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Abstract

Iron- and/or aluminum-containing MFI zeolites were prepared via various routes, including isomorphous substitution followed by
activation and grafting reactions with molecular Fe or Al precursors over [Al]MFI and [Fe]MFI, respectively. The effect of the ir
aluminum content on the performance in benzene oxidation with nitrous oxide at 623 K was studied for a suite of isomorphously s
zeolites. The activity increased with increasing iron and aluminum content. Steamed zeolites were more active than their calcine
parts. The extent of coking deactivation increased with initial activity and tallies with a consecutive reaction mechanism in whic
further reacts to products that cannot leave the zeolite micropores. A very small amount of iron is involved in the selective oxidation
A strong correlation is observed between the initial rate of phenol formation and the intensity of the infrared band at 1635 cm−1 due to NO2
interacting with extraframework Fe–O–Al. On the other hand, nitrous oxide decomposition at higher temperatures is suggested to
catalyzed by more clustered Fe species. Alternative preparation routes that use grafting of trimethylaluminum or iron chloride on
inactive ferrosilicalite and aluminosilicalite, respectively, provide further support for the necessity of extraframework mixed iron–alu-
oxo species. Steaming at high temperature is not only important for removal of the catalytically active metals from the zeolite fra
but also improves the formation of active sites. A case in point is the dispersion of Fe and Al in the micropores of silicalite-1, which
an active, selective, and stable catalyst.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Selective oxidation of organic materials into more va
able chemicals remains one of the largest challenges in
alytic chemistry[1]. In the last two decades, a considera
effort has been made to understanding ZSM-5-based
alysts for the selective oxidation of benzene to pheno
nitrous oxide[2–48]. In particular, the location and structu
of iron species active in the title reaction and among o
* Corresponding author. Fax: +31 40 2455054.
E-mail address: e.j.m.hensen@tue.nl(E.J.M. Hensen).
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ers in nitrous oxide decomposition and NOx reduction have
been widely addressed. These appear to depend str
on the preparation method and the mode of pretreatm
[5–48]. The debate concerning the selective oxidation
benzene with nitrous oxide concentrates on the constitu
of the active sites. In a companion contribution[48], we gave
an overview of the various proposals concerning the ac
sites. Despite the propensity of such proposals, it is fa
say that there is currently some consensus on the role o

traframework Fe species as the main component for the ac-
tive sites[8,10,18,21,23,38,41–48], showing a specific redox
behavior, with nitrous oxide as oxidant[10]. Nitrous oxide

http://www.elsevier.com/locate/jcat
mailto:e.j.m.hensen@tue.nl
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may decompose to molecular nitrogen and leave an oxy
atom on the catalytic surface, via N2O + [ ] → N2 + [O],
where [ ] and [O] refer to the empty Fe2+ vacancy and an
active oxygen species deposited on Fe3+, respectively. The
nature of the deposited oxygen atom is not clear, howev
may be selectively inserted into C–H bonds of alkanes
aromatics.

The nature and further composition of the active sites
main points of intense debate. Although the sole role o
species as the active sites[2–4] was challenged by sever
authors[8,9,38], we have provided evidence[44,47,48]for
the necessity of Al in active catalysts. Another important
sue relates to the location of the Al species constituen
these active sites. Whereas the active sites are usually
posed to be made up of positively charged iron oxo spe
of low nuclearity coordinating to the negatively charg
aluminum-occupied oxygen tetrahedra of the zeolite,
have proposed that ferrous ions stabilized on extrafra
work Al species are the active species[44,46–48]. This con-
tribution primarily seeks to provide further support for t
hypothesis that extraframework mixed iron–aluminum ox
species are active in the decomposition of nitrous oxide
the subsequent hydroxylation of benzene to phenol. To
end, we have prepared iron- and/or aluminum-contain
zeolites via different routes encompassing isomorphous
stitution of the metals in the MFI lattice by hydrotherm
synthesis followed by steam activation, grafting of mol
ular iron and aluminum species on alumino- and ferros
calite, respectively, and the postsynthesis dispersion of
and aluminum oxides in silicalite-1.

We have prepared a larger set of isomorphously su
tuted MFI zeolites of different compositions in a paral
batch autoclave. This provides insight into the effect of
Fe and Al contents, which has been addressed only occa
ally before. Kubanek et al.[38] compared various zeolite
with iron contents in the range of 0.03–0.2 wt% (the zeol
however, mostly having different Al contents) and found t
the activity is linked to cationic iron species. Neverthele
a positive correlation between the activity and the amo
of extraframework Al species was noted. Meloni et al.[21]
noted that the deactivation rate correlated with the total
face acidity. Berlier et al.[22] performed a detailed NO IR
study on a wide range of MFI zeolites containing differe
levels of Fe and/or Al. Their conclusions describe the ac
sites in terms of isolated Fe2+ centers in proximity to (frame
work) Al, thus challenging the proposition of binuclear
clusters. Yuranov et al.[41] related benzene hydroxylatio
activity to mono- and oligonuclear Fe sites with the use
zeolites with different Fe and Al loadings. Kinetics for be
zene oxidation were studied in detail by Ivanov et al.[49].

