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ABSTRACT: Fe and Cu-containing zeolites have recently been shown to be efficient catalysts for the one-step selective transfor-
mation of methane into methanol in an aqueous medium at only 50 °C, using H,0, as green oxidant. Previously, we have observed
that Fe species alone are capable of catalysing this highly selective transformation. However, further catalytic testing and spectro-
scopic investigations demonstrates that although these extra-framework Fe species are the active component of the catalyst, signifi-
cant promotion is observed upon the incorporation of other trivalent cations e.g. AI’", Ga’*, into the MFI-framework. Whilst these
additional framework species do not constitute active catalytic centres, promotion is observed upon their incorporation as they (1)
facilitate the extraction of Fe from the zeolite framework, and hence increase the formation of the active Fe species, and (2) provide
an associated negatively-charged framework, which is capable of stabilizing and maintaining the dispersion of the cationic extra-
framework Fe species responsible for catalytic activity. By understanding these phenomena, and subsequently controlling the over-
all composition of the catalyst (Fe and Al), we have subsequently been able to prepare a catalyst of equal intrinsic activity (i.e.
TOF) but five-times higher productivity (i.e. space-time-yield) to the best catalysts reported for this reaction to date.

1 Introduction fossil reserves, a large fraction of the natural gas reserves is
inconveniently located in various inaccessible parts of the
globe. In contrast to crude oil, the transportation of this vola-
tile and flammable gas to existing technological sites presents
considerable safety and economic issues. The conversion of
methane to more energy dense liquid derivatives, particularly
at the point of origin, could lead to significant breakthroughs
in the utilisation of natural gas as a primary feedstock.

Natural gas is a highly abundant source of hydrocarbons that is
primarily composed of methane (ca. 85 vol. %), and represents
one of the major building blocks of the present day chemical
industry.'” Nevertheless, its conversion to various chemicals
and fuels currently requires the intermediate manufacture of
synthesis gas, and subsequent conversion to higher hydrocar-
bons or commodity chemicals through Fischer-Tropsch type

chemistry.* During various stages of these processes, extreme- The primary obstacle and more challenging aspect of this reac-
ly hlgh temperatures and pressures are required7 thus resulting tion stems from the fact that methane is the least reactive of all
in high operational costs and significant capital investment. hydrocarbons, with very high C-H bond strengths of 438.8 kJ

mol”'. Consequently, conditions that are sufficient to activate
methane also have the undesired effect of activating the partial
oxidation products toward deeper oxygenated products (CO,),
since bond strengths in these oxygenated species are typically
much lower (AHcy = 373.5 kJ mol™ for methanol). Thus, at
high temperatures the formation of deeper oxygenated prod-
ucts such as CO and CO, is generally unavoidable, which lim-
its the overall reaction selectivity. In view of this, it is appar-
ent that the selective oxidation of methane can only be

As such, the development of alternative and less economically
intensive routes for the selective transformation of natural gas,
or methane in particular, to various value-added products is of
particular interest. Of greatest promise is the transformation of
methane to more energy dense liquid derivatives, such as
methanol, formic acid or mid-range hydrocarbons. Along with
being useful as chemical building blocks e.g. methanol-to-
olefin technology,” these liquid derivatives are significantly

easier and cheaper to transport around the globe; like many _
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achieved by developing new catalytic systems that are able to
oxidise methane at mild temperatures (< 200 °C), as this may
provide some inherent selectivity to the partial oxidation prod-
ucts by operating under kinetic rather than thermodymanic
control.

