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Abstract

The one-step oxidation of benzene to phenol with nitrous oxide has been studied over a variety of Fe/MFI catalysts at 40Cafithi&é50
turnover frequency (TOF) is found to strongly increase with decreasing Fe loading in accordance with the model of mononuclear Fe sites. The
TOF is highest for steamed H-MFI catalysts with an iron impurity ofde= 0.014. A large increase in phenol yield upon steaming H-MFI
at 650°C indicates that Fe ions are transferred from lattice to extralattice positions. Treating such catalystsSwigsits in a dramatic
decrease of the selectivity to phenol, proving the crucial role of Fe ions. A small residual activity for phenol formation after sulfidation could
indicate a different reaction path of low rate or regeneration of Fe sites by oxidation of sulfide groups. In general, three types of Fe sites have
been identified in Fe/MFI catalysts: (1) mononuclear Fe, catalyzing phenol formation, (2) dinuclear, oxygen-bridged Fe oxo-ions, catalyzing
NO, reduction, and (3) Fe oxide nanopatrticles, catalyzing deep oxidation.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction those which contain Fe only as an impurity, the effects of
pretreatments have been studied that are known to transfer

The oxidation of benzene to phenol with nitrous oxide Fe ions from lattice to extralattice positions. Characteriza-

in one step has attracted much attention following the first tion techniques include FTIR and temperature-programmed

paper by lwamoto in 1983 [1] and numerous papers by the oxidation of used catalysts.

groups of Panov at Novosibirsk [2—10], Uriarte at Solu-

tia [11], and others [12—16]. The nature of the active sites in )

Fe/MFI catalysts (the zeolite MFI is often called ZSM-5)and 2~ Experimental

the reaction mechanism are subjects of intense debate. Brgn- .

sted and Lewis acids sites and mononuclear and dinuclear F¢-1- Catalyst preparation

sites have been proposed as the loci where phenol is formed.

DFT calculations of a reaction path assuming mononuclear

iron sites have recently been published by Kachurovskaya

et al. [17]. In the present study Fe/MFI catalysts have been

synthesized with a wide range of FAd ratios by chemical FeMFI (1) was synthesized by subliming FeGhto

vapor deposition, ion exchange from aqueous solution, and . i T
hydrothermal synthesis. The catalysts have been tested forHMFI for'5 min, followed by hydrolysis and calcination of

benzene oxidation with nitrous oxide, both before and after theFF()erl\?ICI;:l:r(SZO)r\;;\l/;igg:n[tjl:]i]éized by controlled ion exchange
treatment with HS which selectively poisons the Fe sites. y y 9

o .~ of FeCk into HMFI at room temperature for 24 h followed
For catalysts prepared by hydrothermal synthesis, including by hydrolysis and calcination of the precursor at 500As

the proton is only partially exchanged by the iron, thé/Ae
* Corresponding author. ratio for Fe/MFI (1) and (2) from ICP should reflect the ex-
E-mail address: wmhs@northwestern.edu (W.M.H. Sachtler). change percentage.

The parent NaMFI was kindly provided by UOP LLC in
Des Plaines (lot number 994995060014 = 23, Ng/Al =
0.67). The HMFI was prepared by ion exchange of NaMFI
with NH4NOj3 followed by calcination.
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FeMFI (3) was synthesized by hydrothermal synthe- 50-m capillary column of methyl silicone. The TOF was cal-
sis [19]. A solution of the silica source (tetraethylorthosil- culated from the ratio of produced phenol molecules and iron
icate, TEOS, Aldrich, 98%) and the template (tetrapropyl- atoms in the catalyst.
ammonium hydroxide, TPAOH, Fluka, 20% in water) was
added to a mixture of aluminum nitrate (AI(NR - 9H20, 2.3. Characterization of the catalyst
Aldrich, 99%) and iron(lll) nitrate (Fe(N§s - 9H.0,

Aldrich, 98.5%). The molar ratios between components  FTIR spectra were recorded on a Thermo Nicolet Nexus
were HO/Si = 45, TPAOH'Si = 0.3, S{Al = 36, and 670 FTIR spectrometer with a DTGS detector and were av-
Si/Fe= 152. The solution was transferred to a stainless- eraged with 32 scans at 2 crhresolution. IR spectra of
steel autoclave lined with Teflon lining and kept in a static adsorbed species such as NO were obtained by subtracting
air oven at 448 K for 5 days. The crystalline material was fil- the spectrum of the zeolite as background. The used cata-
tered and washed with deionized water. The as-synthesizedysts were characterized by TPO. TPO was carried out with
sample, in which Fe(lll) is isomorphously substituted in the a 5% Q/Ar flow of 40 ml/min and a temperature ramp
zeolite framework, was calcined in air at 823 K for 10 h. rate of 8C/min. The evolution of C@, CO, and HO was