In the present study, we will mainly employ benze
oxidation with nitrous oxide to study the activity of th
various zeolites. In some cases, we will compare

with temperature-programmed nitrous oxide decomposition.
These data will be complemented by infrared spectroscopy
characterization.
atalysis 233 (2005) 136–146 137
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2. Experimental

2.1. Catalyst preparation

Zeolites with the MFI topology and with various F
and Al contents were prepared by hydrothermal syn
sis in a parallel batch autoclave. This autoclave perm
the simultaneous hydrothermal synthesis of nine zeo
of different composition. To this end, 102.4 g tetraeth
lorthosilicate (TEOS) (Acros; 98%) was added to 150 g
ganic template tetrapropylammonium hydroxide (TPAO
(Fluka; 20% in water) and vigorously stirred overnight. P
tions of this solution were added to appropriate amou
of solutions containing iron nitrate (Fe(NO3)3·9H2O, 98%;
Merck) and/or aluminium nitrate (Al(NO3)3·9H2O, 99%;
Janssen) of different concentration(s) with vigorous stirri
The nine mixtures were then transferred into small cylind
made of PEEK, each with a volume of 30 ml. Sealing w
achieved with Kalrez rings in the PEEK lids. These cylind
were then placed in a larger stainless-steel vessel cov
by a stainless-steel lid. The autoclave was kept at 44
for 5 days. After filtration, washing, and drying at 383
overnight, white zeolite powders were obtained in all cas

The successful synthesis of zeolites with the MFI top
ogy was confirmed by X-ray diffraction. Subsequen
the organic template was carefully removed by the
lowing calcination procedure: (i) zeolite was treated
100 ml min−1 N2 during heating to 823 K at a ramp ra
of 1 K min−1 and kept at this temperature for 8 h. (ii) Th
material was further treated in 100 ml min−1 20 vol% O2 in
N2 at 823 K for another 4 h. Steam activation was achie
by heating of the catalyst in a flow of 20 vol% oxygen
N2 to 973 K at a rate of 1 K min−1, followed by exposure to
a mixture of 10 vol% H2O and 18 vol% O2 in N2 for 3 h.
The calcined zeolites are denoted as [Fe,Al]MFI(x, y, [st]),
wherex stands for the weight percentage of iron andy for
the Si/Al ratio. The materials modified by steaming are d
ignated by (st). [Fe]MFI and [Al]MFI refer to the catalys
that have undergone substitution with only one hetero-at

Iron-silicalite ([Fe]MFI) was used as a precursor to inc
porate Al via the deposition of trimethylaluminum. To th
end, dehydrated [Fe]MFI, either calcined or steamed,
mixed with an excess of pure trimethylaluminum (Me3Al;
Aldrich) in an argon-flushed glove box. The methyl grou
of Me3Al are reactive toward hydroxyl groups. After 24
excess Me3Al was removed by evacuation, and the sam
was calcined at 823 K for 4 h. Some samples were fur
modified with a steaming treatment at 973 K. The result
materials are denoted as [Fe]MFI+ Me3Al, [Fe]MFI(st) +
Me3Al, [Fe]MFI +Me3Al(st), and [Fe]MFI(st)+Me3Al(st).
Incorporation of Fe into [Al]MFI was carried out by a su
limation method that was described extensively in our p
vious reports[45,46]. These catalysts are designated by

suffix “+FeCl3.”

Elemental analysis was carried out by ICP-OES, as de-
scribed in a companion contribution[48]; the elemental
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Table 1
Elemental composition of the zeolites as determined by ICP-OES

Catalyst Al content
(wt%)

Fe content
(wt%)

Si/Al Si/Fe

[Al]MFI 0 .88 <0.001 42 –
[Fe]MFI <0.005 0.55 – 143
[Fe,Al]MFI(0.0011,39) 0.96 0.0011 38 71,000
[Fe,Al]MFI(0.015,38) 0.96 0.015 38 5200
[Fe,Al]MFI(0.092,38) 0.96 0.092 38 850
[Fe,Al]MFI(0.45,42) 0.88 0.45 42 175
[Fe,Al]MFI(0.013,78) 0.48 0.013 78 6050
[Fe,Al]MFI(0.089,78) 0.48 0.089 78 880
[Fe,Al]MFI(0.46,77) 0.50 0.46 77 171
[Fe]MFI + Me3Al 1.4 0.55 27 143
[Fe]MFI(st)+ Me3Al 1.4 0.55 27 143
[Al]MFI + FeCl3 0.88 2.63 42 30
[Al]MFI(st) + FeCl3 0.88 1.98 42 39
Si-1 <0.005 <0.001 – –
Si-1+ Imp(Fe,Al) 0.98 0.61 37 129
Si-1+ Imp(Fe) <0.005 0.62 – 129

compositions of the various materials are listed inTa-
ble 1.

2.2. Infrared spectroscopy

Infrared spectra of self-supporting catalyst wafers of
proximately 12 mg were recorded at room temperature
Bruker IFS-113v Fourier Transform IR spectrometer wit
DTGS detector at a resolution of 2 cm−1. Typically, a sample
was pretreated in situ in oxygen at a temperature of 823 K
1 h and cooled to room temperature in vacuo (pressure lo
than 10−6 mbar). Subsequently, the sample was expose
NO (purity >99.9%, 5 mbar) for 30 min at room tempe
ature. Spectra were recorded after evacuation to study
region of adsorbed NO2 species.

2.3. Activity measurements

Reaction data were collected in a single-pass atmosp
plug flow reactor. Analysis was performed by a we
calibrated combination of GC and MS. Before reaction,
catalyst was pretreated in a flow of 100 ml min−1 O2/He
(20 vol% O2) during heating to 823 K at a rate of 1 K min−1.
We carried out benzene oxidation by feeding a mixture
C6H6/N2O/He (volume ratio= 1:4:95) at a flow rate o
100 ml min−1 at a reaction temperature of 623 K. We us
a feed of 0.5 vol% N2O in He to test the activity in nitrou
oxide decomposition. A more elaborate description of
activity measurements is available[48].

