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Benzene hydroxylation over FeZSM-5 catalysts:
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Abstract

FeZSM-5 with a wide range of Fe content (0.015–2.1 wt%) were studied in the benzene hydroxylation to phenol with nitro
(C6H6:N2O = 1:5) at low temperatures (< 550 K). Catalysts were activated before the reaction by steaming and/or calcinations
(1323 K). High selectivity of benzene-to-phenol transformation (> 98%) was obtained within 3 h without any deactivation of the cata
Three types of Fe(II) sites were formed in the zeolites extraframeworkdue to activation and are attributed to: (1) Fe(II) sites in mononuclea
species, (2) oligonuclear species with at least two oxygen-bridged Fe(II) sites, and (3) Fe(II) sites within Fe2O3 nanoparticles. The degre
of nuclearity of Fe(II) species was observed to increase with iron content and activation temperature/time. The total amount of Fe(II
was monitored by the transient response method of the N2O decomposition (523 K) accompanied by the formation of surface at
oxygen (O)Fe. Only mono- and oligonuclear Fe(II) sitesactive in CO oxidation seem also to be responsible for the FeZSM-5 activ
benzene hydroxylation. Their amount was measured by the transient response of CO2 during CO oxidation on zeolites preloaded by (O)Fe.
The turnover frequencies in the benzene oxidation were constant independently of the catalyst activation in the isomorphously substitut
zeolites. The Fe(II) ions in nanoparticles (inactive in hydroxylation) are probably irreversibly reoxidized by N2O to Fe(III), which are known
to be responsible for the total oxidation of benzene.
 2004 Elsevier Inc. All rights reserved.

Keywords: Fe-containing HZSM-5;α-Oxygen; Oxo-bridged Fe(II) species; One-step benzene to phenol oxidation; Nitrous oxide decomposition with surfa
oxygen loading; Transient response method; Temperature-programmed desorption of oxygen
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1. Introduction

ZSM-5 zeolites have been reported to be efficient c
lysts for the hydroxylation of benzene to phenol by nitro
oxide with selectivity to phenol close to 100% at about 5
conversion of benzene[1–4]. The catalytic performance
due to iron in the zeolites[5–9]. Different forms of iron have
been identified in the FeZSM-5 zeolites[10–16]: (1) iso-
lated ions isomorphously substituted in the MFI framewo
(2) ions in cation-exchange positions; (3) iron comple
of low nuclearity in extraframework positions; (4) Fe o
ide nanoparticles of< 2 nm size in the micropores; and (
large Fe oxide particles (2–25 nm) located at the exte

* Corresponding author.
E-mail address: lioubov.kiwi-minsker@epfl.ch(L. Kiwi-Minsker).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.06.014
surface of zeolite crystals. However, only a small part of
total iron is usually active in the hydroxylation of benze
[5,7,8]. Even traces of iron (200–500 ppm) in commerc
zeolites are active in this reaction after steaming and/or h
temperature calcination. There is a consensus that such ac
vation leads to the extraframework Fe(II) species stabil
via Fe–O–Al complexes in the zeolite micropores. Howe
the structure of the Fe(II) sites active in hydroxylation
benzene is a subject of controversy. Jia et al.[9] postulate
that mononuclear Fe sites are crucial for the benzene
dation to phenol. By contrast, Panov and co-workers.[8,17]
claim that active iron exists in the form of binuclear Fe(
complexes generated by the autoreduction of Fe(III) du
catalyst activation. These binuclear Fe(II) sites seem t
stable in the presence of O2 but can reversibly interact wit
N2O at 523 K, generating so-called “α-oxygen” species

http://www.elsevier.com/locate/jcat
mailto:lioubov.kiwi-minsker@epfl.ch
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This α-oxygen is responsible for the benzene hydroxylat
and low-temperature oxidation of CO and CH4 [18]. Each Fe
atom in the binuclear complex is capable of generating
α-oxygen atom. The binuclear structure of Fe(II) active s
has been also suggested by Hensen and co-workers[19,20].
In this case only one oxygen atom was found per two Fe
atoms. Low-temperature N2O decomposition forming activ
surface oxygen (O)Fe and gaseous N2 has been propose
for the quantitative determination of the Fe(II) sites act
in hydroxylation[21]. The reaction was assumed to pr
ceed through the stoichiometric deposition of one oxy
atom per each active Fe(II) atom. We have recently sh
[22] that only a part of the deposited oxygen (∼ 65%) is ac-
tive in CO oxidation. Based on Mössbauer spectra and2
isotopic exchange measurements, some authors discrim
two different states of Fe(II) in FeZSM-5 catalysts[8,15,17,
19,20,23]. Thus, the structure and role in the catalysis by
Fe(II)-containing species are stillunclear. Different specie
may be responsible for the catalyst activity in different
actions: during the direct N2O decomposition oligonuclea
species are preferred over isolated Fe ions in view of
easier oxygen recombination from two neighboring Fe
centers, while mononuclear Fe(II) sites would be more
tive in oxidation reactions[24].