FeMFI (4) was synthesized by first exchanging /D3 monitored by mass spectroscopy (Dycor Quadruple Gas An-
into NaMFI (replacing~ 80% of the Na ions), calcining at  alyzer).
550°C, and then subliming Fegbnto this precursor. This
was followed by hydrolysis and calcination at 5@D

FeMFI (5), also called FeMFI (SUB), was synthesized by 3. Results
subliming Fed into HMFI until all Brgnsted sites had been
replaced; this was followed by hydrolysis and calcination of  Fig. 1 shows the oxidation of benzene to phenol over a

the precursor at 500C [18]. HZSM-5 catalyst, that contains Fe only as an impurity. The
The chemical composition, determined by ICP, is listed Fe/Al ratio of this sample is 0.014 and the f&i ratio of
in Table 1. 0.00061. When merely calcined inp@t 650°C, this acid
zeolite displays a low activity for benzene oxidation to phe-
2.2. Catalyst testing nol. However, upon treating this material in steam at 850

the phenol yield rises dramatically; a phenol yield near 70%

One-step oxidation of benzene to phenol was performedis achieved. This performance remains stable for the dura-
in a U-shaped fixed-bed quartz reactor with a mixture of tion of the 3-h test. The dealumination process is evidenced
CesHe/He (20 m)min) and NO/He (60 m/min) between by the IR spectra in Fig. 2. For the H-MFI samples pre-
400 and 450C for 3 h at a pressure of 3 bar. The molar treated in dry @ at 550 and 650C, Brgnsted acid sites
CeHs/N20/He feed ratio is 13/36. The amounts 250 mg  and silanol groups are apparent by the bands at 3610 and
of finely powdered catalyst and 500 mg SiGiluent were 3745 cnt, respectively [18]. After steaming, an additional
used. Before the reaction, the catalysts were normally treatedband emerges at 3663 ch it is assigned to OH groups
in flowing Oy (30 ml/min) while the temperature was in-  of highly dispersed A0z inside zeolite channels [20]. Dur-
creased from room temperature to 480and held at 450C ing this dealumination, the intensity of the Brensted acid site
for 10 h. Then @ was replaced by yD/He (30 mfmin with decreases. As B¢ ions in zeolite tetrahedra are less stable
a HyO partial pressure of 2.9 kPa) (0p B0 ml/min) and the
temperature was increased to 680and kept there for 2 h.
The catalyst was subsequently exposed for 0.5 h to a flow 90
of N2O in He (10%) at 400C. Some samples were further g A

0
treated in a flow of HS/H, at 400°C for 1 h and at 106C ] ol L . Steoming prereatment
for an additional hour. The $6/H, mixture was produced by o

100

Ly | )
= 0
passing H gas through a CuS bed heated at 4C0Products = . 400 €
were analyzed by on-line gas chromatography (FID) with a E 50
=R
Table 1 = 1 ;
Fe/Al and Si/Al of different Fe/MFI catalysts = 400 °C o U, prefreatment
Sample Atomic ratio 20+ m
- T 450 °C
Fe/Al Si/Al 104
HMFI 0.014 23 il
T T T T T T T T T
Fe/MFI (1) Q048 23 0 20 4 60 80 100 120 40 160 180 200
Fe/MFI (2) Q18 23 o
Fe/MFI (3) Q38 38 Time (i)
Fe/MFI (4) Q83 23 . ! o
Fe/MFI (5) 123 23 Fig. 1. One-step oxidation of benzene to phenol over HMFI/fre=

0.014) with steaming andQpretreatment at 65TC.
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Fig. 2. (a and b) FT-IR spectra of HMFI with pretreatment of (1) ;ma550°C, (2) in steam at 650C, and (3) in @ at 650°C.

than ARB* ions, the F&t ions will leave their positionsinthe  same flow reactor at a total pressure of 3 bar; the reaction

zeolite lattice during this dealumination, as stated previously temperature being either 400 or 45D,

by Pirutko et al. [4]. The results are presented in Fig. 3, where the TOF is plot-
This result lends credence to the model that Fe sites inted logarithmically against the FFAl ratio. From this figure

extralattice positions are crucial for the benzene oxidation to it is evident that the TOF decreases by more than 3 orders of

phenol. We have, therefore, defined the turnover frequencymagnitude when the Fe loading is increased. The decrease is

