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Abstract

The catalytic performance (nitrous oxide decomposition, hydroxylation of benzene to phenol with nitrous oxide, and selective reduction of
nitric oxide byi-butane) was evaluated for a set of HZSM-5 and sublimed Fe/ZSM-5 catalysts, which have been extensively characterized in
an earlier contribution (J. Catal. (2003)). Nitrous oxide decomposition rates for the sublimed samples strongly increase after high-temperature
calcination and particularly, after high-temperature steaming. Only a small fraction of the total iron content is active in this decomposition. For
benzene hydroxylation the initial phenol productivity also increases with increasing severity of treatment. It is concluded that similar catalyti
sites are important. Nevertheless, Fe/ZSM-5 and Fe/ZSM-5(HTC) exhibit relatively low phenol selectivities due to significant hydrocarbon
combustion. The steamed Fe/ZSM-5, however, produces phenol with high selectivity. The stability of the sublimed samples is relatively low
due to the large coke make, attributable to the large number of active sites. Commercial HZSM-5 with an iron content of 0.024 wt% and its
steamed counterpart are also active and have a better stability, the latter one having the highest phenol productivity after prolonged reaction
times. The beneficial effect of severe activation treatments to sublimed Fe/ZSM-5, where iron is introduced at extraframework positions, is
taken as an indication that removal of lattice aluminum is important for the generation of active sites. The different activity order in NO
reduction byi-butane suggests that the active sites for this reaction are different from those for nitrous oxide decomposition and selective
benzene oxidation.
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1. Introduction [5,9-15]. The high selectivity to phenol in the selective ox-
idation of benzene using nitrous oxide as oxidant is well
Iron-containing zeolitic materials with the MFI topology ~known [16-19] and might form an alternative to the exist-
have been identified as potential catalysts for a large number"d Cumene process [20]. Other interesting reactions include
of environmentally benign processes. Foremost, the reduc-the isomerization and dehydrogenation of alkanes [21] and
tion of nitrogen oxides by hydrocarbons or ammonia [1-8] the selective oxidation of ammonia [22]. o
has been a major topic in the field of environmental cataly- | "€ two mostimportant preparation routes to active iron-

sis, because it may provide a technology for Nabatement coqtaining MFI catalysts, i.e., isomorphpu; substitution of
with diesel and lean-burn Otto engines. Promising perfor- Fe in the MFI framework followed by activation or postsyn-

mances in the decomposition of nitrous oxide have also been.theSIS addition of Fe to ZSM-5 zeolite, have been discussed

noted and are of potential value to the abatement of this no-M some ?ﬁtf\lllzlr}zasﬁ/lorgpanlon rzpt? It [ZS?-' In t_our v]lew, CI:tI
torious greenhouse gas in the tail gases of nitric acid plants"’lppe"’lrS atre -> prepared by sublimation of ke

followed by washing and calcination, a widely applied tech-
nique [4,8,10,11,14,15,23-25], produces a material with a
* Corresponding author. quite heterogeneous speciation of the iron. While the exact
E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen). distribution of Fe species clearly depends on the pretreat-
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ment procedure [23-31], we have addressed the change$ydrocarbon products and mass spectrometry (MS, Balzers

upon severe high-temperature (973 K) treatments [23]. For TPG 215) for analysis of nitrous oxide, nitric oxide, oxygen,

sublimed Fe/ZSM-5, the largest fraction is present on the nitrogen and water was used. Calibration to determine the

external surface as iron oxide/hydroxide crystallites, the re- response factors of phenol was carried out by feeding a mix-

maining fraction being retained in the micropore space as ture of toluene, benzene, and phenol to the reactor system by

neutral iron oxide nanoparticles and as charge-compensating separate high-pressure liquid pump.

complexes. Following interesting changes in the behavior of

sublimed Fe/ZSM-5 in the decomposition of nitrous oxide 2.2.1. Catalyst pretreatment

by severe treatments, i.e., high-temperature (973 K) calci- Prior to reaction, the catalyst was subjected to a calci-

nation or steaming [14,15], we have studied in detail the nation procedure. To this end, a sample was heated in an

changes in the speciation of the various iron-containing artificial air flow (100 mimirr®, 20 vol% G in He) at a

phases [23]. A combination 8fFe Méssbauer spectroscopy heating rate of 1 K min! from room temperature to 823 K.