The present study aims to find a correlation between
activity of FeZSM-5 zeolitesduring benzene hydroxylatio
and different types of Fe(II) sites in the catalyst. For t
purpose, a variety of Fe-containing ZSM-5 catalysts w
prepared by different methods. The Fe content in the z
lites ranged from 0.015 to 2.1 wt%. The catalysts were a
vated by steaming and/or high-temperature treatment in
(1323 K). The Fe sites formed in the zeolites were cha
terized quantitatively by the transient response method in
low-temperature N2O decomposition with the formation o
surface atomic oxygen, (O)Fe and gaseous nitrogen, (2) C
oxidation by the surface (O)Fe loaded from N2O, and by (3)
temperature-programmed desorption (TPD) of O2.

2. Experimental

2.1. Catalyst preparation

Both commercial and homemade ZSM-5 zeolites w
used in the present study (Table 1). The industrial Zeoca
PZ-2/50H (Si/Al = 25, H form) extrudates (ZSM-55500)
and powder (ZSM-5150) were kindly provided by Zeochem
AG (Uetikon, Switzerland). The binder applied during t
preparation of the catalyst contains Fe and is a reason
the high iron content in ZSM-55500extrudates (∼ 0.55 wt%
or 5500 ppm). The isomorphously substituted ZSM-5350
(Si/Al = 42) and ZSM-55800 (Si/Al = 25) were prepared
by hydrothermal synthesis. Typically, tetraethylorthosilicate
(TEOS, Fluka, 98%) was added to an aqueous solu
of tetrapropylammonium hydroxide (TPAOH, Fluka, 20
in water) used as a template, NaAlO2 (Riedel-de Haën
e

Na2O, 40–45%; Al2O3, 50–56%), and Fe(NO3)3 · 9H2O
(Fluka, 98%). The molar ratios between components w
TEOS:TPAOH:NaAlO2:H2O = 0.8:0.1:0.016–0.032:33 an
Si:Fe= 160:3200. The mixture was stirred for 3 h at roo
temperature, and the final transparent gel was transferr
a stainless-steel autoclave lined with Teflon and kept in
oven at 450 K for 2 days. The product was filtered, was
with deionized water, and calcined in air at 823 K for 12
The zeolite was then converted into the H form by an
change with a NH4NO3 aqueous solution (0.5 M) and su
sequent calcination at 823 K for 3 h.

Postsynthesis iron deposition on the zeolites was
formed by ion exchange with Fe(NO3)3 · 9H2O aqueous so
lution (0.1 M) for 1.4% FeZSM-55500, 0.18% Fe/ZSM-5st

150,
and 0.44% FeZSM-5150 and by adsorption from
Fe(CH3COO)3 aqueous solution (0.01 M) for 2.1%
FeZSM-5150.

The catalysts were activated via both steaming (H2O
partial pressure of 0.3 bar; He flow rate, 50 ml min−1) at
823 K for 4 h and by treatment at 1323 K in a He flo
(50 ml min−1) for 1 h. Sometimes, Fe deposition was p
formed after activation. The main characteristics of the c
lysts used in this study are shown inTable 1.

2.2. Catalyst characterization

The chemical composition of the catalysts was de
mined by atomic absorption spectroscopy (AAS) via a S
madzu AA-6650 spectrometer. The samples were disso
in hot aqua regia containing several drops of HF.

The specific surface areas (SSA) of the catalysts w
measured using N2 adsorption–desorption at 77 K via
Sorptomatic 1990 instrument (Carlo Erba) after catalyst
treatment in vacuum at 523 K for 2 h. The SSA of the sa
ples was calculated employing the BET method while
Dollimore/Heal method was applied for the calculation
pore volume.

X-ray diffraction (XRD) patterns of catalysts were o
tained on a Siemens D500 diffractometer with CuKα mono-
chromatic radiation (λ = 1.5406 Å).

Three methods for the determination of the Fe(II) site
FeZSM-5 were performed with a Micromeritics AutoChe
2910 analyzer as described below:

Method 1: The concentration of the Fe(II) sites involv
in the formation of surface oxygen (O)Fe from N2O, C

N2O
Fe ,

was measured via the transient response method during2O
decomposition over the catalysts at 523 K:

N2O + ( )N2O
Fe = N2 + (O)N2O

Fe . (1)

The reaction gas phase was monitored in the reactor
let after switching in the inlet from He to a mixture 2 vol
N2O + 2 vol% Ar + 96 vol% He. Before the measuremen
the samples were pretreated in He at 823 K for 1 h and
cooled in He to the temperature of the transient respons
periments. The gas-phase composition as a function of
for some ZSM-5 catalysts is presented inFigs. 1a and 2a.
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Table 1
The main characteristics of the FeZSM-5 catalysts

