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Abstract

The catalytic performance (nitrous oxide decomposition, hydroxylation of benzene to phenol with nitrous oxide, and selective red
nitric oxide byi-butane) was evaluated for a set of HZSM-5 and sublimed Fe/ZSM-5 catalysts, which have been extensively charac
an earlier contribution (J. Catal. (2003)). Nitrous oxide decomposition rates for the sublimed samples strongly increase after high-te
calcination and particularly, after high-temperature steaming. Only a small fraction of the total iron content is active in this decompos
benzene hydroxylation the initial phenol productivity also increases with increasing severity of treatment. It is concluded that similarc
sites are important. Nevertheless, Fe/ZSM-5 and Fe/ZSM-5(HTC) exhibit relatively low phenol selectivities due to significant hyd
combustion. The steamed Fe/ZSM-5, however, produces phenol with high selectivity. The stability of the sublimed samples is rela
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
steamed counterpart are also active and have a better stability, the latter one having the highest phenol productivity after prolong
times. The beneficial effect of severe activation treatments to sublimed Fe/ZSM-5, where iron is introduced at extraframework po
taken as an indication that removal of lattice aluminum is important for the generation of active sites. The different activity orde
reduction byi-butane suggests that the active sites for this reaction are different from those for nitrous oxide decomposition and
benzene oxidation.
 2003 Elsevier Inc. All rights reserved.

Keywords: Fe/ZSM-5; Sublimation method; Active sites; Nitrous oxide decomposition; Benzene oxidation to phenol; NO SCR
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1. Introduction

Iron-containing zeolitic materials with the MFI topolog
have been identified as potential catalysts for a large num
of environmentally benign processes. Foremost, the re
tion of nitrogen oxides by hydrocarbons or ammonia [1
has been a major topic in the field of environmental cat
sis, because it may provide a technology for NOx abatemen
with diesel and lean-burn Otto engines. Promising per
mances in the decomposition of nitrous oxide have also b
noted and are of potential value to the abatement of this
torious greenhouse gas in the tail gases of nitric acid pl
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E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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[5,9–15]. The high selectivity to phenol in the selective o
idation of benzene using nitrous oxide as oxidant is w
known [16–19] and might form an alternative to the ex
ing cumene process [20]. Other interesting reactions inc
the isomerization and dehydrogenation of alkanes [21]
the selective oxidation of ammonia [22].

The two most important preparation routes to active ir
containing MFI catalysts, i.e., isomorphous substitution
Fe in the MFI framework followed by activation or postsy
thesis addition of Fe to ZSM-5 zeolite, have been discus
in some detail in a companion report [23]. In our view,
appears that Fe/ZSM-5 prepared by sublimation of Fe3
followed by washing and calcination, a widely applied te
nique [4,8,10,11,14,15,23–25], produces a material wi
quite heterogeneous speciation of the iron. While the e
distribution of Fe species clearly depends on the pretr

http://www.elsevier.com/locate/jcat
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ment procedure [23–31], we have addressed the cha
upon severe high-temperature (973 K) treatments [23].
sublimed Fe/ZSM-5, the largest fraction is present on
external surface as iron oxide/hydroxide crystallites, the
maining fraction being retained in the micropore space
neutral iron oxide nanoparticles and as charge-compens
complexes. Following interesting changes in the behavio
sublimed Fe/ZSM-5 in the decomposition of nitrous ox
by severe treatments, i.e., high-temperature (973 K) c
nation or steaming [14,15], we have studied in detail
changes in the speciation of the various iron-contain
phases [23]. A combination of57Fe Mössbauer spectrosco
and low-temperature nitrous oxide decomposition points
that the amount of sites active in nitrous oxide activatio
relatively low and increases with the number of Fe2+ cen-
ters. Severe treatment of Fe/ZSM-5 results in an increa
such centers. The sintering of the prevailing iron oxide ph
is observed by TEM and by an increase of the orderin
such phases as derived from FeK-edge EXAFS measure
ments. These trends are in line with the postulation that
a minor fraction of the iron species is active. Since the a
ity to activate nitrous oxide has been related to the selec
conversion of benzene to phenol [19,32,33], we wante
compare the catalytic activities of the present set of subli
catalysts for this reaction. Commercial HZSM-5 with an ir
content of 0.024 wt%, applied in calcined and steamed fo
forms an analogue to the commonly applied iron-substitu
ZSM-5 materials. Finally, in view of the intense debate
the active sites and the speculations that for NO reduc
binuclear clusters are also important (e.g., [4]), we also
termined the activity of the sublimed catalysts in the red
tion of NO with i-butane.