Whilst a number of low temperature approaches have been
proposed in recent times, each approach is typically limited by
low catalytic rates i.e. low turnover frequencies/space-time-
yields, or environmental issues concerning the solvent system
or chosen oxidant.' For example, whilst the electrophillic acti-
vation of methane by bipyramidal platinum complexes yields
methyl bisulphate at high selectivity (81 % at > 90 % conver-
sion), this and related systems are limited by the highly corro-
sive solvent system (oleum), low intrinsic activity (TOF < 10
h™") and the lack of a fully-closed catalytic cycle.®’ An alterna-
tive approach has focused upon on the use of Fe(Cu)-
containing zeolites for the selective oxidation of methane with
NZO(OZ).X'13 Whilst these materials do exhibit a remarkable
ability to activate methane, the product in both cases is a
strongly chemisorbed methoxy species that cannot readily
desorbed or be isolated without destruction of the catalytic
active sites, thus resulting in a non-catalytic process. Alterna-
tive approaches using both encapsulated'* or supported'™'® Fe-
phthalocyanine complexes have also been proposed, but these
systems are limited by very low intrinsic activities, maximum
methanol selectivities of 50 %, and catalyst stability issues.'’

We have demonstrated that Fe-containing MFI-type zeolites
are capable of not only oxidising methane at high catalytic
rates (< 14,500 h™") and partial oxygenate selectivity i.e. selec-
tivity to oxidation products not including CO and CO, (= 90
%), but that this favourable transformation can be carried out
in an environmentally benign process at only 50 °C, in the
aqueous phase and with hydrogen peroxide as the chosen oxi-
dant."® Moreover, although the Fe-only system was primarily
selective to formic acid, we have demonstrated that the addi-
tion of Cu’" to these highly reactive Fe-containing zeolites
eliminates the methanol over-oxidation process, thereby al-
lowing methanol to be obtained at over 90 % selectivity at
methane conversions of up to 10 %.'*"

Recently, we demonstrated that the catalytic activity of these
materials corresponds to the formation of extra-framework
Fe’* species that reside within the zeolite micropores.”’ Whilst
bearing some resemblance to the solid-state chemistry exhibit-
ed by these materials during activation for N,O-based oxida-
tions, key evidence has indicated that the active species
formed in this system for selective and catalytic methane oxi-
dation with H,0, are fundamentally different to those found
for these other stoichiometric oxidation systems, given the
different pre-activation procedures employed.”” However, a
major question remains. Whilst Fe alone in Fe-silicalite-1 is
capable of catalysing the reaction, significantly higher turno-
ver frequencies have been observed for an Fe and Al-
containing systems (such as commercial zeolite ZSM-5), de-
spite the catalytic inactivity of AI'” and its related properties
for this reaction.'® In this publication we now focus on this key
aspect in order to develop a more detailed understanding of
this unique methane oxidation catalyst, and subsequently pro-
duce significantly more active catalysts for this challenging
reaction.

2 Results and Discussion

Material synthesis. To determine the precise role(s) of A",
analogous samples of silicalite-1, ZSM-5, Fe-silicalite-1 and
Fe-ZSM-5 were first prepared by hydrothermal synthesis. In
particular, this was necessary in order to avoid issues associat-
ed with comparing samples obtained from different sources
(commercial material vs. laboratory prepared material) and
that contained different Fe loadings. To achieve this compari-
son, Al-only (ZSM-5), Fe-only (Fe-silicalite-1), Fe and Al-
containing (Fe-ZSM-5) and metal-free (silicalite-1) analogues
were prepared by an identical, benchmarked™ hydrothermal
synthesis procedure (Table 1), and later screened for activity
(Table 2). We note here that the pre-treatment temperature
employed during activation of the catalyst is provided as a
subscript following the description of the catalyst, and that the
Si0,/AL0; ratio — where applicable — is provided in parenthe-
sis. Additionally, the Fe loading of the catalyst — where appli-
cable — is provided prior to the catalyst description e.g. Fe-
containing ZSM-5, containing 0.5 wt. % Fe and a SiO,/Al,0;
mole ratio of 84, and pre-treated at 550 °C, is denoted 0.5Fe-
ZSM-5 (84)s50. As demonstrated by XRD analysis (Extended
Supplementary Information (ESI) Figure S1), each of the syn-
thesised samples possesses the crystalline MFI structure. Cou-
pled with the similar surface areas (+ 330 m’ g‘l) and micro-
prorous volumes (+ 0.13 cm™ g), it can be concluded that
each synthesised solid possesses comparable physical proper-
ties. In view of this, each sample was subsequently evaluated
for catalytic activity following activation at 550 °C.