Catalyst Fe loading Method
of catalyst
activation

Fe(II) sites, R

(mmol h−1 g−1),
543 K

Ea

(kJ mol−1),
523–593 K

(wt%) C
(1018 atom g−1)

CFe (1018 site g−1)

N2O TPD CO

Isomorphously substituted catalysts

1. ZSM-5calc
150 0.015 1.6 1323 K, He 0.55 0.34 0.036

ZSM-5st
150 0.015 1.6 Steaming 0.5 0.05 0.28 0.007

2. ZSM-5calc
350 0.035 3.8 1323 K, He 3.0 2.0 2.06 0.072 75.3

ZSM-5st-calc
350

a 0.035 3.8 Steaming+
1323 K, He

2.8 1.9 0.079 76.4

ZSM-5st
350 0.035 3.8 Steaming 0.8 0.13 0.47 0.032 76.2

ZSM-5n
350 0.035 3.8 No 0.9 – 0.002

3. ZSM-5calc
5800 0.58 62.4 1323 K, He 11.1 10.3 9.1 0.288

ZSM-5calc
5800, 11 hb 0.58 62.4 1323 K, He,

11 h
6.34 4.4 0.132

ZSM-5st
5800 0.58 62.4 Steaming 7.33 2.38 3.34 0.126

Postsynthesis Fe(III) ion-exchanged catalysts

4. ZSM-5calc
5500 0.55 59.1 1323 K, He 3.4 2.6 2.6 0.072 76.6

ZSM-5st-calc
5500

a 0.55 59.1 Steaming+
1323 K, He

3.0 1.8 0.072

ZSM-5st
5500 0.55 59.1 Steaming 0.64 0.2 0.050

5. 2.1% FeZSM-5calc
150 2.1 225.8 1323 K, He 24.3 10.1 15.1 0.202

2.1% FeZSM-5st
150 2.1 225.8 Steaming 28.9 11.6 18.6 0.216

6. 1.4% FeZSM-5calc
5500 1.4 150.5 1323 K, He 8.4 5.1 0.133

1.4% FeZSM-5st
5500 1.4 150.5 Steaming 12.7 1.3 0.076

1.4% FeZSM-5n5500 1.4 150.5 No 3.31 0.17 0.031

7. 0.44% Fe/ZSM-5st
150 0.44 47.3 Steaming before

ion exchange
12.5 1.0 0.094

8. 0.18% Fe/ZSM-5st
150 0.18 19.4 Steaming before

ion exchange
2.3 0.31 0.032

“Steaming” means activation water vapor at 823 K for 4 h; “1323 K, He” means activation in flow of He (60 ml min−1) at 1323 K for 1 h.
a The catalysts were steamed before the 1323 K treatment in He.
b The catalyst was heated in He at 1323 K for 11 h.
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The reaction(1) was assumed to proceed through evolut
of a stoichiometric amount of N2 into the gas phase and d
position of one oxygen atom per each Fe(II)[21]. TheC

N2O
Fe

was determined by integration of the peak of the relea
nitrogen.

Method 2: The deposited oxygen, which is able to
combine forming O2 and concentration of the correspon
ing Fe(II) sites,CTPD

Fe , were estimated from the amount
molecular oxygen evolved during temperature-program
desorption (523–873 K). The TPD analysis was perform
immediately after the sample treatment by N2O at 523 K
(deposition of (O)Fe). The TPD oxygen profile is shown i
Fig. 1b.

Method 3: The deposited oxygen, which is active in lo
temperature (553 K) CO oxidation, (O)CO

Fe , was measured vi
the transient response of CO2 during CO oxidation at 523 K
performed immediately afterthe sample treatment by N2O
at 523 K (deposition of (O)Fe) according to the reaction:

CO + (O)CO
Fe = CO2 + ( )CO

Fe . (2)
The concentration of the corresponding Fe(II) sites,CCO
Fe ,

was determined assuming that one active oxygen atom
attach to one Fe(II) site. During the measurements the
action gas phase was monitored in the reactor outlet
switching in the inlet from He to a mixture 3 vol% CO+
97 vol% He. The gas-phase composition as a functio
time for the ZSM-5calc

350 sample is presented inFig. 2b. The
CCO

Fe was determined by integration of the peak of the
leased CO2.

These methods have been described in detail elsew
[22].