(TOF), for this reaction as the number of moles of phenol steepest in the area of low & ratios.

formed per second and per Fe atom in the catalysts. Fe/MFI  To us, these results indicate that mononuclear Fe sites are

samples have been tested with widely differing Fe loadings, crucial for the benzene oxidation to phenol.

achieved by using catalysts that were prepared by hydrother- Phenol is, of course, not the only reaction product of

mal synthesis, followed by steaming (HTS), or ion exchange CegHe + N2O over these catalysts. On acid sites carbenium

from aqueous solution (WIE), or chemical vapor deposition ions can be formed from benzene and phenol; they can form

by subliming Fed vapor onto H-MFI (SUB). The lowest  carbonaceous deposits and react wifoNo CO, CQ, and

Fe loading was present in the nominal Fe-free H-MFI with N». To discriminate between the catalysis on the Fe ions and

Fe/Al = 0.014; the highest Fe loading was obtained by CVD that on the acid sites, we have tried to selectively deactivate

with Fe/Al = 1.2. These samples thus coveyBératios of the Fe sites by exposing the catalysts to asH Hy flow.

two orders of magnitude. All catalysts were probed in the The result of this strategy is shown in Fig. 4 for a catalyst
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Fig. 3. Turnover frequency of benzene oxidation to phenol over FeMFI

(with steaming treatment) catalysts at reaction time of 180 min. Fig. 5. One-step oxidation of benzene to phenol over HMFI ap&/H

100 Ho-treated HMFI catalysts at 45@ (with steaming pretreatment).

with the sulfided H-MFI catalyst with a much higher ratio of
80+ A Benzene conversion for H,S/H, treated FeMFI (SUB) acid/iron sites. This could mean an authentic reaction path
A for benzene to phenol not requiring any transition metal ions
or, alternatively, that some sulfided Fe ions are easily regen-
erated by oxidation of the sulfide groups with nitrous oxide.
Benzene conversion for FeMFI (SUB) The possibility of $~ oxidation by NO has been ad-
dressed in the IR study of which Fig. 6 shows the result.
The spectra were recorded with Fe/MFI (SUB) after differ-
henol yield for FeMFI (SUB) ent pretreatments. For a catalyst that was merely exposed to
a HS/H; flow, no S—-O groups are visible. Acidic sites (Al-
- OH) were not observed, but the Brgnsted acid sites causing
Phenal yield for H,5/H, treated FeMFI (SUB) the well-known band at 3610 cm recovered upon expo-
L I ' sure to MO at 300°C. No S=0 groups were observed at this
stage. After exposure toJ® at a temperature above 450,
aband at 1380 cmt appears. It thus seems possible that the
Fig. 4. One-step oxidation of benzene to phenol over FeMFI (SUB) and S?~ ions are oxidized to a-=SO groups [21,22]. We imagine
HoS/Hp-treated FeMFI (SUB) catalysts at 450 (with steaming pretreat-  that HoS/H, reacts with [HO—Fe—O—Fe—OH/] (see [23])
ment). at 300°C to form [HS—Fe—S—Fe—SHi. This ion will be
oxidized to [HO-Fe-S—Fe—OH/t by N,O; at a tempera-
prepared by CVD and in Fig. 5 for a steamed H-MFI ca- ture above 450C it will be oxidized to [HO-Fe—(Sg)—Fe—
talyst. The data show that poisoning with$lhas a very ~ OHJ?*. It is known that at 500C Fe(SQ4)3 decomposes
strong deactivating effect. In addition, it is noted that for and SQ is released. This process will be facilitated iffe
the SUB catalyst with high Fe loading (Fig. 4) the benzene ions react with the AlOs nanoparticles inside the zeolite
conversion is higher after poisoning the Fe sites. This could channels. In H-MFI, the Fe content is too small to follow
mean that some carbenium ions are converted over Fe siteshe processes of sulfidation and reoxidation by IR. We also
to more strongly adsorbed entities that hinder the processedound that under our condition the;8 does not deactivate
at the acid sites. This effect is absent on the H-MFI catalysts the Brgnsted acid sites in HMFI.
with a very low number of Fe sites. Another observation  The question of site regeneration after sulfidation moti-
is that on the unsulfided SUB catalyst the reaction rate of vated us to follow the catalytic activity and selectivity for
phenol formation decreases with time on stream, indicating benzene oxidation with time on stream for a sulfided H-MFI
some poisoning of Fe sites by deposits. catalyst. The results are shown in Fig. 7. The data indicate
The most interesting observation in the context of the that the selectivity increases with time, while the conversion
present work is, however, that formation of phenol is very decreases. As the yield, per definition, is the product of con-
strongly suppressed by deactivation of the Fe sites. This sup-version and selectivity, it changes little with time, as was
pression is almost 100% for the SUB catalyst with high Fe shown in Figs. 4 and 5. The increase in selectivity from 60
loading, and comparatively low concentration of acid sites, to 90% seems to indicate some regeneration of selective iron
while a residual activity for phenol formation is recorded sites by oxidation of sulfide groups.
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Fig. 6. FTIR spectra of FeMFI (SUB) after different pretreatments: (1) pretreated@iHt¢ at 650 C, then in HhS/Hy at 400°C; (2) pretreated in pO/He
at 650°C, then in B S/H, at 400°C, and then in NO at 300°C; (3) pretreated in bO/He at 650 C, then in HS/H, at 400°C, and then in NO at 450°C;