Table 1. Physical and chemical properties of a series of Al-
and Fe-containing MFI-type zeolites, prepared by hydrother-
mal synthesis.

Catalyst Fe content | Molar ratio SBET Vicro

W% 56 Tsioy | e | em'gh
Fe,0; | Al,03

silicalite-1ss) | <0.001 - - 330 0.13

ZSM-5(86) | 0.003 - 86 340 0.14

550

Fe-silicalite- | 0.52 250 - 330 0.13

Lsso

Fe-ZSM-5(84) | 0.49 254 84 310 0.14

550

I Determined by ICP-OES. Values are accurate to + 10 %.

In line with our previous studies, the synthesis of metal-free
silicalite-155y and Al-only ZSM-5 (86)ss, does not lead to ma-
terials with any significant activity for this reaction.'*’ This is
in agreement with our previous observations that catalytic
activity for methane oxidation with H,O, can only be achieved
when sufficient quantities of Fe’" are present within the cata-
lyst, and that the presence of Brensted and Lewis acid sites
(from framework AI’"), and/or a microporous framework
alone, are insufficient for catalysis to be observed. In fact, we
have previously attributed the very minor catalytic activity of
our synthesised ZSM-5 materials to be related to their low but
non-negligible Fe’* content (Table 1).”’
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Table 2. Catalytic activity of analogous samples of a series of
Al- and Fe-containing MFI-type zeolites, prepared by hydro-
thermal synthesis.

Catalyst Product amount (pmol) Sum of |Oxy.
products [sel.

MeOH |HCOOH MeOOH |CO; (g)|(upmol) (%)

silicalite-1559 (0.0 0.0 0.0 0.0 0 -

ZSM-5 (86) |1.5 0.8 2.3 1.6 6.2 74

550

Fe-silicalite- {17.6 56.1 11.0 6.4 91.1 93

Lsso

Fe-ZSM- 20.1 158.5 3.0 158 (1974 92

5(84) 550

Reaction conditions; cat: various (27 mg); Pps: 30.5 bar;
[H,0,]: 0.5 M; temp: 50 °C; time: 30 min; stirring speed: 1500
rpm; Note: Each catalyst was calcined at 550 °C for 3 h in air
prior to use.

The requirement for Fe'* is well emphasised by comparing
entries 1 and 3 of Table 2, where it can be observed that the
incorporation of a low amount of Fe'* (0.5 wt. %) into the
inactive silicalite-1 material leads to large increases in catalyt-
ic activity. As expected in the absence of a Cu’" additive,
which we have shown to be critical for maintaining MeOH
selectivity,lx‘zo the major product formed with 0.5Fe-silicalite-
1 is HCOOH (at 62 % selectivity), though the selectivity to
partial oxygenates (MeOOH, MeOH and HCOOH) remains
high (93 %) and the selectivity to CO, (7 %) remains very low.

Nevertheless, in spite of the minimal catalytic activity of Al-
only ZSM-5 (Entry 2, Table 2), 0.5Fe-ZSM-5 (84), again
comprising only 0.5 wt. % Fe, is over two-times more active
than the analogous sample of 0.5Fe-silicalite-1, following the
addition of only 0.6 wt. % Al (Table 2, compare entry 4 vs. 3).
Additionally, although the catalyst is over twice as active, no
significant loss of partial oxygenate selectivity was observed
(92 %), though HCOOH selectivity was marginally higher (80
%), likely as a consequence of the increased conversion. Giv-
en that these samples were prepared by the same method, and
contain similar physical and chemical properties (Fe content,
surface areas and pore volumes), it is highly unlikely that the
reactivity differences observed can be related to changes in the
physical properties of the zeolite, or potential secondary fac-
tors such as diffusion. Indeed, it can be assumed that the only
difference in these samples is the AP content, and hence the
simultaneous presence of Fe’" and Bronsted/Lewis acid sites.
This conclusively demonstrates that the presence of AI’™ is
highly beneficial to the activity of the catalyst. Whilst it can-
not be forgotten that the addition of AP* does increase the
hydrophilicity of the MFI-framework, the very dilute levels of
AP’ in 0.5Fe-ZSM-5 (84)s50 (S10,/A1,0; = 84) does not ma-
jorly change the hydrophobic nature of the sample, and since
the diffusion of both a hydrophobic (methane) and hydrophilic
(H,0,) reactant is required for reaction, changes in the hydro-
phil-/phob-icity of the samples is unlikely to be responsible for
the observed difference in catalytic activity. We stress here
that in agreement to our previous publications,®*’ each cata-
lyst was found to be heterogeneous i.e. leaching of an active
homogeneous catalyst into solution did not occur (Figure S2).