2. Experimental

2.1. Materials

Details of the preparation and characterization of the
talytic materials are extensively described in a compan
paper [23].

2.2. Activity testing

The catalytic reactions were carried out in a sing
pass atmospheric microflow reactor system as schemat
shown in Fig. 1. The catalyst was contained in a quartz r
tor with an inner diameter of 4 mm. Gas flows (helium, o
gen, nitrous oxide, nitric oxide,i-butane) were regulated b
well-calibrated thermal mass-flow controllers. Liquid be
zene was fed to the reaction mixture by a Bronkhorst liq
mass-flow controller. To prevent condensation of pheno
stainless-steel lines were contained in an oven operat
453 K and where needed heated by tracing. A comb
tion of online gas chromatography (GC, HP-5, detection
FID) for analysis of benzene, phenol,i-butane, and othe
s

g

f

t

hydrocarbon products and mass spectrometry (MS, Ba
TPG 215) for analysis of nitrous oxide, nitric oxide, oxyg
nitrogen and water was used. Calibration to determine
response factors of phenol was carried out by feeding a
ture of toluene, benzene, and phenol to the reactor syste
a separate high-pressure liquid pump.

2.2.1. Catalyst pretreatment
Prior to reaction, the catalyst was subjected to a ca

nation procedure. To this end, a sample was heated i
artificial air flow (100 ml min−1, 20 vol% O2 in He) at a
heating rate of 1 K min−1 from room temperature to 823 K
After an isothermal period of at least 2 h, the reactor
cooled to the desired reaction temperature. For NO SCR
periments the catalyst was purged with He prior to react

2.2.2. Nitrous oxide decomposition
A concentration of 0.35 vol% (in some cases: 0.5 vo

nitrous oxide in He at a GHSV of 24,000 h−1 (30,000 h−1)
was used for studying nitrous oxide decomposition.

2.2.3. Benzene oxidation by nitrous oxide
The reaction mixture consisted of a mixture of 1 vo

benzene and 4 vol% nitrous oxide in helium. A total fl
rate of 100 ml min−1 was maintained at a total GHSV
30,000 h−1. The carbon mass balance closed at 99%, w
the nitrogen mass balance allowed accuracies up to 98%

2.2.4. Selective reduction of nitric oxide by isobutane
Reduction of NO by isobutane was carried out by fe

ing a mixture of 0.2 vol% NO, 0.2 vol% isobutane, 3 vo
O2 in He to the catalytic reactor. The total flow rate w
200 ml min−1, while a GHSV of 42,000 h−1 was adopted
The temperature dependence of the reaction was test
the following manner: a typical reaction was performed
4 h while analyzing the reactor effluent continuously by M
and every 10 min by GC analysis. Subsequently, the c
lyst was cooled to room temperature under a He flow.
catalyst was recalcined by the earlier described proce
and tested at the next temperature. During the calcinatio
spent catalyst, carbon monoxide, carbon dioxide, and w
were detected. Repetitive activity experiments at 673 K in
cated that this calcination procedure leads to the regener
of the initial state of the catalyst.

