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Iron-functionalized AI-SBA-15 for benzene hydroxylationT
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For the first time an ordered mesoporous silica (Fe-Al-SBA-15)
with catalytically active isolated Fe surface species for the
hydroxylation of benzene with nitrous oxide is prepared by
introduction of Fe*" in the synthesis gel of AI-SBA-15.

Novel catalytic routes for the selective oxidation of hydrocarbons
to oxygenates are much desired to replace existing environmentally
stressing processes. For this purpose, microporous zeolites have
been applied as catalytic hosts for transition metals. Iron-
containing ZSM-5 zeolites have received their share of attention
because of their unique reactivity in the hydroxylation of benzene
to phenol by nitrous oxide." The active sites consist of highly
dispersed extra-framework Fe ions with the specific ability to
decompose nitrous oxide to an adsorbed atomic oxygen species
and molecular nitrogen. This oxygen species can oxidize, amongst
others, methane to methoxy groups and benzene to phenol. The
catalytic chemistry of FeZSM-5 catalysts for phenol production is
a potential alternative for the existing three-step industrial cumene
process.> The relatively small dimensions of the pores of ZSM-5
impose however strong diffusion limitations to reactants and
products and would also limit the conversion of larger reactants.
The favourable textural properties of ordered mesoporous silicas
(e.g., M41S and SBA-n families) make them in principle more
suitable supports for catalytic conversion of reactant molecules®
that are too bulky to diffuse into the micropores of zeolites. An
important scientific question is how the absence of a microporous
environment around the active sites affects catalytic reactivity. Up
till now, there have been no successful reports of Fe-containing
mesoporous materials active in the oxidation of benzene to phenol.
FeMCM-41 shows promising selectivity in the oxidation of
propylene to propylene oxide by nitrous oxide, however, at very
low conversion.*

In contrast to the crystalline pore walls of zeolites which afford
high chemical reactivity of dispersed extra-framework transition
metal cationic clusters,” the formation of isolated or at least highly
dispersed transition metal oxide clusters on the surface of
amorphous mesoporous silicas is much more difficult. A challenge
is therefore the surface functionalization of mesoporous silicas.
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Impregnation of iron salts in mesoporous silicas leads to clustering
of iron species upon calcination.® In comparison to this, careful
calcination allowed to retain the mononuclear nature of a tri(fert-
butoxy)siloxy iron(1il) complex (Fe[OSi(O-7Bu);]s(THF) grafted
to SBA-15.7 It would be even more attractive to introduce the Fe
ions directly during the synthesis of the mesoporous silica.
Especially for the SBA-n class silicas with their higher hydro-
thermal stability compared to MCM-type materials, introduction
of Fe*™ in the final material is not straightforward because of the
difficulty to form Fe-O-Si bonds under the strongly acidic
synthesis conditions.® Herein, we present a simple, hydrothermal
method for the preparation of isolated Fe ions at the surface of
SBA-15. Incorporation of aluminium in the silica is essential to
stabilize such Fe species. The resulting Fe-Al-SBA-15 materials are
active for the oxidation of benzene to phenol with selectivity to
phenol up to 40% at a benzene conversion of 2.3%. In the absence
of Al, an ordered mesoporous Fe-SBA-15 is not active.

Our approach is to add iron and aluminium ions during the
synthesis of SBA-15. In a typical synthesis, a suitable amount of
block copolymer EO,)PO;,0EO,, was added to a HCI solution
(pH = 1.5). To this was added dropwise a well-stirred solution of
tetramethoxysilane, iron(1IT) nitrate and aluminium isopropoxide.
After vigorous stirring at 313 K for 20 h, the mixture was aged in
an autoclave at 373 K for 24 h. The resulting solid was filtered,
washed, and dried at 333 K for 15 h and finally calcined at 773 K
for 10 h. The synthesis of Fe-SBA-15 and Al-SBA-15 was similar
with Fe or Al precursors being added, respectively, to the synthesis
gels.®? The typical low-angle XRD (100), (110) and (200)
reflections of SBA-15 (space group P6s/mm) were observed.
Compared to siliccous SBA-15 higher surface areas are obtained
with Fe** in the synthesis gel (Table 1). As discussed earlier,® only
limited amounts of Fe can be introduced in the silica walls of SBA-
15. With AP* ions in the synthesis gel, a higher Fe loading is
obtained at the same Fe/Si gel ratio.'"®