2.3. Catalyst testing

The FeZSM-5 catalysts were tested in the benzene
droxylation with N2O as prepared or after different activ
tions. The catalyst activation was carried out by steamin
and/or high-temperature treatment in He (T = 1323 K).
Hydroxylation was carried out in a vertical stainless-s
fixed-bed reactor (inner diameter, 20 mm) at 510–60
and atmospheric pressure. The catalyst (m = 0.3–1.0 g,
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n

-5
Fig. 1. (a) Transient response at 523 K obtained after the switch from He to the 2 vol% N2O + 2 vol% Ar + 96 vol% He mixture over ZSM-5calc
5800 catalyst

(pretreatment in He, 1323 K, 1 h;mcat = 0.503 g); (b) temperature-programmed desorption of oxygen from ZSM-5calc
5800 catalyst after the surface oxyge

loading from N2O.

Fig. 2. (a) Transient response at 523 K obtained after the switch from He to the 2 vol% N2O + 2 vol% Ar + 96 vol% He mixture over ZSM-5st
350 catalyst

(pretreatment in He, 823 K, 1 h;mcat = 0.949 g); (b) transient response at 523 K obtained after the switch from He to the 3 vol% CO in He over ZSMst
350

catalyst after the surface oxygen loading from N2O.
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dp = 0.2–0.5 mm) was placed on a plate of sintered stainle
steel fibers, which was fixed in the middle of the reac
The catalyst was mixed with inert silica grains to form
uniform catalyst bed of 3–4 mm height. The mixture
1 vol% of benzene, 5 vol% of N2O, and 94 vol% of He
was used for the catalytic tests. Before reaction, the cat
was pretreated in He at 773 K for 2 h to remove moist
and other volatile contaminations. The gases were prov
by Carbagas (Lausanne, Switzerland,> 99.99%) and used
as received. Benzene was fed into the reactor by passin
through a thermostated (T = 293 K) bubble column. The ga
flow was controlled by mass-flow controllers. The total g
flow of 60 ml(STP) min−1 was used throughout the stud
The reaction temperature was monitored by a thermoco
placed in the catalytic bed.The reaction mixture was an
alyzed on-line by GC (Perkin-Elmer Autosystem XL). T
organic components were separated in a SPB-5 capillary
umn and detected by FID. The light gases (N2, N2O, CO,
CO2) were separated in a Carboxen-1010 capillary colu
and detected by TCD.

3. Results and discussion

3.1. Catalysts

Various Fe-containing ZSM-5 catalysts having differe
iron loading were used in order to elucidate the Fe sites
alyzing the phenol hydroxylation with N2O (Table 1). The
industrial zeolite ZSM-5150 (powder) was found to contai
only traces of iron (∼ 150 ppm). But the same industrial z
olite ZSM-55500 (extrudates) contained∼ 5500 ppm of Fe.
This difference is due to the binder containing Fe app
during the extrusion step of the zeolite production. Clea
iron in the ZSM-55500 is mostly in the form of big Fe oxide
particles on the surface of zeolite crystallites. To introd
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Fe ions directly in cation-exchange extraframework p
tions in the channels of the industrial parent zeolites,
exchange or adsorption from the aqueous solutions of Fe
nitrate or Fe(III) acetate were performed (samples 5–8 inTa-
ble 1). The final Fe loadings (wt%) were varied by chang
the concentration of the Fe solutions and are indicated in
catalyst designations.

The ZSM-5350 and ZSM-55800 zeolites were prepare
by the hydrothermal synthesis. In order to obtain a
(350 ppm) and high (5800 ppm) content of isomorphou
substituted iron in the zeolite, the Fe(III) nitrate was ad
into the initial silica gel. The synthesized samples exhib
an X-ray diffraction pattern typical for the MFI framewor
No formation of a bulk Fe oxide phase was observed.

The catalysts were activated by either steaming or h
temperature treatment in He (T = 1323 K) as indicated in
the catalyst designations. The beneficial effect of the ste
ing pretreatment on the activity of ZSM-5 catalysts dur
the benzene hydroxylation with N2O is well known[6,9,19].
Steam treatment leads to significant dealumination of ze
lattice and expulsion of isomorphously substituted Fe(
This process is accompanied by partial Fe(III) autoreduction
and the formation of extraframework Fe(II)–O–Al spec
[15,20]. The high-temperature treatment in He is sugge
to drastically increase of the concentration of Fe(II) si
which are capable of forming surface atomic oxygen (OFe
from N2O [22].

In the case of the 0.18% Fe/ZSM-5st
150 and 0.44%

Fe/ZSM-5st
150 catalysts, Fe deposition by ion exchange w

performed after steaming of the parent zeolite. Steam t
ment of zeolites is known to lead to a decrease in the
centration of Brønsted sites[6,15] resulting in the reduction
of the ion-exchange capacity.