3. Results

3.1. Activity measurements
The rates of phenol formation for a suite of steam-
activated zeolites with a Si/Al ratio of 40 with increasing Fe
atalysis 233 (2005) 136–146

Fig. 1. Rate of phenol formation as a function of reaction time
(a) [Fe,Al]MFI(0.0011,39,st), (2) [Fe,Al]MFI(0.015,38,st), (") [Fe,Al]
MFI(0.092,38,st), and (Q) [Fe,Al]MFI(0.45,42,st) (atmospheric pressur
reaction temperature 623 K, feed composition: 1 vol% benzene, 4 v
N2O, 95 vol% He, GHSV 30,000 h−1).

content as a function of reaction time are displayed inFig. 1.
The corresponding reaction parameters are condensedTa-
bles 2 and 3. [Al]MFI with residual Fe content showed neg
ligible benzene and nitrous oxide conversion under the g
reaction conditions. Introduction of a small amount of ir
in [Fe,Al]MFI(0.0011,39,st) led to a significant increase
the rate of phenol formation. No deactivation with react
time was observed, which is in line with the nearly qua
titative conversion of benzene and nitrous oxide to phe
A 14-fold increase in the iron content to 0.015 wt% brou
about a threefold increase in the rate of phenol format
This indicates that only a small portion of the iron ato
ended up in the active sites for benzene oxidation, even
zeolites with a very low iron content. This effect beca
more pronounced for a further increase in the iron cont
A crude estimate of the initial turnover frequency (TO
based on the assumption that in [Fe,Al]MFI(0.0011,39
all iron atoms are active gives a value of 0.4 s−1 under the
given reaction conditions.

The increase in iron content also resulted in decrea
catalyst stability, as is evident fromFig. 1. The stronger de
activation of catalysts with higher initial activities coincid
with lower initial selectivities of benzene and nitrous oxi
to phenol. These selectivities were lowest for [Fe,Al]M
(0.45,42,st). Side products of benzene oxidation inclu
small amounts of carbon dioxide and water. However,
importance of full combustion was deemed to be minor
cause the selectivity for carbon oxides and water after a r
tion time of 5 min was around 4% in [Fe,Al]MFI(0.45,42,s
and less than 1% in [Fe,Al]MFI(0.0011,39,st). These re
tion products were no longer observed after a reaction
of 1 h for this set of catalysts. It is thus more likely that co
formation is the main side-reaction resulting in strong de

tivation. This agrees well with earlier studies[21,49].

Fig. 2 compares the nitrous oxide conversion during its
decomposition as a function of temperature for the steam-
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Table 2
Initial phenol productivity (Ri ), benzene conversion and selectivities to phenol and full combustion products during benzene oxidation for reaction
5 min, 1 h and 5 h

Catalyst Ri
a Conversion (%) Selectivity phenol (%) Selectivity combustion (%)

5 min 1 h 5 h 5 min 1 h 5 h 5 min 1 h 5 h

[Al]MFI(st) 0 .07 <1 – – – – – – – –

[Fe,Al]MFI(0.0011,39,st) 0.29 1 1 1 >98 >98 >98 <1 <1 <1

[Fe,Al]MFI(0.015,38,st) 0.94 7 4 2 95 >98 >98 <1 <1 <1

[Fe,Al]MFI(0.092,38,st) 4.66 20 10 5 90 >98 >98 1 <1 <1

[Fe,Al]MFI(0.45,42,st) 6.76 32 14 6 80 >98 >98 3 <1 <1

[Fe,Al]MFI(0.45,42) 4.15 24 9 2 64 87 90 4 1.1 <1

[Fe,Al]MFI(0.013,78,st) 0.59 4 2 1 96 >98 >98 <1 <1 <1

[Fe,Al]MFI(0.089,78,st) 2.44 10 7 3 94 >98 >98 1 <1 <1

[Fe,Al]MFI(0.46,77,st) 5.45 29 14 7 73 96 >98 3 <1 <1

[Fe,Al]MFI(0.46,77) 3.35 15 9 5 84 90 90 3 <1 <1
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Note: Reaction temperature 623 K, gas phase composition 1 vol% C6H6, 4 vol% N2O, 95 vol% He, GHSV 30,000 h ).
a Phenol productivity (mmol g−1 h−1) after a reaction time of 5 min.

Table 3
Nitrous oxide conversion and selectivity during benzene oxidation for reac-
tion times of 5 min, 1 h and 5 h

Catalyst Conversion (%) Selectivity (%)

5 min 1 h 5 h 5 min 1 h 5 h

[Al]MFI(st) <1 – – – – –
[Fe,Al]MFI(0.0011,39,st) <1 <1 <1 >98 >98 >98
[Fe,Al]MFI(0.015,38,st) 2 1 <1 97 >98 >98
[Fe,Al]MFI(0.092,38,st) 6 2 1 73 >98 >98
[Fe,Al]MFI(0.45,42,st) 13 2 2 50 >98 >98
[Fe,Al]MFI(0.45,42) 9 3 <1 42 67 62
[Fe,Al]MFI(0.013,78,st) 1 <1 <1 >98 >98 >98
[Fe,Al]MFI(0.089,78,st) 3 2 1 84 >98 >98
[Fe,Al]MFI(0.46,77,st) 8 3 2 62 >98 >98
[Fe,Al]MFI(0.46,77) 7 3 1 50 59 51

Note: Reaction temperature 623 K, gas phase composition 1 vol% C6H6,
4 vol% N2O, 95 vol% He, GHSV 30,000 h−1.

Fig. 2. Nitrous oxide conversion as a function of reaction time for

activated materials with a Si/Al ratio close to 40. Again
one observes a strong increase in activity with iron c
tent, although the activity differences appear to be subs
tially larger than they are during benzene oxidation. Cl
inspection of the reaction data shows that the intrinsic
tivity increased more than proportionally with iron conte
For instance, an increase in the iron content from 0.09
0.45 wt% led to a tenfold increase in nitrous oxide conv
sion at 723 K. On the other hand, the nitrous oxide con
sion for [Fe,Al]MFI(0.015,38,st) was only twice as high
it was for [Fe,Al]MFI(0.0011,39,st) at this temperature. T
suggests that for catalytic nitrous oxide decomposition a
ferent type of Fe species is active than for benzene oxida
Another point worthy of note is the negligible nitrous oxi
conversion at 623 K in catalytic nitrous oxide decompo
tion. This implies that benzene was oxidized by depos
oxygen atoms generated at the catalytic surface by the
composition of nitrous oxide.