and low-temperature nitrous oxide decomposition points out After an isothermal period of at least 2 h, the reactor was

that the amount of sites active in nitrous oxide activation is cooled to the desired reaction temperature. For NO SCR ex-

relatively low and increases with the number ofteen- periments the catalyst was purged with He prior to reaction.

ters. Severe treatment of Fe/ZSM-5 results in an increase of

such centers. The sintering of the prevailing iron oxide phase 2.2.2. Nitrous oxide decomposition

is observed by TEM and by an increase of the ordering of A concentration of 0.35 vol% (in some cases: 0.5 vol%)

such phases as derived from Reedge EXAFS measure-  nitrous oxide in He at a GHSV of 24,000 (30,000 it1)

ments. These trends are in line with the postulation that only was used for studying nitrous oxide decomposition.

a minor fraction of the iron species is active. Since the abil-

ity to activate nitrous oxide has been related to the selective 2.2.3. Benzene oxidation by nitrous oxide

conversion of benzene to phenol [19,32,33], we wanted to  The reaction mixture consisted of a mixture of 1 vol%

compare the catalytic activities of the present set of sublimed benzene and 4 vol% nitrous oxide in helium. A total flow

catalysts for this reaction. Commercial HZSM-5 with aniron rate of 100 mImin! was maintained at a total GHSV of

content of 0.024 wt%, applied in calcined and steamed form, 30,000 hr1. The carbon mass balance closed at 99%, while

forms an analogue to the commonly applied iron-substituted the nitrogen mass balance allowed accuracies up to 98%.

ZSM-5 materials. Finally, in view of the intense debate on

the active sites and the speculations that for NO reduction 2.2.4. Selective reduction of nitric oxide by isobutane

binuclear clusters are also important (e.g., [4]), we also de- Reduction of NO by isobutane was carried out by feed-

termined the activity of the sublimed catalysts in the reduc- ing a mixture of 0.2 vol% NO, 0.2 vol% isobutane, 3 vol%

tion of NO with i-butane. Oz in He to the catalytic reactor. The total flow rate was
200 mimir1, while a GHSV of 42,000 h! was adopted.
The temperature dependence of the reaction was tested in

2. Experimental the following manner: a typical reaction was performed for
4 h while analyzing the reactor effluent continuously by MS
2.1. Materials and every 10 min by GC analysis. Subsequently, the cata-

lyst was cooled to room temperature under a He flow. The
Details of the preparation and characterization of the ca- catalyst was recalcined by the earlier described procedure
talytic materials are extensively described in a companion and tested at the next temperature. During the calcination of

paper [23]. spent catalyst, carbon monoxide, carbon dioxide, and water
were detected. Repetitive activity experiments at 673 K indi-
2.2. Activity testing cated that this calcination procedure leads to the regeneration

of the initial state of the catalyst.

The catalytic reactions were carried out in a single-
pass atmospheric microflow reactor system as schematically
shown in Fig. 1. The catalyst was contained in a quartz reac-3. Resultsand discussion
tor with an inner diameter of 4 mm. Gas flows (helium, oxy-
gen, nitrous oxide, nitric oxidé;butane) were regulated by  3.1. Nitrous oxide decomposition
well-calibrated thermal mass-flow controllers. Liquid ben-
zene was fed to the reaction mixture by a Bronkhorst liquid  Table 1 summarizes the steady-state reaction rates for
mass-flow controller. To prevent condensation of phenol the nitrous oxide decomposition of the various catalysts at a re-
stainless-steel lines were contained in an oven operated afction temperature of 673 K. Generally, we observed that
453 K and where needed heated by tracing. A combina-there is an initial period of high activity followed by a
tion of online gas chromatography (GC, HP-5, detection by strong deactivation and a steady-state regime. Fig. 2 dis-
FID) for analysis of benzene, phenetputane, and other  plays the gas-phase concentrations as a function of the time
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Fig. 1. Schematic layout of the reactor setup for nitrous oxide decomposition, benzene to phenol oxidation, and selective catalytic reductigsobiltDé.

