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Abstract

Preparation of steam-activated Fe-silicalite containing mainly isolated iron species in extraframework positions was essential for deriving
structure-activity relationships in various® conversion reactions over iron zeolite catalysts. Characterization by UV-Vis/DRS revealed that
any significant clustering of iron did not occur in this sample. Other steam-activated FeMFI zeolites, with different framework compositions
or treated at higher temperatures, showed various degrees of clustering. The activity of the cluster-free Fe-silicalite was significantly higher ir
N> O reduction with GHg and CO. However, some level of association of iron species leads to higher activities in ditedebomposition.

Due to the intrinsic reaction mechanism, this result demonstrates the sensitivity of reactions for the form of the iron species in Fe-zeolites,
rather than the existence ofiaique active site.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction clustering of iron species into large inactive iron oxide parti-
cles. A further complicating aspect for a rational unification
The origin of the catalytic activity in the various reac- is the application of Fe-zeolites in a wide range of catalytic
tions catalyzed by Fe-zeolites has been intensively debatedeactions with a different intrinsic mechanism.
over the last decade. Despite considerable effort to charac- In this paper, steam-activated FeMFI zeolites with a dif-
terize these materials, available data are not yet sufficientferent distribution of iron species have been synthesized and
to conclude exclusively on the structure of the active iron. characterized by UV-Vis/DRS and HRTEM. Syntheses were
Binuclear iron species in FeZSM-5 have been designatedaimed at suppressing clustering or association of iron species
as the active site in various reactions, including selective in the final catalyst. The catalysts were tested }ONelated
oxidation of benzene to phenol with,®, direct NO de- reactions with a markedly different mechanism, vizON
composition, and selective catalytic reduction (SCR) offNO decomposition and YD reduction using gHg (in excess
with hydrocarbons [1-3]. However, in the last reaction, small oxygen) or CO. From the characterizations and testing, rel-
oligonuclear species of compositionge, [4] and isolated evant structure-activity relationships have been derived. Iso-
iron ions [5,6] have also been proposed as active sites. lated iron species are essential ipconversions involving
The unification of the various interpretations with respect reducing agents, while some degree of iron clustering ap-
to “the active sites” is extremely complicated due to the in- pears favorable in direct D decomposition. The intrinsic
trinsic heterogeneous nature of iron species in the catalyst.reaction mechanism determines the required structure of the
Application of widely different preparation approaches and active sites in FeMFI zeolites.
amounts of iron in the catalyst, which strongly affects the
variety and relative amount of iron species, makes it more
intricate. Particularly challenging in practice is suppressing 2. Methods
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well as the calcination and ion-exchange treatments previousand Fe-silicalite (1Al ~ oo and 0.68 wt% Fe) catalysts
to steam activation, have been described in recent publi-was very similar. The zeolites also have similar and rela-
cations [7,8]. The isomorphously substituted zeolites were tively uniform crystal sizes~ 2.5 yum), as determined by
activated in steam (30 vol%® in 30 ml (STP) minm? of SEM. The visual appearance of steamed FeAlZSM-5 and
N2 flow) at two different temperatures (873 and 1173 K) FeGaZSM-5 compared to that of Fe-silicalite (activated at
for 5 h. Hereafter, the catalysts are denoted followed by the 873 K in 30 vol% HO) already suggested a different cata-
steam temperature, e.g., FeAIZSM-5 (873 K). UV-Vis/DRS lyst constitution with respect to iron. Fe-zeolites with Al and
measurements were carried out in a Cary 400 spectrome-Ga are light brownish, which is evidence of a certain accu-
ter (Varian) equipped with a diffuse reflectance accessory mulation of iron oxide/hydroxide in the zeolite. Fe-silicalite
(Harrick). To reduce light absorption, samples were diluted was nearly white, suggesting the more isolated nature of the
with «-Al203 (calcined at 1473 K for 4 h) in a ratio of 1:5.  iron species in the catalyst.
HRTEM was carried out on a Philips CM 30 T electron mi- The UV-Vis/DRS spectra of the samples were essential
croscope. for conclusions on the nature of the iron species, especially
Catalytic activity was measured in a parallel reactor sys- supporting and complementing previous characterizations
tem, similar to that described in [9], using 50 mg of catalyst over the same materials [7,8,10,11]. Fig. 1 shows the UV-
(125-200 pm) and a space time 088x 10° g smol . The Vis/DRS spectra of FeAIZSM-5 (873 K) and Fe-silicalite
space time is defined as the ratioy F(N20)o, whereW is (873 K). Spectra of FeGazSM-5 (873 K) and Fe-silicalite
the catalyst mass anl(N20), the molar flow of MO at (1173 K), very similar to FeAlIZSM-5 (873 K), are not shown
the reactor inlet. Three reactions were investigated: (1) directhere for conciseness. Two intenséfe— O charge-transfer
N20 decomposition (1.5 mbard® in He), (2) reduction of  bands are observed in FeAlZSM-5, while Fe-silicalite only
N20 by CO (1.5 mbar BO + 1.0 mbar CO in He), and (3)  shows a single band at low wavelengths. Bands between 200
selective catalytic reduction of #O with CzHg in the pres- and 300 nm are typically assigned to isolated‘Fspecies,
ence of excess oxygen (1.5 mbag+ 1.5 mbar GHg + either tetrahedrally coordinated in the zeolite framework or
50 mbar Q in He). Before reaction, the catalysts were pre- with higher coordination [12,13], while bands between 300
treated in the corresponding feed mixture at 723 K for 1 h. and 450 nm are attributed to small oligonuclear iron species,
A gas chromatograph equipped with TCD and FID detectors (FeO),. Generallyd—d transitions of F&" are expected in
was used to analyze reactant and product gases. the range 350—-550 nm, but they are symmetry and spin for-
bidden and, therefore, extremely weak [13]. In addition, they
partly overlap with the tail of the low-energy charge-transfer