The activity and selectivity data (Fig. 3 and Tables 2
and 3) for the zeolites with a Si/Al ratio close to 80 fol-
lowed a pattern very similar to the one for the zeolites w
a Si/Al ratio of 40. The reaction rates of zeolites with
lower Fe content were about half of those of the co
sponding aluminum-rich ones. Only [Fe,Al]MFI(0.46,77,
had an activity nearly equal to its aluminum-rich count
part [Fe,Al]MFI(0.45,42,st). These materials also exhibi
a higher stability, which agrees with the higher benzene
nitrous oxide selectivities. Moreover, we observe a low
contribution of the full combustion route.

The reaction parameters for the calcined counterpar
the isomorphously substituted zeolites with the highes
content are also collected inTables 2 and 3. Clearly, the cat-
alytic performance of the calcined zeolites was lower co
(a) [Fe,Al]MFI(0.0011,39,st), (2) [Fe,Al]MFI(0.015,38,st), (") [Fe,Al]
MFI(0.092,38,st), and (Q) [Fe,Al]MFI(0.45,42,st) (atmospheric pressure,
feed composition: 0.5 vol% N2O, make-up He, GHSV 30,000 h−1).
pared with their steamed counterparts. These catalysts had
lower selectivities for phenol, which was mainly due to a
larger extent of coke formation.
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Fig. 3. Rate of phenol formation as a function of reaction time
(2) [Fe,Al]MFI(0.013,78,st), (") [Fe,Al]MFI(0.089,78,st), and (Q) [Fe,Al]
MFI(0.46,77,st) (atmospheric pressure, reaction temperature 623 K,
composition: 1 vol% benzene, 4 vol% N2O, 95 vol% He, GHSV
30,000 h−1).

Fig. 4. Rate of phenol formation as a function of reaction time
(2) [Fe,Al]MFI(0.46,77,st), (") after first regeneration and (Q) after
second regeneration (atmospheric pressure, reaction temperature 6
feed composition: 1 vol% benzene, 4 vol% N2O, 95 vol% He, GHSV
30,000 h−1; calcination procedure: from 623 to 823 K at a rate
2 K min−1 in 4 vol% N2O in He, followed by artificial air calcination a
823 K for 1 h).

To obtain more insight into the regenerability of spent c
alysts, we oxidized spent [Fe,Al]MFI(0.46,77,st) and de
mined the catalytic activity for two consecutive regenerat
cycles (Fig. 4). The initial activity could be virtually fully re-
stored by an oxidative treatment, indicating that deactiva
was largely due to coke formation.

As outlined earlier[44], [Fe]MFI can be strongly acti
vated for selective benzene oxidation to phenol by the
dition of Al. We prepared various zeolites, starting fro
calcined and steamed [Fe]MFI, by adding Al in the fo
of trimethylaluminum followed by calcination and stea

ing treatments.Fig. 5displays the strong effect of aluminum
introduction in [Fe]MFI on the reaction rate. The reaction
details are shown inTables 4 and 5. Calcined (not shown),
atalysis 233 (2005) 136–146

,

Fig. 5. Rate of phenol formation as a function of reaction time for (F) [Fe]
MFI(st), (2) [Fe]MFI + Me3Al, (Q) [Fe]MFI + Me3Al(st), (") [Fe]
MFI(st)+Me3Al, and (a) [Fe]MFI(st)+Me3Al(st) (atmospheric pressure
reaction temperature 623 K, feed composition: 1 vol% benzene, 4 v
N2O, 95 vol% He, GHSV 30,000 h−1).

and steamed [Fe]MFI produced only minute amounts of p
nol (∼ 0.2 mmol g−1 h−1), possibly deriving from the mino
amount of Al (approximately 0.005 wt%) contaminatio
The incorporation of trimethylaluminum followed by ca
cination significantly increased the rate of formation of
hydroxylated product, mainly by an increase of the se
tivity to phenol. For these zeolites the contribution of to
combustion was low, initially starting at 1–2% and quick
decreasing within half an hour to less than 1%. This imp
an important effect of coke formation as an explanation
the low selectivities. Subsequent steaming further incre
the overall performance, mainly by an increase of the b
zene conversion. The most active sample was obtaine
steaming of [Fe]MFI(st)+ Me3Al(st). These materials gen
erally exhibited lower benzene and nitrous oxide selectivi
than steam-activated, isomorphously substituted ones.

A third method for producing active materials is the int
duction of Fe into [Al]MFI. This can be achieved by aqu
ous impregnation of a suitable iron salt (e.g., 10), but
method generally results in iron oxide agglomerates on
external surface. On the other hand, sublimation of Fe3
has been extensively described[24–26,28–37,39,41–43,4
46] and provides a method for dispersing a molecular
species over the protonic sites of the zeolites. Neverthe
subsequent treatments often lead to a less dispersed an
well-defined iron oxide phase[45]. Fig. 6presents the reac
tion rate as a function of the reaction time over various c
lysts prepared by sublimation of FeCl3 on iron-free [Al]MFI.
The introduction of Fe into [Al]MFI (i.e., [Al]MFI+ FeCl3)
resulted in phenol formation, in stark contrast to the pa
zeolite [Al]MFI. However, the catalyst deactivated quick
and hardly any activity was observed after approxima
3 h. The reaction parameters inTables 4 and 5compare

very well with those of Fe/ZSM-5 prepared from a com-
mercial HZSM-5 zeolite[46]. An important difference be-
tween this material and those described above is the rela-
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Table 4
Initial phenol productivity (Ri ), benzene conversion and selectivities to phenol and full combustion products during benzene oxidation for reaction
5 min, 1 h and 5 h