The iron speciation in Fe-Al-SBA-15 is distinctly different from
that in Fe-SBA-15 (Fig. 1). The strong absorption band in the UV
region of the electronic spectrum of Fe-SBA-15 indicates the
dominance of isolated Fe*" ions in tetrahedral coordination in
bulk silica. In accord with this, the Raman spectrum (Jexe =
244 nm) shows two bands at 510 and 1090 cm ' belonging to
symmetric and asymmetric stretching modes of Fe-O-Si bonds.®'°
The coordination of Fe** ions in Fe—Al-SBA-15 is totally different.
Dominant for Fe-Al-SBA-15 is an absorption band around
270 nm (Fig. 1 left). This band is due to isolated octahedrally or
pseudotetrahedrally coordinated Fe** ions'' and indicates that
these ions are located at the surface of SBA-15. By matching the
hydrolysis rate of the silicon precursor, i.e., by using tetramethoxy-
silane rather than tetracthoxysilane, with that of aluminium
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Table 1

Textural and catalytic properties of SBA-15 and zeolite supported catalysts

1

Catalyst Fe (wt.%) Al (Wt%) ag/A  Sper/m?g ' Vieelom® g7 dy /A’ Rppenor /mmol g ' h™'¢ N, /mmol g~ '¢
SBA-15 0.0 0.0 116 752 1.35 71 n.d. n.d.c
Al-SBA-15 0.0 1.54 125 966 1.17 74 0.0 0.0
Fe-SBA-15(A) 0.26 0.0 126 1172 131 64 0.0 0.0
Fe-SBA-15(B) 1.97 0.0 125 902 1.28 74 0.0 0.0
Fe-Al-SBA-15(A)  1.63 2.17 124 890 1.23 76 0.13 n.d.
Fe-Al-SBA-15(B)  0.21 3.27 123 780 128 82 0.30 09 x 1073
FeZSM-5 0.45 0.88 — 413 0.15 — 49 1.2 x 1072

“ay =2 x digly3. ¥ Calculated from desorption branch of isotherm according to the BJH method. © Number of a-sites by nitrous oxide
decomposition at 523 K. ¢ Rate of phenol formation after 0.5 h. ¢ Not determined. / Calculated according to the Dubinin—Radhovich method.

isopropoxide it is possible to obtain predominantly isolated
tetrahedrally coordinated AI** ions in the silica walls of SBA-
15.° The role of such tetrahedral Al sites is likely to bring about
cationic exchange properties at the SBA-15 surface facilitating the
stabilisation of isolated Fe** ions. The presence of small amounts
of isolated tetrahedrally coordinated in the bulk of silica and of
more oligomeric and aggregated forms of Fe** on the surface
follows from the shoulder at 250 nm and weak bands around 333
and 430 nm, respectively. The Fe* species at the surface are
identified in the Raman spectrum (1. = 325 nm) by a band at
1140 cm™ "10 Excitation at Aue = 244 nm results in a lower
intensity of this band while the band at 1080 cm ™' of the very low
fraction of isolated Fe** ions becomes more intense. The selectivity
in these bands’ intensities is due to the resonance Raman effect.'?

Catalyst performance for the hydroxylation of benzene with
nitrous oxide was evaluated in an atmospheric single-pass
microflow reactor at 623 K. The reactant feed consisted of
1 vol.% benzene and 4 vol.% nitrous oxide in He. There is no
conversion of benzene by the AI-SBA-15 and Fe-SBA-15 catalysts.
On the contrary, the benzene conversion over Fe-Al-SBA-15(A)
after 0.25 h is 3.4% with a phenol selectivity of 23% (Fig. 2). The
selectivity to carbon oxides and water is about 5%. The carbon
imbalance (72%) implies that a large fraction of the products does
not desorb from the catalyst surface. The conversion over Fe-Al-
SBA-15(A) decreases strongly with time and after 1 h the
conversion is around 1%. Catalyst performance is improved when
the Fe content is lowered (Fe-Al-SBA-15(B)). This catalyst was
obtained by decreasing the amount of Fe in the synthesis gel. The
initial reaction rate to phenol for this catalyst is about two times
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Fig. 1 (left) UV-Vis spectra of (a) Fe-SBA-15(A) and (b) Fe-Al-SBA-
15(A) and (right) corresponding Raman spectra.