Table 1 Fe?t species exhibit a relatively high nitrous oxide decom-

Steady-state reaction rates for the decomposition of nitrous oxide at a reac-position activity. The generation of these species by autore-

tion temperature of 673 KK), the amount of oxygen atoms deposited after duction is further supported by activity data of samples pre-

decomposition at 523 KN p), and the amount of Ee centers as deter- . . .

mined from°’Fe Massbauer measurements taken from Ref. [23] treated in different atmosPheresj To thIS end, an a_‘moun.t of
Fe/ZSM-5(HTS) was pretreated in various flows with a dif-

Sample 106 ;T P, (N_ ?) (Feff) ferent oxygen concentration (total flow: 100 mlminfor

— 5 Zgg (B:X TR ng e 1.h at 658 K) befqre carrying out the pitrous o>'<ide decompo-
FelZSM-5(HTC) 0.44 Bx101% 344109 sition reac_t|0n. Fig. 3 .dlsplays the nitrous QX|de conversion
Fe/ZSM-5(HTS) 0.67 D10 4.9x 101 as a function of the time on stream for this set of experi-

ments. Clearly, a He treatment results in a relatively long
regime with high activity before a strong deactivation is ob-

on stream for a typical nitrous oxide decomposition reac- served and a steady state is attained. Subsequent treatment
tion over Fe/ZSM-5. Clearly, a strong decrease in conversion of the catalyst in 20 vol% @He for 1 h at 658 K followed

is observed after approximately 0.7 h. We suggest that theby exposure to the reaction mixture results in similar behav-
initial high activity is due to the presence of #ecenters ior. However, a much shorter deactivation period is observed.
generated by autoreduction of iron oxide particles. Expo- A similar treatment in pure ©further reduces the deactiva-
sure to nitrous oxide results in a slow reoxidation of these tion period. Notably, the steady-state conversion is similar
sites and ultimately in their deactivation. Nevertheless, thesein all cases and a pretreatment in He at 658 K restores the
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Fig. 2. Concentration of nitrous oxide, nitrogen, and oxygen durip@ Mecomposition over Fe/ZSM-5. The reaction temperature is 698 K, while the feed
nitrous oxide concentration is 0.35 vol% at a GHSV of 24,008.h

100 . .
The observation that these centers can be reoxidized by oxy-

gen (Fig. 3) agrees with their multinuclear nature, since it
is reasonable to assume that activation of molecar oxygen
requires a multinuclear site. The difference between these
sites and the ones observed¥Fe Méssbauer spectroscopy
is that the latter species are able to decompose nitrous ox-
ide at relatively low temperature [23]. Table 1 also lists the
earlier reported values for the amount of deposited oxygen
atoms by low-temperature nitrous oxide decomposition and
the Fé* contribution derived fron?’Fe Méssbauer spec-
troscopy under high-vacuum conditions at room tempera-
ture [23]. Clearly, the steady-state activity correlates to the
L I I | number of sites active in the nitrous oxide decomposition.
0 100 200 800 400 500 600 At least three species appear to be relevant: ¢) Fpecies

Time on stream (min) generated by autoreduction of aggregated iron oxide species
Fig. 3. Nitrous oxide conversion as a function of the time on stream for which are reoxidized by nitrous oxide and do not further par-
Fe/ZSM-5(HTS) with various intermittent regeneration procedures. Regen- ticipate in the catalytic cycle, (i) cationic iron oxide species
eration is carried out at a reaction temperature of 658 K by exposure to a compensating the framework charge with moderate activity,
flow (190 mimir1) of the indicated gas. The feed nitrous oxide concen- and (iii) a very small fraction of iron with the specific ability
tration is 0.5 vol% at a GHSV of 30,000 to decompose nitrous oxide at relatively low temperatures.

80 -

60 -
O/He He

40+

N,O conversion (%)

20 -

initial long deactivation period. This deactivation is related 3.2. Benzene oxidation by nitrous oxide