Catalyst Ri
a Conversion (%) Selectivity phenol (%) Selectivity combustion (%)

5 min 1 h 5 h 5 min 1 h 5 h 5 min 1 h 5 h

[Fe]MFI(st) 0.28 9 6 4 12 7 5 <1 <1 <1
[Fe]MFI + Me3Al 1.87 10 4 1 69 75 >98 2 <1 <1
[Fe]MFI + Me3Al(st) 4.86 23 9 5 77 >98 >98 2 <1 <1
[Fe]MFI(st)+ Me3Al 3.95 20 5 2 75 90 >98 1 <1 <1
[Fe]MFI(st)+ Me3Al(st) 5.84 25 12 8 90 86 70 <1 <1 <1
[Al]MFI + FeCl3 4.41 31 7 5 53 27 11 10 4 4
[Al]MFI + FeCl3(st) 7.80 42 16 6 70 90 98 6 2 1
[Al]MFI(st) + FeCl3 5.57 32 14 6 65 83 70 6 2 <1
[Al]MFI(st) + FeCl3(st) 8.76 40 18 9 83 94 >98 3 1 <1
Si-1 0.00 0 0 0 0 0 0 – – –
Si-1+ Imp(Fe,Al) 0.14 1 <1 <1 50 80 90 <1 <1 <1

Si-1+ Imp(Fe,Al,st) 5.70 23 12 9 94 >98 >98 <1 <1 <1
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Note: Reaction temperature 623 K, gas phase composition 1 vol% C6H6, 4 vol% N2O, 95 vol% He, GHSV 30,000 h−1.
a Phenol productivity (mmol g−1 h−1) after a reaction time of 5 min.

Table 5
Nitrous oxide conversion (X) and selectivity (S) for reaction times of 5 min,
1 h and 5 h

Catalyst Conversion (%) Selectivity (%)

5 min 1 h 5 h 5 min 1 h 5 h

[Fe]MFI(st) 1 1 1 35 10 2
[Fe]MFI + Me3Al 3 2 1 53 50 50
[Fe]MFI + Me3Al(st) 8 2 1 57 >98 >98
[Fe]MFI(st)+ Me3Al 3 2 2 >98 50 20
[Fe]MFI(st)+ Me3Al(st) 4 3 4 >98 >98 40
[Al]MFI + FeCl3 32 12 4 11 4 1
[Al]MFI + FeCl3(st) 25 20 8 30 20 18
[Al]MFI(st) + FeCl3 22 9 7 25 32 16
[A]MFI(st) + FeCl3(st) 19 6 7 44 65 33
Si-1 0 0 0 0 0 0
Si-1+ Imp(Fe,Al) <1 <1 <1 35 40 60
Si-1+ Imp(Fe,Al,st) 6 3 2 90 >98 >98

Note: Reaction temperature 623 K, gas phase composition 1 vol% C6H6,
4 vol% N2O, 95 vol% He, GHSV 30,000 h−1.

Fig. 6. Rate of phenol formation as a function of reaction time for (F) [Al]
MFI(st), (2) [Al]MFI + FeCl3, (Q) [Al]MFI(st) + FeCl3, (") [Al]MFI +

tively high amount of full combustion products formed. F
[Al]MFI +FeCl3 this initially amounted to 10%, whereas a
ter 5 h of reaction this route still contributed about 4%.
suggested before[46], cationic or agglomerated iron speci
might be relevant to this unselective combustion route. Th
species also show a high nitrous oxide decomposition ra
derived from the high activity of sublimed Fe/ZSM-5 mate
als [42,43,45,46,50,51]compared with isomorphously su
stituted ones. We surmise that cationic species are resp
ble for the direct combustion of benzene. After steam a
vation, the zeolite had an higher activity and selectivity
phenol. Moreover, the amount of full combustion produ
substantially decreased. The initial activity, correspond
selectivities, and deactivation behavior were similar to th
reported for steam-activated Fe/ZSM-5[46]. We also found
a lower contribution of the combustion route, which was i
tially 6% and decreased to approximately 1% after 5 h.
explain this by the removal of cationic Fe species decr
ing the full combustion pathway. The data also show that
performance improved when the parent [Al]MFI zeolite w
steam-activated first, even at a lower Fe content.

Finally, we will further discuss the activities of catalyt
materials prepared from a silicalite-1 precursor, which
addressed briefly before[48]. The reaction rate as a fun
tion of reaction time is displayed inFig. 7, and the cor-
responding reaction data are listed inTables 4 and 5. The
initial substituent-free zeolite (Si-1) expectedly showed
activity in benzene or nitrous oxide conversion. Si-1+
Imp(Fe,st) had an initial rate of phenol formation bel
0.02 mmol g−1 h−1 (not shown). On the other hand, Si-1+
Imp(Fe,Al) displayed a noticeable activity in benzene oxi
tion with moderate benzene and nitrous oxide selectivit
Although we did not fully characterize these silicalite-
derived materials, we suggested that after impregnation
calcinations, most of the metal oxide particles will be pres
FeCl3(st), and (a) [Al]MFI(st) + FeCl3(st) (atmospheric pressure, reac-
tion temperature 623 K, feed composition: 1 vol% benzene, 4 vol% N2O,
95 vol% He, GHSV 30,000 h−1).
on the external surface, most probably in segregated form.
However, upon steam treatment the activity increased sub-
stantially, and high benzene and nitrous oxide selectivities
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Fig. 7. Rate of phenol formation as a function of reaction time for (2) Si-1,
(") Si-1+ Imp(Fe,Al), and (Q) Si-1+ Imp(Fe,Al,st) (atmospheric pressur
reaction temperature 623 K, feed composition: 1 vol% benzene, 4 v
N2O, 95 vol% He, GHSV 30,000 h−1).

were observed. Another point worthy of note is the ne
absence of water and carbon dioxide formation for this
terial. This appears to be in agreement with the absenc
cationic exchange sites, where positively charged iron c
plexes can be accommodated. Although the initial produc
ity of this material is not the highest reported in the pres
study, deactivation was minor, and it was the most active
alyst after prolonged reaction times. Thus it may well be
only a relatively small part of the iron and aluminum is d
persed in the zeolite micropore space, resulting in a lo
active site density than in the [Fe,Al]MFI catalysts and
lower deactivation rate.

