepared by
not be identified from qualitative considerations, but given chemical vapor deposition of FeCinto H-ZSM-5, which
a particular activity of the oligomers, a contribution of the contain much more iron. By correlation of the activities with
particle surfaces should not be ruled out, although it would the concentration of different Fe sites observed, it was estab-
be marginalized by the contributions of the higher disperse jished that mononuclear Fe ions are active sites for both SCR
entities. reactions. At the same time, oligomers contribute to both

As for the catalytic contribution of clustered structures, reactions as well, probably with a higher intrinsic activity
our results permit us to draw an additional conclusion that than the mononuclear sites in N#SCR. On the other hand,
leads to a unified understanding of the catalytic behavior oligomers (and aggregate surfaces) are more active in the
of Fe-ZSM-5 in both reactions. The increase in the concen- unselective oxidation of the reductant, which limits the tem-
tration of clustered sites from Fe-Z(0.3) to Fe-Z(1.2) leads perature window of selective NO reduction. This unselective
to a continuous deterioration of the catalytic behavior in attack by clustered species occurs at low temperatures in the
isobutane-SCR, except for the lowest temperature studiedcase of the isobutane reductant; hence, the catalyst perform-
(Fig. 1). This is obviously due to an increased tendency to- ing best in this reaction was almost void of clusters. With
ward the unselective total oxidation of isobutane. The bridg- the NH; reductant, the unselective attack occurred at much
ing oxygen, be it in binuclear complexes as favored by higher temperature, and the limitation of the selective tem-
[10,11,16,17]or in oligomers of a wide range of nucleari- perature region was of little practical importance. Hence, the
ties as suggested i3], probably participates in the SCR  pest catalyst for Ng-SCR was the one with the highest Fe
at low temperatures, but it is obviously not selective for NO, content.
but attacks the reductant unselectively at higher temperature.

In NH3-SCR, the same trend can be seen, but at much
higher temperatures. With the catalysts containing almost Acknowledgment
exclusively isolated sites, unselective plbkidation cannot
be detected up to 873 K. With increasing content of clustered  We thank the Deutsche Forschungsgemeinschaft for fi-
sites, the NH conversion starts to exceed the NO conver- nancial support (grants Br 1380/7-1 and Gr 1447/7-1).
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