3. Resultsand discussion bands.
Extraction of tetrahedral iron to extraframework positions
3.1. Nature of iron speciesin the catalysts in FeAlZSM-5 (873 K) and FeGaZSM-5 (873 K) was virtu-

ally complete, as shown by’Fe Mdssbauer spectroscopy
A detailed characterization of the as-synthesized zeolitesand voltammetric response techniques [7,8]. Smaller ex-
upon calcination and steam treatment has been reported elseraframework iron species, including isolated iron ions and
where [7,8]. The iron content in FEAIZSM-5 (Rl = 31.3 oligonuclear species in the zeolite channels, have been iden-
and 0.67 wt%), FeGaZSM-5 (8ba= 32.6 and 0.58 wt%), tified in the UV-Vis spectra and support previous charac-
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Fig. 1. UV-Vis/DRS spectra of (a) FeAlZSM-5 (873 K) and (b) Fe-silicalite (873 K). Insets: HRTEM micrographs of the samples.
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terizations [8,10]. In addition, relatively small iron oxide correlate with the identical nature of iron species in these
nanoparticles of 1-2 nm were observed by HRTEM (inset catalysts. The activity of these samples is higher than that of
in Fig. 1a), which clearly indicates the extensive degree of Fe-silicalite (873 K), which is shifted 40 K to higher tem-
clustering during steam activation of these samples. The ab-peratures. In this case, a slightly higher activation energy
sorption around 500 nm in the UV-Vis/DRS spectrum of was obtained (155 kJ mol), suggesting the participation
FeAlZSM-5 (873 K) is typical for absorption of Fe(lll) ions  of different iron species in the process. Activation energies
in this aggregate form. were estimated around the inflection (50% conversion) of
The complete absence of the band in the range of 300-the activity vs temperature curves by assuming a plug-flow
450 nm in Fe-silicalite (873 K) indicates that the majority model and first-order reaction ini®.
of Fe*t species in this catalyst are uniform and well iso- Addition of reducing agents @Hg or CO) to the feed
lated. Previous characterization by voltammetric responsemixture lowers the operation temperature of the catalysts by
techniques showed that a fraction of iron in this sample ~ 150 K. The NO conversion over Fe-silicalite (873 K) in
remains in the framework, but this fraction is small com- N,O + C3Hg + O, and NO + CO mixtures was signifi-
pared to the extraframework species [8]. Such extraframe-cantly higher as compared to the other catalysts. Th® N
work isolated species exhibit a high coordinative unsatu- conversion over this catalyst starts at the same tempera-
ration [14]. The absence of iron clustering in Fe-silicalite ture using either gHg or CO and separates above 575 K.
(873 K) has been corroborated by voltammetry [8] and The higher activity of Fe-silicalite (873 K) in the low-
HRTEM, where no iron oxide nanoparticles were observed temperature range of these processes (500-600 K) compared
(inset in Fig. 1b). Increasing the steam-activation temper- to the other samples is of special significance. Above 873 K,
ature of Fe-silicalite to 1173 K leads to a light brownish the activity curves of the catalysts converge. Not only the
catalyst, indicating iron clustering. From the characteriza- N,O conversion is enhanced over Fe-silicalite (873 K) but
tion of this material here and elsewhere [8], it was concluded also the conversion of 48lg and CO to CQ. This indicates
that these iron species were similar to those in FeAIZSM-5 that conversions of DD and reducing agent are activated