3.2. Infrared spectroscopy

Fig. 8 displays infrared spectra of the hydroxyl stretc
ing region for a limited set of well-dehydrated zeolites. T
calcined zeolites with a Si/Al ratio of 40 display similar in-
tensities of the bridging hydroxyl groups. Steam activat
resulted in a substantial decrease of the Brønsted acid
density, primarily because of the removal of aluminum fr
the zeolite framework. On the other hand, we have to t
into account that a redistribution of the Fe species to cati
exchange positions may also be relevant to the decrea
the signal of the bridging hydroxyl groups. In addition
these changes, the broad band centered around hydr
bonded silanol groups with a maximum around 3500 cm−1

sharply decreased in the steamed materials. This is du
further condensation of internal silanol groups[17,48].

The hydroxyl region of [Fe]MFI+ Me3Al indicates the
presence of a small number of bridging hydroxyl grou
between iron and silicon cations, indicated by the b
around 3630 cm−1. This is due to incomplete removal o
iron from the framework, even in the presence of Al[52].

Steaming of the starting material ([Fe]MFI(st) instead of
[Fe]MFI) before Al introduction resulted in the removal of
these framework Fe3+ species. Similar to the infrared spec-
atalysis 233 (2005) 136–146

f

n

-

Fig. 8. Room-temperature infrared spectra of the hydroxyl stretching
gion of the dehydrated zeolites (a) [Fe,Al]MFI(0.015,38), (b) [Fe,
MFI(0.092,38), (c) [Fe,Al]MFI(0.45,42), (d) [Fe]MFI+ Me3Al, (e) [Fe]
MFI(st) + Me3Al, and (f) Si-1+ Imp(Fe,Al,st). The spectra of the calcine
and steamed zeolites are represented by dotted and full lines, respect

tra discussed above, the broad band due to hydrogen-bo
silanol groups decreased sharply. Moreover, a stronger
ical hydroxyl band of extraframework AlOH groups w
observed for [Fe]MFI(st)+ Me3Al.

The infrared spectrum of the hydroxyl region of Si-1+
Imp(Fe,Al,st) is dominated by isolated silanol groups aro
3740 cm−1 and a weak broad band around 3500 cm−1.
Most importantly, the absence of hydroxyl stretching ba
around 3610 and 3630 cm−1 indicates that the steamin
treatment did not lead to the insertion of noticeable amo
of Fe or Al in the zeolite framework.

Fig. 9 compares the infrared spectra in the region
1500–1700 cm−1 after exposure to NO for 30 min an
subsequent evacuation for calcined and steamed ze
with a Si/Al ratio of 40 with Fe contents in the range
<0.001 to 0.45 wt%. The resulting NO2 bands are pos
sibly due to a NO2 impurity in the feed gas, althoug
they may also arise from the interaction of NO with e
traframework oxygen atoms. The spectrum of [Al]MFI(
presents a strong band around 1657 cm−1, which we have
argued to be related to NO2 species coordinating to coo
dinatively unsaturated extraframework Al species[44]. The
shoulder around 1644 cm−1 is tentatively assigned to a stru
tural defect of the zeolite, because we also observed
band in calcined [Al]MFI and in [Fe]MFI(st) (not shown
The much higher intensity of the band at 1657 cm−1 in
steamed [Al]MFI compared with its calcined counterp
agrees well with the extent of dealumination[48]. The spec-
tra for [Fe,Al]MFI(0.0011,39) were expectedly similar
those of [Al]MFI, in view of the very small iron content, an

are therefore not shown. The difference between the spec-
tra of calcined [Fe,Al]MFI(0.015,38) and those of calcined
[Al]MFI was also minor. However, in the spectra of steamed
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Fig. 9. Infrared spectra of the region 1550–1700 cm−1 after exposure to
zeolites: (a) [Al]MFI, (b) [Fe,Al]MFI(0.015,38), (c) [Fe,Al]MFI(0.092,38

[Fe,Al]MFI(0.015,38) we observe a more pronounced sho
der at 1635 cm−1, which we have attributed to NO2 species
interacting with extraframework Fe–O–Al species[44,48].
This may be due to Fe2+ species in Fe–O–Al species.

A further increase of the iron content brought about m
pronounced changes in the infrared spectra. For [Fe,Al]M
(0.092,38), the characteristic feature of NO2 species in in-
teraction with extraframework Fe around 1615 cm−1 was
found. Whereas the band at 1657 cm−1 did not further in-
crease in calcined [Fe,Al]MFI(0.092,38), this signal w
substantially lower in [Fe,Al]MFI(0.092,38,st). Concom
tant with this decrease was an increase in the band ar
1635 cm−1. The spectra of the zeolites with the highe
iron content showed a further decrease of the feature ar
1657 cm−1. Simultaneously, the band around 1635 cm−1

strongly increased for both calcined and steamed [Fe
MFI(0.45,42).