higher than for Fe-Al-SBA-15(A) (Table 1). The initial phenol
selectivity is 16% and the selectivity to full oxidation products is
below 1%. The phenol selectivity increases to about 40% with
decreasing conversion. Similar to findings for FeZSM-5,">* the
phenol selectivity is highest for catalysts with a low Fe loading.
The UV-Vis spectra (see Supporting Informationt) support the
lower degree of agglomeration for Fe-AI-SBA-15 with a lower Fe
content. Steam-activated FeZSM-5 exhibits a much higher
conversion and the selectivity to phenol is higher. Similar on the
other hand is the decrease in benzene conversion with reaction
time which corresponds to an increase of the phenol selectivity.
Such a behaviour points to a series reaction mechanism in which
benzene is first converted to phenol. Initially, the phenol selectivity
is lower due to further reaction of phenol to products that do not
desorb from the catalyst. These include higher-boiling products
such as dihydroxybenzenes and fused aromatic rings that have
been hydroxylated more than once.!” Thus, Fe-Al-SBA-15
exhibits lower phenol selectivities at lower benzene conversions
than the zeolite-based catalyst. The difference is due to the shape
selectivity brought about by the microporous environment of the
active sites in FeZSM-5. The more open surface around the active
sites in Fe-Al-SBA-15 does not limit the formation of more bulky
reaction products that remain on the catalyst surface.

Typically only a part of the Fe ions are involved in the
hydroxylation activity.'® Hence, we estimated the number of active
sites in the most active materials Fe-Al-SBA-15(B) and FeZSM-5
by low-temperature nitrous oxide decomposition. The hydroxyla-
tion activity of FeZSM-5 catalysts has been closely linked to
their ability to decompose N,O stoichiometrically at moderate
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Fig. 2 Benzene conversion and phenol selectivity (inset) as a function of
the reaction time for (@) Fe-Al-SBA-15(A), (A) Fe-Al-SBA-15(B) and
(M) FeZSM-5.
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temperatures.'® The latter reaction is thought to oxidize Fe**
centers to Fe*™ via Fe?™-[1 + N,O — Fe*™-0 + N,. Such sites are
usually called a-sites. Thus, we found that the o-site densities in
Fe-Al-SBA-15(B) and FeZSM-5 are 0.9 x 107> mmol g ! and
1.2 x 1072 mmol g, respectively. Fe-SBA-15 and Al-SBA-15
did not decompose nitrous oxide under these conditions. This
latter result explains the absence of phenol formation for these
samples. Similar to findings for zeolite-based oxidation catalysts,*
it follows that the combination of Fe and Al is required for
benzene conversion to phenol. The number of redox-active sites in
Fe-Al-SBA-15(B) is one order of magnitude lower than in
FeZSM-5 in accordance with the difference in the weight-based
activity. This result indicates that the intrinsic reaction rate of the
active sites in Fe-Al-SBA-15 is approximately equal to that in
FeZSM-5. When charged transition states are involved in the rate-
limiting step, one expects a positive stabilizing effect of the oxygen
anions of the zeolite cage. The finding that the absence of a
microporous environment around the active sites in Fe-Al-SBA-15
does not decrease the intrinsic activity is then in good agreement
with the proposal that phenol desorption is rate determining for
the selective benzene oxidation.!” Thus, the only adverse effect of
the more spacious reaction environment in the SBA-15 supported
catalysts is the increased tendency to produce more bulky by-
products. Finally, we checked whether steaming improved the
performance of Fe-Al-SBA-15 as it does for FeZSM-5 zeo-
lites.'*!® In line with the dominance of Fe®" species at the
surface in Fe-Al-SBA-15 following calcination, steaming did not
improve catalytic performance appreciably (see Supporting
Informationt). We stress that such a steaming treatment did not
deteriorate the activity indicating the good hydrothermal stability
of Fe-Al-SBA-15.

In summary, a direct hydrothermal synthesis method for Fe-Al-
SBA-15 results in isolated Fe sites at the surface of SBA-15 which
exhibit similar catalytic properties as the Fe sites in FeZSM-5
zeolites in the hydroxylation of benzene to phenol with nitrous
oxide. Spectroscopic investigations point to the isolated nature of
the Fe ions at the surface of AI-SBA-15. Tetrahedrally coordinated
aluminium is required to anchor these isolated Fe sites. Compared
to shape-selective zeolite-based catalysts the absence of a

microporous cage does not limit the formation of undesired, more
bulky reaction products. Thus, in spite of the advantageous higher
accessibility of the active sites in ordered mesoporous silicas, the
absence of a microporous environment may pose some limitations
to the efficient use of these materials as catalyst supports. The
lower active site density of Fe-Al-SBA-15 compared to FeZSM-5
is related to the absence of crystallinity of the walls of the ordered
mesoporous silica. The active sites in Fe-Al-SBA-15 are obtained
in a straightforward synthesis procedure not requiring high-
temperature steaming as is the case for FeZSM-5.
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