This raises the important question regarding the precise role(s)
of AI’*. Indeed, even for the more thoroughly established N,0O-
based oxidations, the role(s) of A’ in the same or similar
materials is still the subject of much debate. For instance,
Hensen et al. have reported that only MFI materials containing
both Fe and Al exhibit catalytic activity for N,O-based oxida-
tions, as the active site in these cases is an extra-framework
mixed oxide (Fe-O-Al).*" A number of other reports also con-
clude that AI*" itself, or the Brensted acid sites associated with
framework A’ also constitute active catalytic centres for such
reactions.” It has also been reported that AI’" facilitates the
auto-reduction of Fe*' to Fe2+, which is the active state of Fe
for both benzene hydroxylation and N,O decomposition. Fur-
thermore, the ability of AP’ to aid the extraction of Fe** from
the framework of the zeolite (and thus form active extra-
framework species) is also widely reported.” Finally, it is also
known that the associated cation-exchange site of the AlO4
tetrahedron is able to stabilise cationic extra-framework com-
plexes.z“‘25 Nevertheless, it should not be overlooked that the
activation procedures employed for this reaction are funda-
mentally different to those utilised for N,O-based oxidations,
and that different Fe species apparently catalyse these different
reactions.

Extraction of framework Fe**. We have previously demon-
strated that although a homogeneous distribution of frame-
work Fe'" is found within as synthesised zeolite, significant
changes to the speciation of Fe’ are observed following the
two heat pre-treatment procedures required to (1) remove the
residual organic template, and (2) to further activate the mate-
rial prior to catalysis (Scheme 1).*° Specifically, we observed
that during removal of the organic template (pre-treatment 1)
and further activation (pre-treatment 2), Fe** migrates from
coordinatively saturated framework sites, to form extra-
framework Fe’" cations that take up position within the zeolite
channels. Indeed, this migration to the extra-framework was
found to be a pre-requisite for attaining high levels of activity,
and a positive correlation (R = 0.92) between the fraction of
these species and catalytic activity was observed.” Consider-
ing this, it seemed important to us to establish whether the
migration of Fe’™ to the extra-framework is greater when AI’*
is also present in the structure. In fact, it has previously been
reported that along with Fe' being less stable than AP" in the
ZSM-5 framework, the stability of Fe’* within the MFI
frg{nework is significantly lower in ZSM-5 than in silicalite-
1.

Te mplate re muval o~
s synthesie 550  550°C,Bh NH -form
4 |
" lon-exchange ¥
NH,ND, (aq) 4 \
=3 1‘;’ ;-KL’ 4
ﬂ' )/.
o
& ¥ W
Acti Acti ) Actit
H-form H-form H-form
550°C,3h 750°C,3h 200°C,3 h