4. Discussion

4.1. Benzene oxidation with nitrous oxide

Among the isomorphously substituted zeolites, we fou
that the rate of phenol formation increased with increas
iron and aluminum content. Clearly, steam activation of
calcined precursor increased the initial activity. Genera
the conversions of benzene to phenol after prolonged r
tion times were close to quantitative. During the first ho
or so, benzene and nitrous oxide selectivities for phe

were lower, and this effect was more pronounced for ze-
olites with higher Fe and Al content. The contribution of
full combustion to this lower selectivity was of minor im-
nd subsequent evacuation for 30 min for (left) calcined and (right) st
(d) [Fe,Al]MFI(0.45,42).

portance, although this route also became more impo
at higher substitution levels. The main reason for the lo
selectivity lies in the formation of coke products. This is
dicated by the possibility of fully restoring the initial activi
of [Fe,Al]MFI(0.46,77,st) by calcination.

Coupled with the decrease in benzene conversion
increasing reaction time and increasing Fe content wer
creases in the selectivities of benzene and nitrous o
for phenol. This may be explained by a simple consecu
mechanism where benzene is first oxidized to phenol
subsequently to coke products. In the second step nitrou
ide may also be consumed to arrive at dihydroxybenze
and acid sites may be involved in condensation reacti
Coke products are thought to consist of dihydroxybenze
and fused aromatic rings that have been hydroxylated m
than once[21,49]. The high boiling points of such com
pounds impede their desorption from the zeolite micropo
and contribute to the inaccessibility of some part of the
tive sites. Only [Fe,Al]MFI(0.0011,39,st) is relatively stab
because of its low activity. Meloni et al.[21] found a relation
between the extent of coke formation and the total sur
acidity. Our observation that the deactivation due to cok
increased with the number of active sites is not necessar
variance with their conclusion, because the extraframew
active species should be Lewis acidic.

These trends were quite different and more difficult to
terpret for the catalysts prepared by sublimation of Fe3

and by the addition of Me3Al to [Fe]MFI zeolites. In both
cases, it is clear that the presence of Fe and Al is es

tial for selective oxidation of benzene to phenol. However,
deactivation of these materials was more pronounced, es-
pecially for the calcined precursors. Steaming not only led
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to higher activities, but also improved selectivity and sta
ity. We have extensively discussed these effects for subli
Fe/ZSM-5 before[45,46]. The higher activity upon steamin
should be due to extraction of Al from the lattice, result
in a higher number of active Fe–O–Al species[45]. Never-
theless, we found that steaming also improved the act
of [Al]MFI(st) + FeCl3, which has a lower Fe content tha
[Al]MFI + FeCl3. This suggests that an additional effect
hydrothermal treatment is the formation of active sites
benzene oxidation. This also holds for the catalysts prep
by the reaction of [Fe]MFI with Me3Al.

Moreover, a higher initial activity did not always lea
to stronger deactivation, as was the case for the isom
phously substituted zeolites. For instance, deactivation
[Al]MFI + FeCl3 was severe, and a steaming pretreatm
dramatically improved activity, selectivity, and stability. T
extent of full combustion was also highest for [Al]MFI+
FeCl3 and decreased upon further steaming. Although
conclusive, we attribute these effects to a strong redistr
tion of Fe species upon steaming. Cationic species tha
abundant in [Al]MFI+ FeCl3 are suggested to be importa
for the full combustion of benzene[46]. Their removal by
steaming not only decreased such unwanted side reac
but also increased the number of sites for selective ben
oxidation[45].

When both Fe and Al were introduced into silicalite-1,
again observed a beneficial effect of hydrothermal treatm
Infrared spectroscopy did not point to insertion of these
ments into the zeolite framework, and hence we attribute
improved catalytic performance to the formation of mix
Fe–O–Al species. In fact, this catalyst produced neglig
amounts of full combustion products, and its stability w
also highest among the catalysts evaluated.

4.2. Nature of the active sites

The catalytic data indicate that iron and aluminum
necessary for selective benzene oxidation to phenol. Ina
[Fe]MFI became active after the addition of (extrafram
work) Al, and, conversely, [Al]MFI may be activated by th
addition of FeCl3. In fact, with proper pre-treatment, the la
ter method gave the catalyst with the highest initial rate
phenol formation, although the contribution of full combu
tion is considerable. In general, we observed that steam
treatments improved initial activity and selectivity. This ev
holds for zeolites to which Fe has been added at extrafra
work locations. These findings stress the importance of
extraframework location of both Fe and Al and tally with t
proposal of an extraframework Fe–O–Al species as an a
site for selective benzene oxidation.

For a limited set of catalysts, we have measured NO/N2
infrared spectra, which in our belief makes it possi
to probe the active sites[47,48]. Fig. 10 shows the re-

lation between the initial rate of phenol formation and
the intensity of the band at 1635 cm−1 for the series of
steamed [Fe,Al]MFI zeolites with Si/Al ratios close to
atalysis 233 (2005) 136–146
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-

Fig. 10. Relation between initial rate of phenol formation and the in
sity of the infrared band at 1635 cm−1 for a set of isomorphously sub
stituted [Fe,Al]MFI zeolites with Si/Al ratio close to 40 (2), [Fe,Al]MFI
(0.089,78,st) ("), [Fe,Al]MFI(0.45,42) (a), and two zeolites prepared b
exposure of [Fe]MFI to trimethylaluminum (Q).