3. Results and discussion

3.1. Nitrous oxide decomposition

Table 1 summarizes the steady-state reaction rate
nitrous oxide decomposition of the various catalysts at a
action temperature of 673 K. Generally, we observed
there is an initial period of high activity followed by
strong deactivation and a steady-state regime. Fig. 2
plays the gas-phase concentrations as a function of the
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Fig. 1. Schematic layout of the reactor setup for nitrous oxide decomposition, benzene to phenol oxidation, and selective catalytic reduction of NO by isobutane.
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Table 1
Steady-state reaction rates for the decomposition of nitrous oxide at a
tion temperature of 673 K (R), the amount of oxygen atoms deposited af
decomposition at 523 K (NO), and the amount of Fe2+ centers as deter
mined from57Fe Mössbauer measurements taken from Ref. [23]

Sample R NO Fe2+
(10−6 mol g−1 s−1) (g−1) (g−1)

Fe/ZSM-5 0.29 0.58× 1019 1.0× 1019

Fe/ZSM-5(HTC) 0.44 1.5× 1019 3.4× 1019

Fe/ZSM-5(HTS) 0.67 1.9× 1019 4.9× 1019

on stream for a typical nitrous oxide decomposition re
tion over Fe/ZSM-5. Clearly, a strong decrease in conver
is observed after approximately 0.7 h. We suggest tha
initial high activity is due to the presence of Fe2+ centers
generated by autoreduction of iron oxide particles. Ex
sure to nitrous oxide results in a slow reoxidation of th
sites and ultimately in their deactivation. Nevertheless, th
Fe2+ species exhibit a relatively high nitrous oxide deco
position activity. The generation of these species by aut
duction is further supported by activity data of samples p
treated in different atmospheres. To this end, an amou
Fe/ZSM-5(HTS) was pretreated in various flows with a d
ferent oxygen concentration (total flow: 100 ml min−1 for
1 h at 658 K) before carrying out the nitrous oxide decom
sition reaction. Fig. 3 displays the nitrous oxide convers
as a function of the time on stream for this set of exp
ments. Clearly, a He treatment results in a relatively lo
regime with high activity before a strong deactivation is o
served and a steady state is attained. Subsequent trea
of the catalyst in 20 vol% O2/He for 1 h at 658 K followed
by exposure to the reaction mixture results in similar beh
ior. However, a much shorter deactivation period is obser
A similar treatment in pure O2 further reduces the deactiv
tion period. Notably, the steady-state conversion is sim
in all cases and a pretreatment in He at 658 K restores
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feed
Fig. 2. Concentration of nitrous oxide, nitrogen, and oxygen during N2O decomposition over Fe/ZSM-5. The reaction temperature is 698 K, while the
nitrous oxide concentration is 0.35 vol% at a GHSV of 24,000 h−1.
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Fig. 3. Nitrous oxide conversion as a function of the time on stream
Fe/ZSM-5(HTS) with various intermittent regeneration procedures. Re
eration is carried out at a reaction temperature of 658 K by exposure
flow (100 ml min−1) of the indicated gas. The feed nitrous oxide conc
tration is 0.5 vol% at a GHSV of 30,000 h−1.

initial long deactivation period. This deactivation is rela
to Fe species that can be oxidized by molecular oxyge
derived from the dependence on the oxygen partial pres
during pretreatment. The group of Panov [33–35] has sh
that Fe2+ centers created upon high-temperature activa
in FeZSM-5 and active in the catalytic nitrous oxide deco
position and related alkane oxidation cannot be reoxid
by molecular oxygen, possibly due to structural relaxa
after the initial loss of molecular oxygen [33]. We thus b
lieve that the high initial activity is caused by Fe2+ centers
resulting from autoreduction of iron oxide particles at r
atively high temperatures which are slowly reoxidized
Fe3+. These particles include predominantly small na
metric iron oxide species in the micropores but also i
oxide aggregates on the external surface may play a
 .