and FeGaZSM-5 (873 K). and effectively coupled. In particular, the higher activity of
. o _ Fe-silicalite in SCR of NO with CsHg suggests that hydro-
3.2. Catalytic activity in NO conversions carbon activation occurs over iron species. This was pre-

viously suggested by other authors [15] using Na-ZSM-5

The different nature of iron species in the catalysts has jon-exchanged with Fe-sulfate or nitrate fos® reduction
a strong influence on the catalytic performance in various with CH,. Acidity does not seem to play a decisive role in
investigated MO-related reactions. ;0 conversion vs tem-  the process, which is hard to conclude from experiments us-
perature in different feed mixtures is shown in Fig. 2. The ing zeolitic supports with Brgnsted acidity. In the® +
conversion curves of FeAIZSM-5 (873 K), FeGaZSM-5 CO mixture a transition is visible. When the limiting reac-
(873 K), and Fe-silicalite (1173 K) in direct XD de-  tant CO becomes exhausted 66% N,O conversion), the
composition are very similar. For the sake of clarity, only N,O conversion curve shifts to that of the puredecom-
FeAlZSM-5 is shown in the figure. The similar light-off position.
temperature and activation energy {40 kJ mot) nicely It should be stressed that the activation efNo produce
O, species is an essential step in the reactions investigated

101 here and is controlled by the presence of extraframework
iron species. In an earlier work [16], we demonstrated that
08 extraframework Al or Ga species as well as Brgnsted sites in
the catalysts play a minor role irpl® activation. Having this
< 06t as a solid basis, the activity differences between FeAlIZSM-5
Q (873 K) and Fe-silicalite (873 K) in Fig. 2 are strictly related
§ 04 L to the distinct nature of the (extraframework) iron species
' in the catalysts. The similarity between the iron species and
activities of FeAIZSM-5 (873 K), FeGaZSM-5 (873 K), and
02r Fe-silicalite (1173 K) further supports our previous conclu-
sion.
00 % The preparation method of iron-zeolites has been recog-
500 550 600 650 700 750 800 850 nized as critical in order to obtain reproducible catalysts with
T/K a desired performance[4,7,17]. A distribution of iron species

is normally obtained upon activation of catalysts by available
Fig. 2. NpO conversion vs temperature over Fe-silicalite (873 K) (open sym- methods. Suppressing clustering ofiron species into iron ox-
bols) and FeAIZSM-5 (873 K) (solid symboals) in (a) 1.5 mbgNin He, Sy . . . . .
(b) 1.5 mbar NO and 1.0 mbar CO in He, and () 1.5 mbasQy 1.5 ide is convenient, since thege species are proven inactive at
mbar GHg, and 50 mbar @in He; W/ F(N20)o = 8.65 x 10° g s mol-1; low temperatures in the various reactions catalyzed by Fe-
P =1bar zeolites [1,3,4,8,18,19]. We have recently reported [8] that
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steam activation of isomorphously substituted FeMFI zeo- e - G TR
lites (with < 1 wt% Fe) enables a certain control of the § 4 pEd Y
degree of iron clustering, and thus on the relative amount @ E E