Scheme 1. Activation procedures employed for 0.5Fe-silicalite-1
and 0.5Fe-ZSM-5 (84). Removal of the template at 550 °C and
ion-exchange with NH,NOj; leads to an NHy-form zeolite. Further
activation (> 550 °C) yields the H-form of the zeolite. This
scheme was originally published in reference 20.
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The ligand to metal charge transfer (LMCT) bands (Fe'' €0)
within the UV-Vis spectra of Fe-containing zeolites is an ideal
method for studying the extraction of Fe’* from the framework
of the zeolite, due to the distinct absorbances found for Fe
species in different geometrical positions and coordination
environments within the zeolite.”*>' There are of course some
inherent limitations in regards to utilising UV-Vis as a fully
quantitative tool. For example, deviations in the precise molar
extinction coefficients (€) of various absorbing species, and
the presence of (multiple) broad, overlapping bands, make full
quantification an extreme challenge. Nevertheless, for Fe-
containing zeolites, it has been shown that the € values are
equal to the same order of magnitude,”” and that the multiple
bands can adequately be fitted by using single bands corre-
sponding to (1) framework Fe species (200-250 nm, 1), (2)
isolated and oligomeric extra-framework Fe cations within the
zeolite channels (250-350 nm, A,), (3) larger Fe clusters (350-
450 nm, A3) and finally (4) bulk Fe oxides on the surface of the
zeolite (> 450 nm, A;). Moreover, any deviations of these
factors will also be systematic over the entire series of pre-
treated catalysts, and will still provide empirical and semi-
quantitative insights in regards to the precise changes in
speciation of Fe' 3in these materials as a function of pre-
Sresmmenmandlert S neorserntion

Table 3. Deconvolution data for 0.5Fe-silicalite-155, and
0.5Fe-ZSM-5 (84)ss0, both containing + 0.5 wt. % Fe’', after
template removal and heat pre-treatment at 550 °C.

Catalyst Relative contribution of each A range (nm)

M oS A A

0.5Fe-silicalite- | 0.627 0.337 0.025 0.011
Lsso

0.5Fe-ZSM-5 0.422 0.542 0.027 0.009
(84) 550

F(Kubelka-Munk)

T T
200 300 400 500 500
Wavelength (nm)

Figure 1. Dittuse Retlectance UV-Vis spectra tor 0.5ke-silicalite-
1550 (blue/solid) and 0.5Fe-ZSM-5 (84)ss (red/dashed) both con-
taining = 0.5 wt. % Fe*" and calcined at 550 °C in air.

Given the increased levels of absorbance at wavelengths at or
above 250 nm - which correspond to extra-framework Fe’"
species — it is clear that following template removal and iden-
tical activation procedures (550 °C, 3 h in air), more extensive
Fe*' migration has indeed taken place in 0.5Fe-ZSM-5 (84)ss
versus 0.5Fe-silicalite-155o (Figure 1). Given that our previous
studies correlated catalytic activity to extra-framework Fe
species within the zeolite micropores,” it is logical that the
increased dislodgement of framework Fe'" to the extra-
framework observed for 0.5Fe-ZSM-5s5, at identical pre-
treatment temperatures would result in an increase in catalytic
activity.

The relationship between extra-framework Fe species within
the micropores and catalytic activity, especially in regards to
the disparate activities of 0.5Fe-ZSM-5 (90) and 0.5Fe-
silicalite-1, is even more clearly displayed through full decon-
volution of the observed UV-Vis spectra into the four relevant
sub-bands (Table 3).

Although the aforementioned issues do not allow us to calcu-
late an exact percentage of each type of Fe species, calculating
the relative contributions of each area of the UV-Vis absorp-
tion spectra demonstrates that whilst significant Fe’” migration
is observed for the activated form of 0.5Fe-silicalite-15sy, it is
evident that following identical heat pre-treatment procedures,
significantly more Fe’" has migrated from the tetrahedral
framework sites in 0.5Fe-ZSM-5 (84)ss0. In fact, following
template removal and activation at 550 °C, the majority of Fe’
can be assigned to extra-framework species in 0.5Fe-ZSM-5
(84) ss0, clearly displaying the remarkably low stability of
framework Fe’' in this sample. This also demonstrates the
lower stability of framework Fe’™ in ZSM-5 than in silicalite-
1, an observation that is supported by the available literature.”'