The observation that these centers can be reoxidized by
gen (Fig. 3) agrees with their multinuclear nature, sinc
is reasonable to assume that activation of molecar oxy
requires a multinuclear site. The difference between th
sites and the ones observed by57Fe Mössbauer spectrosco
is that the latter species are able to decompose nitrou
ide at relatively low temperature [23]. Table 1 also lists
earlier reported values for the amount of deposited oxy
atoms by low-temperature nitrous oxide decomposition
the Fe2+ contribution derived from57Fe Mössbauer spec
troscopy under high-vacuum conditions at room temp
ture [23]. Clearly, the steady-state activity correlates to
number of sites active in the nitrous oxide decomposit
At least three species appear to be relevant: (i) Fe2+ species
generated by autoreduction of aggregated iron oxide sp
which are reoxidized by nitrous oxide and do not further p
ticipate in the catalytic cycle, (ii) cationic iron oxide spec
compensating the framework charge with moderate acti
and (iii) a very small fraction of iron with the specific abili
to decompose nitrous oxide at relatively low temperature

3.2. Benzene oxidation by nitrous oxide

The phenol productivities as a function of the time
stream for the various catalysts are shown in Fig. 4.
ble 2 lists a number of reaction parameters after reac
times of 5 min, 1 h, and 5 h. Fe/SiO2 did not show any
activity for this reaction. In all other cases, we obse
a high initial activity followed by a strong deactivatio
Clearly, the initial activity is highest for Fe/ZSM-5(HTS
and the phenol productivity decreases in the order Fe/Z
5(HTS) > Fe/ZSM-5(HTC)> Fe/ZSM-5 for the sublimed
catalysts. After prolonged reaction times, the conversio
the steamed sample is lowest, but the higher conver
of Fe/ZSM-5 and Fe/ZSM-5(HTC) is mainly due to co
bustion. Whereas the deactivation is relatively strong
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Table 2
Benzene conversion (XC6H6), benzene selectivity to phenol (SC6H6), nitrous oxide conversion (XN2O) and nitrous oxide selectivity to phenol (SN2O) for the
various catalysts during benzene oxidation after reaction times (tR) of 5 min, 1 h, and 5 h

Sample RPh,i tR = 5 min tR = 1 h tR = 5 h

XC6H6 SC6H6 XN2O SN2O XC6H6 SC6H6 XN2O SN2O XC6H6 SC6H6 XN2O SN2O

Fe/ZSM-5 3.7 23 47 35 7.8 11 18 32 1.5 10 6 35 0.4
Fe/ZSM-5(HTC) 6.5 32 60 36 13 14 27 40 2.3 13 9 51 0.5
Fe/ZSM-5(HTS) 8.5 39 82 21 38 12 > 99 5 66 3 > 99 4 26
HZSM-5 2.6 18 60 4 60 7 > 99 2 > 98 4 > 99 1 > 98
HZSM-5(HTS) 5.4 31 61 5 94 13 > 99 3 > 98 9 > 99 2.3 > 98
Fe/SiO2 0 0 0 0 0 0 0 0 0 0 0 0 0

Additionally, the initial phenol productivity—extrapolated to zero reaction time—is given (RPh,i in mmol g−1 h−1).
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Fig. 4. Phenol productivities during benzene hydroxylation (total fl
100 ml min−1; feed, 1 vol% C6H6, 4 vol% N2O in He; T = 623 K) for
(2) Fe/ZSM-5, (") Fe/ZSM-5(HTC), (a) Fe/ZSM-5(HTS), (1) HZSM-5,
and (e) HZSM-5(HTS).