3.2. Determination of active Fe(II) sites

3.2.1. Fe(II) sites involved in surface oxygen loading from
N2O (Method 1)

Zeolite titration at low temperature and pressure by N2O
forming atomic surface oxygen (O)Fe and gaseous N2 was
used for the quantitative determination of the Fe(II) s
active in oxidation and hydroxylation[21]. Recently, we
proposed the transient response in N2O decomposition ove
zeolites for the same purpose[22]. The method is used i
the present study, and the results are presented inFigs. 1a
and 2aas the concentration–time profiles in the reactor out
let after switching from He to N2O. The nonideal reacto
behavior (as compared to a plug-flow reactor) is characte
ized by inert tracer argon (Ar). As seen, N2 appears in the
outlet simultaneously with Ar, and a delay is observed
N2O appearance. No O2 was detected in the outlet, indica
ing that only reaction (1) takes place. The concentration
Fe(II) sites participating in the formation of surface oxyg
(O)Fe via N2O decomposition,CN2O

Fe , was calculated from
the amount of N2 released. A single oxygen atom was
sumed to chemisorb on each Fe(II) site[21]. Depending
on the iron content in the zeolites and their activation
plied, theC

N2O
Fe varied over two orders of magnitude fro

∼ 5× 1017 to 3× 1019 sites g−1 (Table 1).
The C

N2O
Fe in general increases with the Fe loadin

A higher Fe loading means a higher amount of the Fe
sites able to accept atomic oxygen from N2O. This is
observed for isomorphously substituted and postsynth
modified zeolites (catalysts 3 and 5 inTable 1). However, no
direct relationship between theCN2O

Fe and the total Fe con
tent in zeolites reported in[7,25] was found. The number o
the sites,CN2O

Fe , correlates with the amount of Fe(II) gene
ated during the zeolite activation[15,20]. The formation of
Fe(II) sites was observed during calcination of zeolites in
at 823 K (synthesis) and for zeolites pretreated at 823
He before the measurements (see the nonactivated ZSM-5n

350
and 1.4% Fe/ZSM-5n5500in Table 1). The final concentratio

of the Fe(II) sites,CN2O
Fe , depends on the method of Fe i

troduction into the zeolite and its activation. The numbe
the formed Fe(II) sites is considerably lower for the po
synthesis modified zeolites. About 25% of Fe atoms in
0.44% Fe/ZSM-5st

150, which was steamed before the ion e
change with Fe, were found active toward the formation
surface atomic oxygen. At the same time,∼ 80% of the to-
tal amount of iron atoms in the isomorphously substitu
ZSM-5calc

350 after high-temperature activation in He were a
to form (O)Fe. The latter result indicates that each Fe at
in the active complexes in zeolites with a low Fe content
decompose N2O attaching an oxygen atom. This result is
line with the reports[8,9], but it is in variance with the stud
[20] claiming that about one oxygen atom is formed per
Fe(II) atoms.

High-temperature activation in He (T = 1323 K) if com-
pared to the activation by steaming is more effective for c
version of isomorphously substituted Fe(III) ions to Fe
sites. The concentration of Fe(II) sites (C

N2O
Fe ) in the cat-

alysts 2–4 after this treatment was found to be 3–4 ti
higher than after steaming (Table 1). The reverse situatio
is observed for the postsynthesis modified zeolites wi
high Fe loading (catalysts 5 and 6). In this case, after Fe
cation exchange followed by steaming of the zeolites, the
tainedC

N2O
Fe was extremely high (1.3–2.9× 1019 sites g−1).

Since these zeolites contain quite large amounts of iron (
2.1 wt%), the formation of Fe(III) oxide particles in th
zeolite pores after the high-temperature treatment is p
ble[26]. Therefore, Fe(II) sites active in N2O decomposition
are likely to be partially formed within the bulk Fe(III)-oxid
nanoparticles. Indeed, two types of Fe(II) species, which
act with N2O, have been distinguished for the FeZSM-5 c
alysts[15,19,20,22].One type of the Fe(II) species genera
oxygen active in CO oxidation and is capable of particip
ing in the catalytic cycle of N2O decomposition forming O2
and N2. The other Fe(II) species assigned to aggregated
oxide is irreversibly oxidized by N2O [19,20].
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3.2.2. Determination of Fe(II) sites by
temperature-programmed desorption of oxygen (Method 2)

The FeZSM-5 samples treated by N2O at 523 K reac-
tion (1) were immediately analyzed by TPD. The evoluti
of O2 from the catalysts appeared as a sharp peak w
maximum at∼ 670 K (Fig. 1b). Coupling of (O)Fe attached
to the neighboring Fe atoms in the oligonuclear species
taining at least two oxo-bridged Fe(II) sites[8,17,22]seems
to be an easier process as compared to the recombin
of distant single (O)Fe atoms attached to the mononucle
Fe(II) sites, which involves surface diffusion. In this ca
the TPD of O2 would appear as a broad peak[22] with
a maximum at higher temperatures. Thus, we propose
the oligonuclear oxo-bridged Fe(II) species are respons
for the sharp O2 peak observed at∼ 670 K in TPD from
the samples treated in N2O at low temperatures. Since w
have no direct proof for the species structure, we sugges
the sake of simplicity to present Fe(II) sites in oligonucl
species as binuclear Fe(II) sites. Therefore, from now on
oligonuclear Fe(II) site is named as a binuclear one.

