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Selective oxidation of benzene to phenol over FeAIPO catalysts using
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A tetrahedrally coordinated iron in framework substituted
microporous AIPO-5 catalysts are shown to be active and
selective for the hydroxylation of benzene to phenol, using
nitrous oxide as the oxidant.

Direct conversion of benzene to phenol has been a topic of interest
over the last decade, since the discovery of catalysts that use
nitrous oxide as oxidant as opposed to oxygen; use of oxygen is
known to be detrimental to the selective conversion to phenol. In
1983 Iwamoto et al.' reported the use of vanadia catalysts, but
interest really stems from the report of ZSM-5 catalysts in 1988, by
three separate groups of investigators.>™ Extensive studies of iron
containing zeolite catalysts have focussed on the preparation and
pretreatment of these materials to achieve the best catalytic results,
in addition to the investigation of the nature of the active oxygen
species and the structure of the active site;> 3" based on the work
carried out by Panov and co-workers, Solutia developed a process
for the direct oxidation of benzene to phenol using N,O and
FeZSM-5 as catalysts.***° Several models have been proposed as
the active site for the catalytic reaction, which include monomeric
FeO, species, dimeric Fe-O-Fe type species and cubic clusters of
FeO,. It appears that coordinatively unsaturated iron species,
present in non-framework positions within the pores of the zeolite
facilitate the formation of the a-oxygen species, which Panov et al.
argued to be responsible for the hydroxylation of benzene to
phenol. More recently Ren ez al*' reported that iron phosphate
can serve as a catalyst for benzene hydroxylation, with selectivity
exceeding 85%, but relatively low conversions, <7%. Using X-ray
diffraction, that group identified FePO, in the quartz phase as
being catalytically active, even though this phase is well known to
contain Fe(l1l) ions in a stable, tetrahedral coordination.*!
Bringing together the results on Fe-ZSM-5>* and from the
Ren group,”! we have chosen to examine iron-substituted
aluminophosphate (AIPO-5 structure) as catalysts for benzene
hydroxylation, using nitrous oxide as oxidant, since it has been
established recently that Fe(Ill) ions are present in a tetrahedral
coordination in the AIPO-5 structure and they are very good
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catalysts for several oxidation reactions with molecular oxygen as
oxidant.*>#*

Iron containing (0.1, 1 and 4 wt%) AIPO-5 materials were
prepared using a well established procedure,* using tetracthyl-
ammonium hydroxide as the structure directing agent. The phase
purity and stability of the AFI structure was confirmed by both
in situ and ex-situ X-ray diffraction (see ESI).f Catalytic
performance was measured in an atmospheric pressure micro-
reactor equipped with on-line GC analysis, using 0.5 g of catalyst
contained between silica wool plugs. The gas phase was
composed of benzene, nitrous oxide and helium diluent, in ratios
of 1:3.6: 54, and the GHSV was 7200 h™ ..

Irrespective of the iron content, all the FeAIPO-5 catalysts
typically reached maximum activity during the first hour on
stream, with selectivity to phenol always greater than 95%. Other
products observed were dihydroxybenzenes (catechol and hydro-
quinone) and benzoquinone, formed from the oxidation of
hydroquinone. The catalyst containing 1 wt% iron was the most
active, reaching 13.4% conversion (of benzene) at about 653 K
while maintaining high selectivity—its performance is illustrated in
Fig. 1. The performances of the catalysts studied are summarised
in Table 1; an iron free material (pure AIPO-5) was tested as a
reference but found to be inactive under the reaction conditions
used in this work. Catalytic activity decreased slowly, by ca 20%
over a 6-h run, probably due to coke formation. Catalytic activity
is completely restored by heating in 10% oxygen—90% helium at
810 K for 2 h. Although the activity of our 1 wt% FeAlPO
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Fig. 1 Catalytic activity of 1 wt% FeAIPO-5 as a function of tempera-

ture for the oxidation of benzene to phenol. Benzene : N;O : He =1:3.6:
5.4, contact time factor = 0.5 s.
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Table 1 Activity of aluminophosphate catalysts for the oxidation of benzene using N,O as oxidant

Yield (0 ())
Catalyst Conversion of Benzene (%) Phenol Catechol and hydroquinone p-Benzoquinone
FeAIPO-5(0.1%)¢ 44 — 0.1
FeAIPO-5(1%)" 13.4 13.0 0.1 0.3
FeAlIPO-5(4%)" 11.6 11.4 — 0.2

“ Numbers in parentheses indicate iron content in wt%. ® Reaction conditions: Temperature: 653 K, benzene : N,O : He = 1 : 3.6 : 5.4, contact

time factor = 0.5 s.

materials are slightly less (but significantly more compared to pure
AIPO-5) compared to that reported for FeMFI* as well as from
our own study (we observed ca 23% yield of phenol over FeMFI,
well in line with the literature), the creation of an active iron site in
FeAIPO-5 involves a one-step process of calcination at tempera-
tures of ca 823 K; active FeMFT catalysts are invariably prepared
using a two-step process such as calcination of Fe(1l1) incorporated
zeolite and heat treatment at temperatures in excess of 873 K or
steaming at high-temperatures. Experimental conditions employed
in this work using FeAIPO-5 catalysts were closely similar to the
ones reported in ref. 23 which are shown in Table 1 along with the
catalytic results.

We have characterised the environment of iron in our
aluminophosphate catalysts by X-ray absorption spectroscopy,
carried out at station 7.1 of Daresbury Synchrotron Source which
operates at 2 GeV; the station was equipped with Si(111) double
crystal monochromator and a solid state fluorescence detector.
X-Ray absorption near edge structure (XANES) spectra given in
Fig. 2 show the presence of a pre-edge feature (marked A), which
increases in intensity on heating the sample to 373 K (no further
changes in the Fe K-edge XANES studies conducted at
temperatures up to ca 803 K). This change is indicative of the
conversion of octahedrally coordinated Fe(III) to the tetrahedrally
coordinated state.*>*¢ Analysis of the Fe-K edge EXAFS spectra
of the as-prepared (1 wt% FeAlPO-5) material shows octahedral
coordination of oxygen, with an average Fe-O distance of 1.95 +
0.01 A. Upon calcination in air at ca 773 K, the Fe-O
coordination number decreased to 3.9 + 0.2, and the iron—oxygen
interatomic distance decreases to 1.86 + 0.02 A, which is closely
similar to the framework substituted Fe(1l) ions in FeZSM-5
materials;®’ the Fe(11) coordination increased to 6 when exposed
to water molecules, which is easily convertible to tetrahedral
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Fig. 2 Fe K-edge XANES of hydrated and dehydrated AIPO-5 catalyst,
containing 1 wt% iron. The pre-edge peak is marked as A which increases
upon dehydration at ca 373 K (and this remains unaltered up to ca 803 K)
indicating the formation of tetrahedral Fe(1iT) due to the removal of water
molecules bound to framework iron ions in the hydrated state.

coordination by mild heat treatment.*> These EXAFS results are
consistent with the change in the pre-edge intensity in the XANES
data of the as-synthesised and calcined (in situ) catalysts.*** Both
EXAFS and XANES measurements thus support the presence of
coordinatively unsaturated, tetrahedrally coordinated Fe(11I) in the
activated catalyst.

In summary, it is found that calcined Fe(11r) substituted AIPO-5
material (without additional high-temperature heat treatments
which are normally carried out for FeZSM-5 catalysts) is active for
the conversion of benzene to phenol in presence of nitrous oxide at
ca 653 K.
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