these catalysts, HZSM-5(HTS) shows a lower initial ac
ity than Fe/ZSM-5(HTS), but a pronouncedly higher sta
ity. In fact, this catalyst has the highest phenol productiv
after prolonged reaction times. Large differences in selec
ities to phenol are observed between the various catal
HZSM-5 and HZSM-5(HTS) exhibit initial benzene sele
tivities around 50–60% which increase to over 99% wit
1 h. On the other hand, the nitrous oxide selectivity is o
90% already at relatively low reaction times, implying th
the initial lower benzene selectivity is due to the buildup
some coke products on the catalyst surface. The absen
carbon monoxide, carbon dioxide, and water confirms
the lower selectivity is not due to combustion. Results fr
nitrogen adsorption experiments and gravimetric analyse
fresh and spent samples are collected in Table 3. Clearly
decrease in micropore volume and surface area is relat
small for HZSM-5 and HZSM-5(HTS) and the coke co
tent after a reaction time of 5 h is considerably smaller t
for the sublimed catalysts. These observations are in
with the lower deactivation rate of the HZSM-5 catalys
HZSM-5 and HZSM-5(HTS) show similar catalytic beha
ior. We attribute the catalytic activity of these catalysts to
presence of extraframework Fe species rather than to B
.

f

-

Table 3
Micropore volumes (VLang) and nitrogen surface areas (SLang) determined
by the Langmuir equation of the various catalysts before and after ben
oxidation and the amount of coke formed during benzene oxidation

Sample Before benzene oxidation After benzene oxidatio

VLang SLang VLang SLang Coke
(ml g−1) (m2 g−1) (ml g−1) (m2 g−1) (wt%)

Fe/ZSM-5 0.119 334 0.013 36 10.3
Fe/ZSM-5(HTC) 0.121 341 0.020 56 11.0
Fe/ZSM-5(HTS) 0.132 371 0.084 237 3.2
HZSM-5 0.156 440 0.150 420 n.d.a

HZSM-5(HTS) 0.161 456 0.143 404 2.1

a Not determined.

sted acid sites [36,37] or Lewis Al sites [38–40]. Brøns
acid sites do not appear to play a prominent role since
moval of the Brønsted acidity of HZSM-5 by steaming [2
increases the activity. Moreover, the presence of these s
Brønsted acid sites does not impart a much larger coking
activation compared to the case where such sites are ab
This appears to contrast the recent conclusion by Melo
al. [41]. Recent work from our group [42] provides eviden
that Fe is a required component for active oxidation c
lysts because a hydrothermally synthesized HZSM-5 sam
with a very low iron content exhibited a negligible activi
at 623 K in line with earlier propositions [19,41,43,44]. T
activity of the nonsteamed HZSM-5 appears to be relate
some kind of extraframework iron species, already pre
after template removal [23].

The initial benzene conversion for Fe/ZSM-5(HTS)
around 40% with a benzene selectivity around 80%. In c
trast to HZSM-5(HTS), the nitrous oxide selectivity is re
tively low and considerable amounts of CO, CO2, and H2O
are detected. With increasing reaction times, phenol is
duced with high selectivity, although the phenol productiv
is quite low (∼ 1.0 mmol g−1 h−1) due to the strong deact
vation. Despite the high selectivity of benzene to pheno
higher reaction times, the nitrous oxide selectivity rema
far below 100%. Thus, part of the nitrous oxide is us
for combustion of coke residue that was initially deposit
This is corroborated by an increase of the effluent CO2 con-
centration with reaction time. Conversely, Fe/ZSM-5 a
Fe/ZSM-5(HTC) produce much higher amounts of comb
tion products, leading to poor benzene and nitrous ox
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selectivities. Although not totally clear, the presence of i
oxide nanoparticles in the micropores may be the reaso
the larger amount of hydrocarbon combustion for these
catalysts. Alternatively, one may also suggest that cati
Fe species contribute to the combustion of benzene. T
number should be smaller in the catalyst with a low i
content (HZSM-5) and in the steamed Fe/ZSM-5 catal
This may be due to oxidation by molecular oxygen form
by nitrous oxide decomposition on such cationic spe
or directly by deposited oxygen atoms from nitrous oxi
The corresponding data in Table 3 confirm that the c
ing deactivation for Fe/ZSM-5 and Fe/ZSM-5(HTC) is mo
pronounced than for Fe/ZSM-5(HTS) and the HZSM-5 sa
ples. The micropore volume and surface area are stro
reduced after 5 h of reaction. Clearly, the decrease in t
accessibility parameters for Fe/ZSM-5(HTS) is intermed
to those in Fe/ZSM-5(HTC) and HZSM-5(HTS). We su
mise that the presence of small iron oxide nanoparticle
the micropores of Fe/ZSM-5 and Fe/ZSM-5(HTC) is de
mental for the stability of these catalysts, although it is
clear what the mechanism of coke formation is in this ca
It might be that the resulting lower micropore volume
Fe/ZSM-5 and Fe/ZSM-5(HTC) [23] hinders the diffusi
of larger product molecules such as traces of dihydroxy
zenes leading to pore blocking. HZSM-5, HZSM-5(HT
and Fe/ZSM-5(HTS) show a much higher stability. Amo
them, Fe/ZSM-5(HTS) exhibits the strongest deactivatio
be attributed to the larger number of active sites. As outli
by Meloni et al. [41], the coke deposits in benzene oxi
tion are made up by overoxidized phenol and conden
polyphenols. This implies that overoxidation of pheno
important in the formation of coke, providing an explan
tion for the stronger deactivation rate for those catalysts
a high initial activity.