of certain species in the final catalyst, as compared to other AR | | WA | M5 |
methods. A rather unique achievement has been attainec (@) (b) ©

here with Fe-silicalite (873 K), in view of the remarkable

uniform nature of extraframework species in isolated posi- Fig. 3. Schematic mechanisms of the reactions investigated: (a) dig€xt N

tions. A minor association of iron species is present in this decomposition, (b) bO reduction with CO, and (c) 20 reduction with

sample The presence of Al or Gain such a structure destabi-C3H8 under excess oxygen. Atomic “O” results from the activation gON

i : - . - . over the extraframework iron site g +* — No + O*).

lizes framework iron, leading to extraction and clustering of o 2 )

extraframework species, as also happens by steam activation . . ) )

at higher temperatures with Fe-silicalite (1173 K) [8,13]. E}xcludmg other species to contribute at higher temperature,
The activity order of the different catalysts in Fig. 2 !IKe the isolated iron. _ _

strongly depends on the reaction investigated. Isolated ex- Here, not only Ollgonuc!ear iron species could act as a

traframework iron sites, present in the largest relative pro- [€Mporary storage for the first oxygen atom but even the ze-

portion in Fe-silicalite (873 K), appear essential inO\ olite matrix can act as such, important in the case of isolated

processes involving reducing agents, showing highg® N ?ron spec.iesl.8 Evidence for this can be deduced frqm exper-

and GHg (or CO) conversions (or the same conversion at 'Ments W|t218 O-labeled NO [20,21]. In these experiments

lower temperatures) than catalysts with a more extensive Much more™0 could be accommodated in the samplej than

degree of iron clustering. The small remaining fraction of F€ p"resentf 7 times mo;e). Fe was proposed as a “port-

framework iron in Fe-silicalite (873 K) is inactive forJ® hole” through which the' O was transferred to its direct

activation [16], so their controlled extraction as isolated sites ViCinity of the zeolite matrix. Most of the oxygen will not

could even lead to a higher activity differences. On the con- P€ Present as excess, but is probably exchanged, but this in-

trary, samples with a larger clustering of iron, either by a dicates the dynamics of the oxygen in the Fe catalyst.

different framework composition or higher steam activation  1he results presented here are evidence of the possibili-

temperature, are more active in direci®decomposition. ties of tailoring uniform iron sites in FeMFI zeolites, under

This activation is not caused by the presence of iron oxide specific synthesis and activation conditions._ This is of re!e—

nanoparticles observed in TEM (1-2 nm), but oligonuclear Vance from both a fundamental and a practical perspective,

species in extraframework positions [8]. The difference in SINCE every reaction determmes its optlmallacuve species.

activities between Fe-silicalite catalysts steam-activated at 1hiS is schematically shown in Fig. 3. In direce® de-

873 or 1173 K was in principle assigned to the suboptimal COmposition, oligonuclear species are preferred over iso-

extraction of inactive framework iron in the first sample. lated ions in view of the easier oxygen recombination (rate-

But a very pronounced extraction of iron was observed in detérmining step in the process) of two iron centers that

this sample, so it is rather due to a different constitution of are close together. In40 conversions involving reducing

extraframework species. The apparent activation energy ofagents, atomic oxygen deposited on an isolated iron site can

both samples differs, indicating that different species are in- P& cleaned off. This implies that the hydrocarbon “activa-

volved in the process. tion” is in fact done by the ©deposited by the pD.
Elaborating further on what is understood by “active iron

species” is required at this stage. Inp®trelated conver-

sions, an iron site can be considered as being active whenReferences
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