to Fe species that can be oxidized by molecular oxygen as

derived from the dependence on the oxygen partial pressure The phenol productivities as a function of the time on
during pretreatment. The group of Panov [33—-35] has shownstream for the various catalysts are shown in Fig. 4. Ta-
that F&+ centers created upon high-temperature activation ble 2 lists a number of reaction parameters after reaction
in FeZSM-5 and active in the catalytic nitrous oxide decom- times of 5 min, 1 h, and 5 h. Fe/SjQlid not show any
position and related alkane oxidation cannot be reoxidized activity for this reaction. In all other cases, we observe
by molecular oxygen, possibly due to structural relaxation a high initial activity followed by a strong deactivation.
after the initial loss of molecular oxygen [33]. We thus be- Clearly, the initial activity is highest for Fe/ZSM-5(HTS)
lieve that the high initial activity is caused by #ecenters and the phenol productivity decreases in the order Fe/ZSM-
resulting from autoreduction of iron oxide particles at rel- 5(HTS) > Fe/ZSM-5(HTC)> Fe/ZSM-5 for the sublimed
atively high temperatures which are slowly reoxidized to catalysts. After prolonged reaction times, the conversion of
Fe*t. These particles include predominantly small nano- the steamed sample is lowest, but the higher conversion
metric iron oxide species in the micropores but also iron of Fe/ZSM-5 and Fe/ZSM-5(HTC) is mainly due to com-
oxide aggregates on the external surface may play a role.bustion. Whereas the deactivation is relatively strong for
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Table 2
Benzene conversiorX(cgH, ), benzene selectivity to phendf €s,), nitrous oxide conversionX(y,0) and nitrous oxide selectivity to phendy,o) for the
various catalysts during benzene oxidation after reaction timgg<of 5 min, 1 h, and 5 h

Sample Rphi R =5min r=1h Rr=5h

XCeHs  SCeHs  XN20 SN0 XCgHg  SCeHs  XN,0 SN0 XCgHs  SCeHs  XN20 SN0
Fe/ZSM-5 37 23 47 35 ] 11 18 32 15 10 6 35 [07)
Fe/ZSM-5(HTC) 65 32 60 36 13 14 27 40 2 13 9 51 03]
Fe/lZSM-5(HTS) 23} 39 82 21 38 12 > 99 5 66 3 > 99 4 26
HZSM-5 26 18 60 4 60 7 > 99 2 > 98 4 > 99 1 > 98
HZSM-5(HTS) 54 31 61 5 94 13 > 99 3 > 98 9 > 99 23 > 98
Fe/SIQ 0 0 0 0 0 0 0 0 0 0 0 0 0

Additionally, the initial phenol productivity—extrapolated to zero reaction time—is givgsh( in mmol glh1.

8
Table 3

Micropore volumes {Lang) and nitrogen surface area$j fng) determined
by the Langmuir equation of the various catalysts before and after benzene

F;_\ 6L oxidation and the amount of coke formed during benzene oxidation
%’ Sample Before benzene oxidation After benzene oxidation
E Vian SLang VLang SLang Coke
- 7% 2 y—1 —1 2 41

> 4 (mig™) (mg™) (mlg™") (m°g™") (wt%)
% e Fe/ZSM-5 0.119 334 0.013 36 n
3 Vv vEv"v‘V’V‘V"V’V‘V’V"V’V‘V*V>V~v~v—v—v—v—v—va,vq Fe/ZSM-5(HTC) 0.121 341 0.020 56 n
8 Wyw Fe/ZSM-5(HTS) 0.132 371 0.084 237 .23
5 2 AAAAS S HZSM-5 0.156 440 0150 420  nd.
2 000 YVYyy voy- HZSM-5(HTS) 0.161 456 0.143 404 2
o D O0-0-0oooon g YYvy

2 Not determined.

_ 120 180_ 240 300 sted acid sites [36,37] or Lewis Al sites [38—40]. Brgnsted
Time on stream (min) acid sites do not appear to play a prominent role since re-
moval of the Brgnsted acidity of HZSM-5 by steaming [23]

Fig. 4. Phenol productivities during benzene hydroxylation (total flow

100 mimin1; feed, 1 vol% GHg, 4 vol% N,O in He; T = 623 K) for increases the activity. Moreover, the presence of these strong
(W) Fe/ZSM-5, @) Fe/ZSM-5(HTC), ¥) Fe/ZSM-5(HTS), (D) HZSM-5, Bransted acid sites does not impart a much larger coking de-
and (V) HZSM-5(HTS). activation compared to the case where such sites are absent.