The highest initial activity of Fe/ZSM-5(HTS) is i
line with the highest number of sites active in the lo
temperature nitrous oxide decomposition. For the s
limed samples, the activity decreases in the order Fe/Z
5(HTS)> Fe/ZSM-5(HTC)> Fe/ZSM-5. This coheres wit
the notion of formation of phenol upon interaction of be
zene with an oxygen atom deposited from nitrous oxide [
Although the number of active sites for nitrous oxide
composition for HZSM-5(HTS) is at least one order
magnitude smaller than for the sublimed samples, the
ferences in benzene oxidation are much less pronoun
It might very well be that the decreased pore volume
Fe/ZSM-5(HTS) impedes stronger diffusion limitations
benzene and phenol compared to HZSM-5(HTS). An
ternative explanation might be that the initial activity
Fe/ZSM-5(HTS) is much higher than the value obtain
by linear extrapolation (Table 2). This is indeed sugge
from the more pronounced deactivation of Fe/ZSM-5(HT
in Fig. 4. In that case, initial coke make in the first stage
the reaction will result in the deactivation of a large amo
of active sites either by pore blocking or coke covering ac
sites. Based on a comparison of the titrated sites in HZ
.

5(HTS) and Fe/ZSM-5(HTS) a theoretical initial product
ity of 150 mmol g−1 h−1 for the latter sample is calculate
Thus, possibly Fe/ZSM-5(HTS) has a very high initial ac
ity followed by a strong decrease in the first minutes of
reaction.

Our study confirms that sublimation of FeCl3 onto
HZSM-5 zeolite is not the preferred preparation method
effective catalysts for benzene oxidation to phenol. Ste
ing, however, strongly increases the selectivity to pheno
sublimed Fe/ZSM-5. This hydrothermal treatment result
an increase of the number of active sites for low-tempera
nitrous oxide decomposition [23], which is much higher th
the number of active sites in HZSM-5(HTS). The rate
phenol formation is also strongly increased. The hydrot
mal treatment also induces the migration of a fraction
neutral iron oxide particles from the micropores to the ex
nal surface which results in a more accessible catalyst
structure. The creation of mesopores may also be impor