The concentrations of the binuclear Fe(II) active sit
CTPD

Fe , are presented inTable 1. TheCTPD
Fe was found to vary

over a wide range (1×1017–1×1019 sites g−1), but never at-
tained theCN2O

Fe (CTPD
Fe < C

N2O
Fe ). The binuclear Fe(II) active

sites formation was found to depend on the method of c
lyst activation (Table 1). A fraction of the binuclear Fe(II
sites in the steamed catalysts was only∼ 10–40% of the
C

N2O
Fe , while after the high-temperature calcinations in

it increased up to 40–90%. This difference is especially p
nounced for the isomorphously substituted zeolites wit
low Fe loading. TheCTPD

Fe was∼ 4% of the total Fe loading
in the nontreated ZSM-5st

350, but increased up to 55% a
ter the high-temperature activation (ZSM-5calc

350). Steaming of
the catalyst before the high-temperature activation (see th
ZSM-5st-calc

350 in Table 1) did not change the finalCTPD
Fe . Thus,

we conclude that the zeolite activation in He at 1323 K is
effective method for the formation of the binuclear Fe(II) a
tive sites.

3.2.3. Fe(II) sites active in CO oxidation (Method 3)
It has been recently reported[22] that in the isomor-

phously substituted zeolites activated in He at 1323 K
concentration of oxygen deposited on binuclear Fe(II) ac
sites, which evolves as a sharp peak at∼ 670 K during TPD
(CTPD

Fe ), is close to the amount of oxygen active in CO oxid
tion at 523 K (CCO

Fe ). This observation was confirmed in th
present study for the zeolites after high-temperature ac
tion (see the ZSM-5calc

350, ZSM-5calc
5500, ZSM-5calc

5800 in Table 1).
However, it was found that in the steamed catalysts the
centration of oxygen active in CO oxidation is consid
ably higher than theCTPD

Fe . This result indicates that som
sites additional to the binuclear ones exist in the stea
FeZSM-5 catalysts. These sites also generate the su
(O)Fe active in low-temperature CO oxidation, but this ox
gen does not appear in TPD below 873 K. The mononuc
n

t

e

structure of the Fe(II) sites seems to account for such be
ior. Indeed, unlike the easy coupling of (O)Fe in binuclear
Fe(II) centers, recombination of oxygen atoms attache
the mononuclear Fe sites involves surface diffusion. Th
fore, the O2 evolution would appear in the TPD profile a
a broad peak at temperatures much higher than 670 K
less the diffusing oxygen atoms interact with various
species present at higher iron concentrations. Mononu
Fe(II) active sites are mostly detected in the isomorpho
substituted FeZSM-5 zeolites steamed at 823 K. After
high-temperature activation in He the formation of binucl
Fe(II) active sites is favored. At the same time, the forma
of iron oxide nanoclusters in the zeolite micropores and
formation of big particles on the outer surface of crystalli
were observed[15].

3.3. Catalyst activity in benzene hydroxylation

One-step oxidation of benzene to phenol was carried
in the reaction mixture of 1 vol% C6H6 + 5 vol% N2O +
94 vol% He. The reaction temperature range of 510–59
was chosen in order to avoid catalytic decomposition of N2O
with the formation of O2 and N2. This process takes plac
at temperatures higher than 570–580 K[22] leading to low
selectivity of N2O toward phenol formation. The time d
pendence of benzene conversion over the ZSM-55500 cata-
lyst is presented inFig. 3. The catalyst performance is stab
at temperatures as high as 543 K within 3 h. At the sa
time, the selectivity of benzene transformation to phe
was> 98%. At higher temperatures, catalyst deactivation i
observed with a small loss of selectivity toward phenol (9
98%).

It is well known that benzene hydroxylation with N2O
over zeolites at temperatures 620–720 K is accompanie
a pronounced catalyst deactivation due to coke formatio
the zeolite micropores[6,14,27–31]. A high initial activity
is followed by a strong deactivation reaching a steady sta
after 2–3 h. Molecular oxygen produced at elevated tem
atures due to N2O decomposition participates in the co
formation (polycondensation of phenols) leading to site p
soning. To avoid this, all measurements of catalytic activity

Fig. 3. Benzene to phenol oxidation over ZSM-5calc
5500 catalyst at different

temperatures:mcat = 1.0 g; C6H6:N2O = 1:5; total gas flow= 60 ml
min−1.
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Fig. 4. The rate of benzene to phenol oxidation as a function of F

sites concentration determined via titration by N2O (CN2O
Fe ) of different

FeZSM-5 catalysts activated by: (F) steaming at 823 K; (E) calcinations
in He at 1323 K for 1 h; C6H6:N2O = 1:5; total gas flow= 60 ml min−1;
T = 543 K.