This appears to contrast the recent conclusion by Meloni et
these catalysts, HZSM-5(HTS) shows a lower initial activ- al. [41]. Recent work from our group [42] provides evidence
ity than Fe/ZSM-5(HTS), but a pronouncedly higher stabil- that Fe is a required component for active oxidation cata-
ity. In fact, this catalyst has the highest phenol productivity lysts because a hydrothermally synthesized HZSM-5 sample
after prolonged reaction times. Large differences in selectiv- with a very low iron content exhibited a negligible activity
ities to phenol are observed between the various catalystsat 623 K in line with earlier propositions [19,41,43,44]. The
HZSM-5 and HZSM-5(HTS) exhibit initial benzene selec- activity of the nonsteamed HZSM-5 appears to be related to
tivities around 50—-60% which increase to over 99% within some kind of extraframework iron species, already present
1 h. On the other hand, the nitrous oxide selectivity is over after template removal [23].

90% already at relatively low reaction times, implying that The initial benzene conversion for Fe/ZSM-5(HTS) is
the initial lower benzene selectivity is due to the buildup of around 40% with a benzene selectivity around 80%. In con-
some coke products on the catalyst surface. The absence ofrast to HZSM-5(HTS), the nitrous oxide selectivity is rela-
carbon monoxide, carbon dioxide, and water confirms that tively low and considerable amounts of CO, £@nd HO