Brønsted acidity does not appear to be very impor
since HZSM-5 and HZSM-5(HTS) show similar reacti
patterns. The higher activity of the latter one is generally
plained by the higher number of iron active sites created
to more extensive Fe extraction from the lattice [44]. Ho
ever, the very fact that high-temperature steaming is
beneficial for sublimed catalysts, in which the majority of
species was introduced at extraframework positions, po
to a possible role of extraframework Al species. Regard
the role of Lewis Al sites, we note that the parent HZSM
material already contains some amount of extraframew
Al species as followed from27Al NMR measurements [23]
A speculative mechanism for the formation of the ac
sites in sublimed catalysts consists of two steps. First,
reaction of neutral iron oxide nanoparticles with Brøns
protons (protolysis) increases the number of cationic
species [15,23]. This occurs at elevated temperatures
is more extensive at higher temperatures (Fe/ZSM-5(H
versus Fe/ZSM-5). These cationic species are active in
trous oxide decomposition and contribute to the combus
of benzene. Some dealumination probably takes place a
evated temperatures, leading to the formation of a hig
number of active sites for selective benzene oxidation.
cently, strong indications have been provided by Hen
et al. [42] for the relevance of extraframework mixed F
Al oxo (Fe–Al–O) species to the selective benzene c
version with nitrous oxide. The presence of water dur
the high-temperature treatment (Fe/ZSM-5(HTS)) facilita
the extraction of Al. This will lead to the creation of mo
mixed Fe–Al–O species and a decrease of the amou
cationic species. This interpretation also has validity for
alyst precursors where Fe is isomorphously substituted in
framework. A study by Pérez-Ramírez et al. [45] show
that a significant part of the Fe is extracted from the
tice already during template removal, which agrees with
UV-Vis data on HZSM-5 indicating some amount of e
traframework Fe species in the calcined precursor [23]. N
ertheless, most reports on the application of isomorpho
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Fig. 5. NO conversion as a function of the time on stream (total fl
100 ml min−1; feed, 0.2 vol% NO, 0.2 vol%i-C4H8, 3 vol% O2 in
He; T = 623 K) for (2) Fe/ZSM-5, (") Fe/ZSM-5(HTC), and (Q) Fe/
ZSM-5(HTS).

substituted ZSM-5 catalysts for benzene oxidation st
the importance of steaming [17,19,43] or alternatively hi
temperature calcination [33] for such samples. The nece
of such treatments might thus be related to the creatio
extraframework Al sites rather than to the extraction of ad
tional Fe from the lattice. This notion agrees with the hig
stability of Si–O–Al bonds compared to Si–O–Fe bon
The relevance of Al extraction for active catalysts has b
stressed in the study of Motz et al. [40], although these
thors attributed the activity solely to extraframework Al sit
and did not take into account the importance of the min
amounts of iron. Another indication supporting this propo
is provided in the study of Dubkov et al. [33] who found th
impregnation of a small amount of FeCl3 in HZSM-5 fol-
lowed by severe activation resulted in active sites simila
those in samples obtained via isomorphous substitutio
iron in ZSM-5.

3.3. SCR of NO by isobutane

The conversion of NO as a function of the time on stre
for the various catalysts is plotted in Fig. 5. Stable NO c
versions are obtained for Fe/ZSM-5 and Fe/ZSM-5(HT
Surprisingly, the steamed material shows a strong de
vation with increasing reaction times. Whereas the ini
conversion is close to that of Fe/ZSM-5, a stable lower ac
ity is obtained after prolonged reaction times. The temp
ture dependence of the conversion of NO andi-butane into
N2, H2O, CO, and CO2 for the various catalysts is plotte
in Fig. 6. The light-off temperature of the NO reduction
around 523 K. A maximum in NO conversion is observ
for the three sublimed catalysts. This is largely in acc
dance with the results reported by Chen and Sachtler [
although we find a somewhat lower maximum NO co
version for Fe/ZSM-5. For the present set of catalysts,
maximum in activity is found for Fe/ZSM-5(HTC) at a tem
perature of 623 K. The steamed sample has its maximu
Fig. 6. NO andi-butane conversion as a function of the reaction tempera
for (2,1) Fe/ZSM-5, (",!) Fe/ZSM-5(HTC), and (Q,P) Fe/ZSM-5(HTS).
Closed symbols refer to NO conversion, open symbols toi-butane conver-
sion.