(4) pretreated in @at 500°C.
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Fig. 8. TPO profiles of catalysts used for the oxidation of benzene to phenol
at 450°C: (1) HMFI pretreated in @ at 650°C; (2) HMFI pretreated in

Fig. 7. Conversion and selectivity to phenol of presulfided HMFI catalysts H20 at 650°C; (3) HMFI pretreated in HO/He at 650 C, then in HS/H
as a function of time on stream. at 400°C; (4) FeMFI (SUB) pretreated in4® at 650°C; (5) FeMFI (SUB)

pretreated in HO at 650°C, then in HS/H, at 400°C.

The effect of the Fe ions in exchange positions is further ) . .

illustrated by the results in Fig. 8, which show the formation 'S Not only essential for the formation of this coke but also
of CO, upon temperature-programmed oxidation (TPO) of for its oxidation to CQ. It is evident from Fig. 8, that this

used catalysts. Clearly, Fe has a very pronounced effect on oxidation is almost complete at 13Q for those catalysts
which have Fe in accessible exchange positions, but oxida-

tion of deposits requires a much higher temperature for the
H-MFI catalysts which contains Fe inside the zeolite lattice.
Likewise, sulfidation of Fe deactivates these sites as cata-
lysts for coke combustion, shifting the temperature for this
process upward by 400-500.

(1) the quantity of the CQ which is indicative for the
amount of carbonaceous deposit on the catalysts after
use, and

(2) the activation energy for the combustion of this coke
during the TPO run.

The largest amounts of deposit are obviously formed on
catalysts which have Fe ions in accessible positions and ox-4. Discussion
idize benzene to phenol. This is the case for the HMFI cata-
lysts after steaming at 65C and for the Fe/MFI catalyst The discussion on the mechanism of the one-step oxida-
prepared by SUB. Much lower quantities of coke are presenttion of benzene with nitrous oxide to phenol focuses on two
on the unsteamed HMFI and the sulfided catalysts. The ironmain questions:
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(1) Are Fe ions required or can acid sites catalyze this oxi- fully confirm the conclusions of Wichterlova’s group, that
dation in the absence of Fe? for this catalysis mononuclear iron sites are required.

(2) If Fe is required, are the selective Fe sites dinuclear The TPO data show the important role of Fe both for the
as in some well-studied enzymes and the Fe/MFI cata- formation of carbonaceous deposits and for their oxidation
lysts used for N@ reduction by hydrocarbon, or can to CQ,. Clearly, the activation energy for this oxidation is
mononuclear Fe catalyze benzene conversion to phenolstrongly reduced by iron ions in accessible positions, but gets

lost when the Fe ions are encaged in zeolite tetrahedra or
An excellent discussion of these problems was recently when they are deactivated by sulfur.