the lower selectivity is not due to combustion. Results from are detected. With increasing reaction times, phenol is pro-
nitrogen adsorption experiments and gravimetric analyses ofduced with high selectivity, although the phenol productivity
fresh and spent samples are collected in Table 3. Clearly, theis quite low ¢~ 1.0 mmol g1 h—1) due to the strong deacti-
decrease in micropore volume and surface area is relativelyvation. Despite the high selectivity of benzene to phenol at
small for HZSM-5 and HZSM-5(HTS) and the coke con- higher reaction times, the nitrous oxide selectivity remains
tent after a reaction time of 5 h is considerably smaller than far below 100%. Thus, part of the nitrous oxide is used
for the sublimed catalysts. These observations are in linefor combustion of coke residue that was initially deposited.
with the lower deactivation rate of the HZSM-5 catalysts. This is corroborated by an increase of the effluenp@én-
HZSM-5 and HZSM-5(HTS) show similar catalytic behav- centration with reaction time. Conversely, Fe/ZSM-5 and
ior. We attribute the catalytic activity of these catalysts to the Fe/ZSM-5(HTC) produce much higher amounts of combus-
presence of extraframework Fe species rather than to Brgntion products, leading to poor benzene and nitrous oxide
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selectivities. Although not totally clear, the presence of iron 5(HTS) and Fe/ZSM-5(HTS) a theoretical initial productiv-
oxide nanoparticles in the micropores may be the reason fority of 150 mmolg L h~1 for the latter sample is calculated.
the larger amount of hydrocarbon combustion for these two Thus, possibly Fe/ZSM-5(HTS) has a very high initial activ-
catalysts. Alternatively, one may also suggest that cationic ity followed by a strong decrease in the first minutes of the
Fe species contribute to the combustion of benzene. Theirreaction.
number should be smaller in the catalyst with a low iron Our study confirms that sublimation of FeCbnto
content (HZSM-5) and in the steamed Fe/ZSM-5 catalyst. HZSM-5 zeolite is not the preferred preparation method for
This may be due to oxidation by molecular oxygen formed effective catalysts for benzene oxidation to phenol. Steam-
by nitrous oxide decomposition on such cationic species ing, however, strongly increases the selectivity to phenol of
or directly by deposited oxygen atoms from nitrous oxide. sublimed Fe/ZSM-5. This hydrothermal treatment results in
The corresponding data in Table 3 confirm that the cok- an increase of the number of active sites for low-temperature
ing deactivation for Fe/ZSM-5 and Fe/ZSM-5(HTC) is more nitrous oxide decomposition [23], which is much higher than
pronounced than for Fe/ZSM-5(HTS) and the HZSM-5 sam- the number of active sites in HZSM-5(HTS). The rate of
ples. The micropore volume and surface area are stronglyphenol formation is also strongly increased. The hydrother-
reduced after 5 h of reaction. Clearly, the decrease in thesemal treatment also induces the migration of a fraction of
accessibility parameters for Fe/ZSM-5(HTS) is intermediate neutral iron oxide particles from the micropores to the exter-
to those in Fe/ZSM-5(HTC) and HZSM-5(HTS). We sur- nal surface which results in a more accessible catalyst pore
mise that the presence of small iron oxide nanoparticles in structure. The creation of mesopores may also be important.
the micropores of Fe/ZSM-5 and Fe/ZSM-5(HTC) is detri- Brgnsted acidity does not appear to be very important
mental for the stability of these catalysts, although it is not since HZSM-5 and HZSM-5(HTS) show similar reaction
clear what the mechanism of coke formation is in this case. patterns. The higher activity of the latter one is generally ex-
It might be that the resulting lower micropore volume of plained by the higher number of iron active sites created due
Fe/ZSM-5 and Fe/ZSM-5(HTC) [23] hinders the diffusion to more extensive Fe extraction from the lattice [44]. How-
of larger product molecules such as traces of dihydroxyben-ever, the very fact that high-temperature steaming is also
zenes leading to pore blocking. HZSM-5, HZSM-5(HTS), beneficial for sublimed catalysts, in which the majority of Fe
and Fe/ZSM-5(HTS) show a much higher stability. Among species was introduced at extraframework positions, points
them, Fe/ZSM-5(HTS) exhibits the strongest deactivation to to a possible role of extraframework Al species. Regarding
be attributed to the larger number of active sites. As outlined the role of Lewis Al sites, we note that the parent HZSM-5
by Meloni et al. [41], the coke deposits in benzene oxida- material already contains some amount of extraframework
tion are made up by overoxidized phenol and condensedAl species as followed frord’Al NMR measurements [23].
polyphenols. This implies that overoxidation of phenol is A speculative mechanism for the formation of the active
important in the formation of coke, providing an explana- sites in sublimed catalysts consists of two steps. First, the
tion for the stronger deactivation rate for those catalysts with reaction of neutral iron oxide nanoparticles with Brgnsted
a high initial activity. protons (protolysis) increases the number of cationic Fe
The highest initial activity of Fe/ZSM-5(HTS) is in  species [15,23]. This occurs at elevated temperatures and
line with the highest number of sites active in the low- is more extensive at higher temperatures (Fe/ZSM-5(HTC)
temperature nitrous oxide decomposition. For the sub- versus Fe/ZSM-5). These cationic species are active in ni-
limed samples, the activity decreases in the order Fe/ZSM-trous oxide decomposition and contribute to the combustion
5(HTS)> Fe/ZSM-5(HTC)> Fe/ZSM-5. This cohereswith  of benzene. Some dealumination probably takes place at el-
the notion of formation of phenol upon interaction of ben- evated temperatures, leading to the formation of a higher
zene with an oxygen atom deposited from nitrous oxide [19]. number of active sites for selective benzene oxidation. Re-
Although the number of active sites for nitrous oxide de- cently, strong indications have been provided by Hensen
composition for HZSM-5(HTS) is at least one order of et al. [42] for the relevance of extraframework mixed Fe—
magnitude smaller than for the sublimed samples, the dif- Al oxo (Fe—Al-O) species to the selective benzene con-
ferences in benzene oxidation are much less pronouncedversion with nitrous oxide. The presence of water during
It might very well be that the decreased pore volume of the high-temperature treatment (Fe/ZSM-5(HTS)) facilitates
Fe/ZSM-5(HTS) impedes stronger diffusion limitations to the extraction of Al. This will lead to the creation of more
benzene and phenol compared to HZSM-5(HTS). An al- mixed Fe—Al-O species and a decrease of the amount of
ternative explanation might be that the initial activity of cationic species. This interpretation also has validity for cat-
Fe/ZSM-5(HTS) is much higher than the value obtained alyst precursors where Fe isisomorphously substituted in the
by linear extrapolation (Table 2). This is indeed suggested framework. A study by Pérez-Ramirez et al. [45] showed
from the more pronounced deactivation of Fe/ZSM-5(HTS) that a significant part of the Fe is extracted from the lat-
in Fig. 4. In that case, initial coke make in the first stages of tice already during template removal, which agrees with our
the reaction will result in the deactivation of a large amount UV-Vis data on HZSM-5 indicating some amount of ex-
of active sites either by pore blocking or coke covering active traframework Fe species in the calcined precursor [23]. Nev-
sites. Based on a comparison of the titrated sites in HZSM- ertheless, most reports on the application of isomorphously
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Fig. 5. NO conversion as a function of the time on stream (total flow Fig. 6. NO and-butane conversion as a function of the reaction temperature