activity around 673 K where it is the most active cataly
Whereas the high-temperature calcined sample has a
siderably higher activity in the temperature window betwe
600 and 700 K, the relative order in activity below 600 K
Fe/ZSM-5> Fe/ZSM-5(HTC)> Fe/ZSM-5(HTS). A com-
parison at relatively low temperatures is most relevant, s
at elevated temperatures oxidation of the hydrocarbon
oxygen is dominant [25] as indicated by the decreased
conversion. This activity order for the selective reduction
NO by i-butane is totally different from the order of th
nitrous oxide decomposition and benzene-to-phenol tr
formation. This strongly suggests that the active sites
nitrous oxide activation are different from those for NO
duction. This is not too surprising in view of the propos
mechanism for the latter reaction. The first step consist
the conversion of NO to NO2 by O2, followed by the reac-
tion of nitrogen dioxide with carbonaceous deposits whe
hydrocarbon is the reductant [46] and with NH4

+ when am-
monia is [7]. Although it has been promoted [25,47] that t
step takes place over cationic iron complexes, we expec
NO2 formation is not a very structure-sensitive reaction a
proceeds over various types of iron species. This appea
agree with the fact that the NO SCR reaction is cataly
by a wide range of oxides [48]. The activity order for t
present set of catalysts points to the importance of the
oxide phase dispersion for a high activity in NO reducti
The growth of these occluded iron oxide particles and mig
tion from the micropores upon severe treatment [23] red
the number of active sites for NO2 formation. We surmise
that the low activity in the steamed catalyst is due to
imbalance between the formation of carbonaceous dep
and the generation of NO2 to remove them. This explain
the relatively high initial activity which decreases strong
when deposits fill up the pores and block the active si
This is most probably also related to the lower conten
Brønsted acid sites which can redisperse iron oxide p
cles. This phenomenon has been described in detail by
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group of Sachtler [47,49] who showed that NaOH treatm
negatively affected the NO oxidation activity by induci
the growth of iron oxide particles. The preference for
steamed sample at elevated temperatures, combustion
hydrocarbon by molecular oxygen being dominant, could
due to the more open-pore architecture of this sample. S
marizing, we can conclude that the active sites for nitr
oxide decomposition are different from those for the se
tive reduction of nitric oxide with hydrocarbons. The lat
reaction is catalyzed by a variety of small iron oxide pa
cles in line with earlier observations [8].

4. Conclusions

A set of sublimed Fe/ZSM-5 catalysts was tested in
trous oxide decomposition, the conversion of benzen
phenol with nitrous oxide and hydrocarbon selective red
tion of NO. The nitrous oxide decomposition rate for t
sublimed samples strongly increases after high-temper
calcination and most notably after high-temperature ste
ing. The activities correlate to the earlier reported lo
temperature nitrous oxide titration and point to the releva
of a minor fraction of the total iron content in the catalys
This is valid for the steady-state activities. The initial stro
deactivation is due to reoxidation of Fe2+ centers generate
by autoreduction of iron oxide particles at elevated temp
tures. The activities in the hydroxylation of benzene of th
samples increase with increasing severity of treatment. N
ertheless, Fe/ZSM-5 and Fe/ZSM-5(HTC) exhibit relativ
low phenol selectivities due to significant hydrocarbon co
bustion. Only the steamed Fe/ZSM-5 produces phenol
high selectivity. The stability of the sublimed samples is re
tively low due to the relatively large coke make. Commer
HZSM-5 with an iron content of 0.024 wt% and its steam
counterpart are also active and provide a higher stability
latter one exhibiting the highest stable activity. We prop
that extraframework Al sites are involved in the formation
active sites in addition to extraframework Fe sites, provid
an explanation for the necessity of the widely reported se
activation treatments. NO reduction byi-butane does not re
quire those sites with the property to activate nitrous ox
at low temperatures and dispersed iron oxide nanopart
appear to be more important. This explains the decr
in NO reduction activity with increasing severity of trea
ment.
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