were performed at 543 K after 2 h on steam. The obta
phenol productivitiesR are collected inTable 1. The high-
est rates were measured for the isomorphously substi
ZSM-5calc

5800: ∼ 0.29 mmol h−1 g−1. For the postsynthesis F
modified zeolite, 2.1% FeZSM-5st

150, the productivity to phe
nol of only ∼ 0.22 mmolh−1 g−1 was reached, despite th
almost 4-fold higher total Fe content as compared to the
morphously substituted sample.

In general no proportionality betweenR and the tota
Fe loading was observed for both isomorphously substit
and ion-exchanged samples independently of the activa
method (steaming or/and high-temperature He calcinations
Indeed, Fe(III) oxide is known to be inactive in benzene
droxylation. Only the Fe(II) sites, which are able to gene
(O)Fe, seem be involved in catalytic cycle. We have, the
fore, plotted (Fig. 4) the reaction rate,R, as a function of
the total amount of the Fe(II) sites,C

N2O
Fe . It is clearly seen

that no relationship exists between the rate of phenol for
tion and the amount of Fe(II) adsorbing atomic oxygen
low temperatures from N2O. This result indicates that no
all (O)Fe loaded from N2O is active in the phenol formation
lending distrust to the definition ofα-oxygen[21].

Based on the statement by Panov and co-workers[21] that
α-oxygen active in oxidation is formed by binuclear Fe(
sites, we plottedR against the amount of binuclear Fe(
sites,CTPD

Fe (Fig. 5). A direct proportionality is seen in th
region ofCTPD

Fe >1–2× 1018 sites g−1. The result indicate
that these Fe(II) sites are responsible for the activity in b
zene hydroxylation:

N2O + bi-( )Fe = N2 + bi-(O)Fe, (3)

C6H6 + bi-(O)Fe = C6H5OH + bi-( )Fe. (4)

However, at very low concentrations of the Fe(II) sites
observed proportionality decays. The mononuclear cen
which do not appear in TPD, seem to contribute substant
,

Fig. 5. The rate of benzene to phenol oxidation as a function of b
clear Fe(II) site concentrations determined via TPD of oxygen (CTPD

Fe ) of
different FeZSM-5 catalysts activated by: (F) steaming at 823 K; (E) cal-
cination in He at 1323 K for 1 h; C6H6:N2O = 1:5; total gas flow= 60 ml
min−1; T = 543 K.

Fig. 6. The rate of benzene to phenol oxidation as a function of the
centration of Fe(II) sites active in CO oxidation (CCO

Fe ) determined in the
isomorphously substituted FeZSM-5 catalysts activated by: (F) steaming
at 823 K; (E) calcination in He at 1323 K for 1 h; C6H6:N2O = 1:5; total
gas flow= 60 ml min−1; T = 543 K.

in benzene hydroxylation and should be also taken into
sideration:

N2O + mono-( )Fe = N2 + mono-(O)Fe, (5)

C6H6 + mono-(O)Fe = C6H5OH + mono-( )Fe. (6)

Fig. 6 represents reaction rateR over the isomorphousl
substituted FeZSM-5 zeolites as a function of the concen
tion of the Fe(II) sites (mono- and binuclear) active in C
oxidation,CCO

Fe . It follows thatR is directly proportional to
the total concentration of mono- and binuclear Fe(II) s
up to theCCO

Fe ∼ 1019 site g−1, suggesting these sites
responsible also for the activity in benzene hydroxylat
This result together with the close values for the appa
activation energiesEa found for the catalysts with differen
Fe contents (Table 1) points to a similar catalytic behavior o
mono- and binuclear Fe(II) active sites in benzene hydro
lation.

Fig. 7 shows the reaction TOFs calculated as the rat
phenol formation referred to asCTPD

Fe andCCO
Fe (inset) for

the catalysts studied. As seen, the TOF calculated for
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Fig. 7. Turnover frequencies (TOFs) of benzene to phenol oxidation calculated for the binuclear Fe(II) sites (CTPD
Fe ) and for the Fe(II) sites active in CO

oxidation (CCO
Fe ) (inset) over different FeZSM-5 activated by: (F) steaming at 823 K; (E) calcination in He at 1323 K for 1 h. C6H6:N2O = 1:5; total gas

flow = 60 ml min−1; T = 543 K.
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of mono- and binuclear Fe(II) sites (CCO
Fe ) is a constant for

the site concentrations less than∼ 1019 site g−1. At higher
values ofCCO

Fe obtained in the postsynthesis ion-exchang
catalysts with Fe loading of 2.1 wt%, the TOF was low
This result can be explained by the strong influence of a
amount of Fe(III)-oxide particles formed in the zeolites,
the Fe(II) active sites measurements (determination ofCCO

Fe ).
We conclude that the quantitative determination of Fe

active sites by the transient response of CO2 during CO oxi-
dation by the surface atomic oxygen (O)Fe is applicable only
for the isomorphously substituted FeZSM-5 catalysts wi
relatively low content of iron (< 0.5–0.6 wt%).