100 mimin1; feed, 0.2 vol% NO, 0.2 vol%-C4Hg, 3 vol% O, in for (W,0J) Fe/ZSM-5, @,0) Fe/ZSM-5(HTC), and4,A) Fe/ZSM-5(HTS).
He; T = 623 K) for (@) Fe/ZSM-5, @) Fe/ZSM-5(HTC), and &) Fe/ Closed symbols refer to NO conversion, open symbolshatane conver-
ZSM-5(HTS). sion.

substituted ZSM-5 catalysts for benzene oxidation stressactivity around 673 K where it is the most active catalyst.
the importance of steaming [17,19,43] or alternatively high- Whereas the high-temperature calcined sample has a con-
temperature calcination [33] for such samples. The necessitysiderably higher activity in the temperature window between
of such treatments might thus be related to the creation of 600 and 700 K, the relative order in activity below 600 K is
extraframework Al sites rather than to the extraction of addi- Fe/ZSM-5> Fe/ZSM-5(HTC)> Fe/ZSM-5(HTS). A com-
tional Fe from the lattice. This notion agrees with the higher parison at relatively low temperatures is most relevant, since
stability of Si—O—Al bonds compared to Si-O—-Fe bonds. at elevated temperatures oxidation of the hydrocarbon by
The relevance of Al extraction for active catalysts has been oxygen is dominant [25] as indicated by the decreased NO
stressed in the study of Motz et al. [40], although these au- conversion. This activity order for the selective reduction of
thors attributed the activity solely to extraframework Al sites NO by i-butane is totally different from the order of the
and did not take into account the importance of the minute nitrous oxide decomposition and benzene-to-phenol trans-
amounts of iron. Another indication supporting this proposal formation. This strongly suggests that the active sites for
is provided in the study of Dubkov et al. [33] who found that nitrous oxide activation are different from those for NO re-
impregnation of a small amount of Fedh HZSM-5 fol- duction. This is not too surprising in view of the proposed
lowed by severe activation resulted in active sites similar to mechanism for the latter reaction. The first step consists of
those in samples obtained via isomorphous substitution ofthe conversion of NO to N©by Oy, followed by the reac-

iron in ZSM-5. tion of nitrogen dioxide with carbonaceous deposits when a
hydrocarbon is the reductant [46] and with NHwhen am-
3.3. SCRof NO by isobutane monia s [7]. Although it has been promoted [25,47] that this

step takes place over cationic iron complexes, we expect that

The conversion of NO as a function of the time on stream NO; formation is not a very structure-sensitive reaction and
for the various catalysts is plotted in Fig. 5. Stable NO con- proceeds over various types of iron species. This appears to
versions are obtained for Fe/ZSM-5 and Fe/ZSM-5(HTC). agree with the fact that the NO SCR reaction is catalyzed
Surprisingly, the steamed material shows a strong deacti-by a wide range of oxides [48]. The activity order for the
vation with increasing reaction times. Whereas the initial present set of catalysts points to the importance of the iron
conversion is close to that of Fe/ZSM-5, a stable lower activ- oxide phase dispersion for a high activity in NO reduction.
ity is obtained after prolonged reaction times. The tempera- The growth of these occluded iron oxide particles and migra-
ture dependence of the conversion of NO aflmlitane into tion from the micropores upon severe treatment [23] reduce
N2, H2O, CO, and CQ for the various catalysts is plotted the number of active sites for NdJormation. We surmise
in Fig. 6. The light-off temperature of the NO reduction is that the low activity in the steamed catalyst is due to an
around 523 K. A maximum in NO conversion is observed imbalance between the formation of carbonaceous deposits
for the three sublimed catalysts. This is largely in accor- and the generation of NOto remove them. This explains
dance with the results reported by Chen and Sachtler [25],the relatively high initial activity which decreases strongly
although we find a somewhat lower maximum NO con- when deposits fill up the pores and block the active sites.
version for Fe/ZSM-5. For the present set of catalysts, the This is most probably also related to the lower content of
maximum in activity is found for Fe/ZSM-5(HTC) at atem- Brgnsted acid sites which can redisperse iron oxide parti-
perature of 623 K. The steamed sample has its maximum incles. This phenomenon has been described in detail by the
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