published by Kubéanek et al. in this journal [24]. This en- The role of Fe in coke formation may be a direct conse-

ables us to be brief in the present chapter. Panov et al.quence of its catalytic selectivity for phenol formation. All

had argued that dinuclear Fe sites are most likely requiredcatalysts under study expose Brgnsted acid sites which form
for this catalytic reaction; the zeolite based Fe would thus carbenium ions with aromatic molecules. The ionization po-
be similar to the Fe groups in enzymes of the cytochrome tential of phenol, 8.51 V, is lower than that of benzene,
group. Conversely, Suzuki et al. [25], Burch and Howitt [26], 9.24 V. It thus makes sense to assume that phenol is an ef-
and Kustov and co-workers [27,28] argued that virtually Fe- ficient precursor for carbenium ion reaction that ends up in
free catalysts can catalyze this reaction; the amount of oxy-the formation of carbonaceous deposits. Catalyst in which
gen chemisorbed by dissociation of® on these materials  the function to form phenol is blocked will form less coke.
would exceed the number of Fe impurities. Kustov assumesThis may be the reason for the observation in Fig. 4 that

that Lewis sites, such as Al, act as adsorption sites. A dif- the catalysts prepared by chemical vapor deposition show a

ficulty with that concept is, however, that the oxygen atom higher conversion, though a much lower phenol yield, after

that is deposited on the surface by®ladsorption, followed  sulfidation than before sulfidation.

by N2 desorption, has only a sextet of outer electrons. As the  Within the group of Fe/MFI catalysts the optimal catalyst

Al Lewis site, likewise, has an incomplete octet, it does not for benzene oxidation strongly differs from the best Fe/MFI

recognize these O atoms as Lewis bases. catalysts for reduction of NOto N,. As has been shown

The present results show that selective poisoning of iron in numerous papers by our group and others [30-33] dinu-
sites by sulfidation strongly suppresses the propensity of theclear oxygen-bridged Fe sites are required for the optimum
catalyst to oxidize benzene to phenol. Even with the nominal NO, reduction catalyst. We have routinely prepared cata-

H-MFI catalyst, having a ratio of acid sites to Fe site30, lysts for both processes and always found complementary

the negative effect of sulfidation is very pronounced. These behavior: high Fe load catalysts are required for,N®©-

data clearly show the crucial role of Fe ions for the oxida- duction, low Fe loading is ideal for benzene oxidation to
tion of benzene to phenol. Another important argument for phenol. The present work shows that increasing the iron load
this conclusion is the strong positive effect of treating low from Fe/Al = 0.014 to 1.2 results in lowering the turnover

Fe catalysts with steam at high temperature. There is a widefrequency for phenol formation by three orders of magni-

consensus that such treatment will transport Fe from posi-tude. A common element of both classes of catalyst is that

tions inside the zeolite lattice to more accessible positions. nanoparticles of iron oxide are deleterious for both phenol

Pérez-Ramirez et al. have shown [29] that this treatmentformation and NQ reduction because they catalyze nonse-

when applied to H-MFI zeolites with low Fe content, trans- lective “deep” oxidation. The dominant Fe sites in Fe/MFI

fers Fe to extralattice positions and creates highly dispersedthat are active in catalytic oxidation can thus be classified as
mononuclear sites. We are aware that this treatment will alsofollows:

have an effect on the transport parameters of the catalyst, be-

cause voids and mesopores will be formed, but in the present(1) mononuclear Fe ions: catalyzing benzene oxidation with

case it appears rather obvious that the creation of new sites  N2O to phenoal;

is responsible for the drastic increase in catalytic activity.  (2) dinuclear, oxygen-bridged ions such as [HO-Fe—O—-Fe—

After having stressed the crucial role of iron for benzene OHJ?* catalyzing NQ reduction;

oxidation to phenol, it should be noted that the present data(3) iron oxide particles catalyzing combustion of organic

in Figs. 4 and 5 also show that after sulfidation a small resid- molecules to C@+ H0.

ual activity has been identified. We, therefore, do not exclude

that a parallel reaction path may exist which converts ben-  The relative abundance of any of these sites depends not

zene to phenol without using Fe sites. If so, this path has aonly on the Fe load of the zeolite, but also on the pres-

much lower rate constant than the predominant path usingence of acid sites in the same catalyst. Previously we have
the Fe sites. shown that contact of a base with Fe in MFI promotes the
As noted, the steam treatment of H-MFI containing a agglomeration of Fe oxo-ions to iron oxide nanopatrticles;
small Fe impurity is known to generate highly dispersed conversely acid groups promote redispersion of oxide parti-
mononuclear Fe sites. The catalyst prepared in this way dis-cles to mono- or dinuclear (oxo-)ions [34]. It follows, that
plays the highest turnover frequency for benzene to phenolacidic groups coexisting with mono- or dinuclear Fe enti-
of all catalysts tested in this study. Our results, therefore, ties inside the same zeolite will be beneficial by protecting
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