Most notably, a significantly higher fraction of extra-
framework Fe cations within the micropores is present in
0.5Fe-ZSM-5 (84)ss, than in 0.5Fe-silicalite-1s5. This is high-
ly significant, as we have previously demonstrated through
computational® and spectroscopic®® studies that these Fe'"
species are most likely the species that are responsible for the
catalytic activity displayed by this catalyst the for selective
oxidation of methane. In fact, if one were to assume that all of
these Fe species in these samples were active, and that no oth-
er Fe species impact catalytic activity whatsoever, we would
expect 0.5Fe-ZSM-5 (84) 550 to be around 1.6 times more ac-
tive than 0.5Fe-silicalite-155, under these conditions, which is
in good, but not perfect, agreement to the observed activities;
0.5Fe-ZSM-5 (90)s5o being 2.1 times more active than 0.5Fe-
silicalite-155, (Table 2). We stress here that through UV-Vis
spectroscopy alone it is not possible to be more specific re-
garding the nature and composition of these extra-framework
species, as there are a large number of potential species that
could contribute to this broad absorbance feature i.e. isolated
extra-framework Fe'" species, dimers, trimers and small oli-
gomers are all expected to absorb within this region. However,
whilst not the purpose of this publication, our previous
EXAFS studies and DFT calculations have suggest that the
active extra-framework clusters contain between one and three
Fe atoms, with the best match for experiment and theory being
obtained for FezQJZ-OH)Z(OH)Z(HZO)Z]2+, a binuclear active
site that comprises an overall +2 charge.

It seems reasonable, therefore, that, since greater Fe’* migra-
tion is observed in 0.5Fe-ZSM-5 (84)s5, than in 0.5Fe-
silicalite-155, following identical activation procedures, the Al-
containing analogue would display higher levels of activity. In
such a case, AI'" would not so much act as a catalytic promot-
er, but behave as a structural promoter for increasing the prob-
ability of forming the active species. In such a case, it should
be possible to form an equally active sample of 0.5Fe-
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silicalite-155, just by increasing the pre-treatment (activation)
temperature, in order to obtain a similar distribution of Fe’*
species. To verify whether the increased activity observed for
0.5Fe-ZSM5 (84)ss0 over 0.5Fe-silicalite-1s5 was simply due
to an insufficient pre-treatment of Fe-silicalite-1 i.e. whether
AI’" did indeed promote the catalyst, or if the pre-treatment of
Fe-silicalite-1 was simply not optimised to achieve the same
level of extra-framework Fe3+, and hence activity, both NH,-
form samples of 0.5Fe-ZSM-5 (84) and 0.5Fe-silicalite-1 were
pre-treated at different temperatures, in order to determine the
maximum activity possible for each sample (Figure 2).

ACS Catalysis

This is further emphasized from the deconvolution analysis of
0.5Fe-ZSM-5 (84) and 0.5Fe-silicalite-1, following heat pre-
treatment (ESI Table S1 and Figure S3 and reference 20, respec-
tively). Previously, we have demonstrated that the activity of
0.5Fe-silicalite-1 correlates well with the amount of extra-
framework Fe within the zeolite micropores i.e. X,. A similar in-
terpretation of the UV-Vis data of 0.5Fe-ZSM-5 (84) also produc-
es a positive correlation between the percentage of these species
and catalytic activity (Figure 3). Nevertheless, it is clear that per
‘active’ Fe species, 0.5Fe-ZSM-5 (84) displays over 20 % higher

250

200

150 -
100
0+ v " r

Ammonium-form H-form (550) H-form (750) H-form (900)

Product formed (pmol)

act1v1ty than 0.5Fe-silicalite-1.
200 4 .
. i
m=3.65
.
~ 160+ i
o
E
= - i
= 120 m=2.90
3
£ S i«
] B0 ”
5] e
=}
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& 404 &
04 [
T T 1 I 1 L 1
0.0 01 02 0.3 0.4 0.5 0.6
Relative contribution of 7.,

Figure 2. Catalytic activity of 0.S5Fe-silicalite-1 (blue bars/left)
and 0.5Fe-ZSM-5 (84) (red bars/right), following high tempera-
ture pre-treatment. The temperature of pre-treatment is denoted in
parenthesis. Reaction conditions; cat: various (27 mg); Pcpay:
30.5 bar; [HyO,]: 0.5 M; temp: 50 °C; time: 30 min; stirring
speed: 1500 rpm; catalyst pre-treatment: various °C, 3 h, air.