The present study shows that the activated FeZSM-5
olites contain different Fe(II) extraframework species. T
relative content of the species depends on the total
concentration in the zeolite, the preparation method, an
activation procedure. The nuclearity of the Fe(II) spec
(mono-, bi-, oligonuclear species or nanoparticles) in
morphously substituted FeZSM-5 zeolites has a tende
to increase with the total iron concentration and temp
ture/time of activation. This is schematically presented
Fig. 8. At very low Fe concentrations (< 350–500 ppm) and
after steaming at 823 K active sites seem to exist as mon
clear extraframework Fe(II)–O–Al complexes together w
some amount of centers with higher nuclearity. A hig
temperature activation in He of the low Fe content zeol
creates mostly oligonuclear species containing at least
oxo-bridged Fe(II) sites. The increase of these species
centration is also observed with the increase in Fe con
(> 500 ppm). At the same time, Fe(III) oxide nanoclust
begin to appear in zeolite micropores. The Fe(III) oxide n
oclusters are probably partially reduced to Fe(II) during
catalyst activation. Further increase of the Fe concentratio
by postsynthesis loading (ion exchange) leads to the
mation of inactive agglomerates of iron (III) oxide on t
external surface of the zeolite, which is responsible for
total oxidation.
-

-

The Fe(II) sites relating to mono- and oligonuclear (b
species and Fe(II) in iron oxide nanoparticles seem to
ticipate in surface oxygen (O)Fe loading from N2O. They
can be quantitatively determined by the transient respo
method during low-temperature N2O decomposition. Not al
deposited atomic oxygen was found to be active for ox
tion. Only the sites of low nuclearity have (O)Feparticipating
in catalytic cycles, as determined by the transient respo
of CO2 during CO oxidation. The same sites seem to be
sponsible for the FeZSM-5 catalyst activity in the benz
hydroxylation with N2O. Due to the easy direct recomb
nation of the neighboring oxygen atoms, oligonuclear Fe
sites, unlike mononuclear ones, give a sharp peak in the
profile at ∼ 670 K. Therefore it is possible to suggest t
TPD of O2 as a quantitative method for the determination
Fe(II) sites in oligonuclear species.

4. Conclusions

1. Benzene was shown to be hydroxylated to pheno
N2O at 550 K with high selectivity (> 98%) without cat-
alyst deactivation within 3 h provided that Fe-ZSM5
properly synthesized and activated. For the same Fe
tent and activation (steaming and/or high-tempera
treatment in He), isomorphously substituted FeZSM
showed a higher activity as compared to the Fe i
exchanged samples.

2. Three types of Fe(II) active sites were observed in
zeolites upon activation. They could be assigned to:
Fe(II) sites in mononuclear species, (2) oligonucl
species with at least two oxygen-bridged Fe(II) sit
and (3) Fe(II) sites within Fe2O3 nanoparticles. The tota
amount of Fe(II) sites was determined by the trans
response method during low-temperature (523 K) N2O
decomposition accompanied by the formation of s
face atomic oxygen (O)Fe. Only mono- and oligonuclea
Fe(II) sites can form (O)Fe active in benzene hydroxyla
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Fig. 8. Schematic presentation of the evolution of Fe(II)sites in FeZSM-5 upon activation and increase in Fe content.
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tion and CO oxidation. Their amount in isomorphou
substituted catalysts was measured by the transien
sponse of CO2 during CO oxidation (523 K) over the ze
olite preloaded by (O)Fe. The concentration of oligonu
clear Fe(II) sites was determined by TPD of O2.

3. The nuclearity of the Fe(II) species in the isom
phously substituted FeZSM-5 zeolites is a function
the iron concentration and activation method. Mono
clear Fe(II) active sites were preferably formed in
catalysts with low Fe concentrations (<350–5500 ppm
after steaming (823 K). They were transformed to
oligonuclear Fe(II) active species upon high-tempe
ture treatment in He.

4. Mono- and oligonuclear Fe(II) sites active in CO o
idation seem also to be responsible for the FeZS
activity in benzene hydroxylation. The reaction turno
frequency over isomorphously substituted zeolites (
culated as the rate of phenol formation referred to
amount of the Fe(II) sites active in CO oxidation) w
observed to be constant and independent of the cat
activation procedure (steaming and/or calcination t
perature).
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