40, [Fe,Al]MFI(0.089,78,st) and [Fe,Al]MFI(0.45,42). Th
strong correlation supports our assumption that the ban
a signature of the active sites for selective benzene ox
tion. Moreover, the proportional increase of the intens
from [Fe,Al]MFI(0.089,78,st) to [Fe,Al]MFI(0.092,38,s
indicates the involvement of Al species in the active s
stressing the role of Al in the active sites[44,46–48]. The
correlation is also evident for calcined [Fe,Al]MFI(0.45,4
On the other hand, [Fe]MFI+ Me3Al(st) and [Fe]MFI(st)+
Me3Al(st) exhibited relatively lower activities, as shown
Fig. 10. We tentatively attribute this to diffusion limitation
because of the larger amount of zeolite-occluded extrafra
work species. This might be due to larger aluminu
containing extraframework species in the micropore spa

4.3. Active sites for benzene oxidation and nitrous oxide
decomposition

Fig. 11 compares the initial rate of phenol formation
623 K and nitrous oxide decomposition rate at 760 K a
function of the iron content for the steam-activated, isom
phously substituted zeolites with Si/Al close to 40. Clearly,
the rate of the hydroxylation reaction increased strongl
very low Fe contents and leveled off at higher Fe loadin
Assuming that all Fe atoms in [Fe,Al]MFI(0.0011,39,st) a
incorporated into sites for benzene oxidation, the linear
crease in activity up to an Fe content of 0.092 wt% sugg
that 0.018 wt% Fe took part in the selective oxidation
action in [Fe,Al]MFI(0.092,38,st). This amounts to appro
imately 2× 1018 sites g−1 and is well within the range o
active site densities determined for similar catalysts prep

by Dubkov et al.[10]. Note that this also implies that only
very small amounts of (extraframework) Al are involved in
the selective oxidation reaction.



E.J.M. Hensen et al. / Journal of Catalysis 233 (2005) 136–146 145
d nitr of
[Fe,

rate
for
on-
and

s for
ture
ion
l of

the
ni-

i-
m-
and
em-
t is
kes
rt is
-
tain
rfor-
era-
t al.
nor
m-

red
n at

ame-
for
and
ion

Al
ost-
ite.

d by
and
d
is
ease
elec-

ap-
ro-
of
s-

ing
sly
into
nly

ing
om-
Fig. 11. Initial rate of phenol formation (2) during benzene oxidation an
the iron content for a set of steam-activated isomorphously substituted

On the other hand, the nitrous oxide decomposition
at 760 K for the same set of catalysts was relatively low
low iron contents but strongly increased at higher iron c
tents. These very deviant trends for benzene oxidation
nitrous oxide decomposition suggest that the active site
the two reactions are different. At the reaction tempera
for benzene oxidation (623 K), the nitrous oxide convers
was negligible for all catalysts. This implies that remova
deposited oxygen atoms is due mainly to benzene and
hydroxylated product molecules and not to reduction by
trous oxide or molecular oxygen recombination.

Although it is most likely that the sites for selective ox
dation become catalytically active in nitrous oxide deco
position at higher temperatures, their low abundance
the high nitrous oxide decomposition rate at elevated t
peratures imply unrealistically high turnover numbers. I
thus more likely that nitrous oxide decomposition also ta
place over other Fe-containing species. Further suppo
provided by the trend inFig. 11for nitrous oxide decompo
sition. The disproportional increase indicates that a cer
degree of Fe agglomeration is necessary for good pe
mance in nitrous oxide decomposition at higher temp
tures. This agrees well with the view of Pérez-Ramírez e
[52–54]. One should thus distinguish between a very mi
fraction of Fe sites active in benzene oxidation at low te
perature, which may be titrated bylow-temperature nitrous
oxide decomposition, and a larger fraction of more cluste
Fe species that contribute to nitrous oxide decompositio
more elevated temperatures.

5. Conclusions
A study of the benzene oxidation activity of a suite of
MFI-type zeolites prepared via various routes further sub-
ous oxide reaction rate at 760 K (Q) during its decomposition as a function
Al]MFI zeolites with Si/Al ratio close to 40.

stantiates the assignment of the active sites to an extrafr
work mixed Fe and Al oxide species. Active materials
phenol production may be prepared via extraction of Fe
Al from framework locations after isomorphous substitut
during zeolite synthesis, the use of molecular Fe and
precursors over alumino- and ferrosilicalites, and the p
synthesis dispersion of Fe and Al in siliceous MFI zeol
Further conclusions are as follows:

– The most active and selective materials are prepare
steam activation of isomorphously substituted Fe-
Al-containing zeolites. A high initial activity is couple
with strong deactivation due to coke formation. Th
leads to a decrease in the catalytic surface, a decr
in the benzene conversion, and an increase in the s
tivity for phenol.

– Hydrothermal treatment at elevated temperatures
pears to have two effects: (i) the removal of hete
atoms from the MFI framework and (ii) promotion
the formation of mixed Fe–O–Al species, which is po
sibly due to an increased mobility of oxide species.

– The rate of phenol formation increased with increas
Fe and Al content for steam-activated, isomorphou
substituted zeolites. The amount of Fe incorporated
the active sites for selective benzene oxidation was o
minor and was estimated to be in the range of 1018 to
1019 g−1. However, other, more clustered Fe-contain
species appear to be important to nitrous oxide dec
position at higher temperatures.

– Active materials show an infrared band at 1635 cm−1
after exposure to NO (NO2). This band is surmised to
be related to NO2 coordinating to Fe–O–Al species. The
positive correlation between its intensity and the initial
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rate of phenol formation suggests that this infrared b
is a signature of the active sites.

Despite these similarities, some important differences
noted in the performance of the various materials:

– The degree of full combustion decreased in the
der of zeolites prepared by sublimation of FeCl3 to
[Al]MFI > steam-activated isomorphously substitu
zeolites> trimethylaluminum-loaded [Fe]MFI> iron-
and aluminium-impregnated silicalite-1. The comb
tion appears to be due to cationic Fe species that are
to activate nitrous oxide and oxidize benzene or phe

– Catalysts prepared by grafting of molecular species
hibited rates of phenol formation similar to those
hydrothermally synthesized catalysts but generally
somewhat lower benzene and nitrous oxide selectivi
However, steaming of silicalite-1 impregnated with ir
and aluminum nitrate rendered a catalyst with high
lectivities and a rather low deactivation rate.
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