As we previously demonstrated for 0.5Fe-silicalite-1, both
ammonium-form samples of 0.5Fe-silicalite-1yy4 and 0.5Fe-
ZSM-5\ns show considerable levels of activity, due to the
migration of Fe’* from the framework sites that occurs during
removal of the organic template (Scheme 1). Nevertheless,
considerable increases in catalytic activity of both materials
can be achieved following a second high-temperature pre-
treatment. However, whilst it is clear that an activation tem-
perature of 550 °C is optimal for 0.5Fe-ZSM-5 (84)ss, 0.5Fe-
silicalite-1 does not reach its maximum catalytic activity until
a pre-treatment temperature of 750 °C is utilised. At signifi-
cantly higher pre-treatment temperatures (900 °C), both 0.5Fe-
silicalite-1 and 0.5Fe-ZSM-5 (84) decrease in activity, though
the observed decrease is significantly greater for Fe-silicalite-
1.

Nevertheless, in spite of the fact that the optimal pre-treatment
of Fe-silicalite-1 is ca. 200 °C higher than for Fe-ZSM-5,
0.5Fe-silicalite-1 is always less active than 0.5Fe-ZSM-5 (84),
even following optimisation of both catalyst pre-treatment
procedures. This is in direct contrast to previous studies focus-
ing on Fe-containing zeolites for N,O decomposition, which
demonstrated that the catalytic activity of Fe-silicalite-1 and
Fe-ZSM-5 are identical for NO, decomposition following op-
timisation of the pre-treatments.” This clearly indicates that in
the case of Fe-containing zeolites for aqueous-phase methane
oxidation, there is an additional promotional role of A" in the
catalyst beyond simply facilitating the extraction of Fe’™ spe-
cies to the extra-framework.

Figure 3. Relationship between the % of extra-framework Fe
species within the zeolite micropores (the proposed active spe-
cies) and catalytic activity for 0.5Fe-silicalite-1 (A) and 0.5Fe-
ZSM-5 (84) () following various pre-treatment procedures. The
data for 0.SFe-silicalite-1 was previously published in reference
20.

Role of cation-exchange sites. An additional promotional role
of AI’" was inferred by visual inspection and kinetic evalua-
tion of the samples calcined at 900 °C; whilst the 0.5Fe-ZSM-
5 (84)99o sample was still white in colour, and comparable in
activity to those samples pre-treated at 550 °C, the 0.5Fe-
silicalite-149y sample was a dark orange/brown colour and sig-
nificantly less active than the samples calcined at 550 and 750
°C. This implies that excessive clustering to catalytically inac-
tive bulk Fe oxides is more evident in the Fe-only sample, in
spite of the fact that Fe’" is initially more easily extracted from
the Fe- and Al-containing system. We have previously identi-
fied bulk Fe oxides to not only be incapable of methane acti-
vation, but responsible for the formation of carbon oxide spe-
cies and increased non-selective H,O, decomposition.20 Thus,
the decrease in the percentage of ‘active’ Fe species, coupled
with the increased formation of ‘inactive’ and undesirable
spectator species would correlate favourably with the observed
activities.

As we recently reported,” UV-Vis analysis confirms that
0.5Fe-silicalite-199p has ‘over-clustered’ to Fe oxide species
upon the excessive thermal pre-treatment (ESI Table S1). In-
deed, a remarkable increase in the fraction of undesirable larg-
er clusters and bulk oxides is observed following pre-treatment
at 900 °C. This agrees well with the colour of the sample (or-
ange/brown) and the significant decrease in observed activity
(Figure 2). It is apparent, therefore, that once a given amount
of Fe migrates from the framework of 0.5Fe-silicalite-1, the
formation of larger clusters and bulk Fe oxides is triggered,
and the catalyst rapidly decreases in activity.
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In contrast, despite Fe’* apparently being more readily extract-
ed from the MFI framework in 0.5Fe-ZSM-5 (84) than 0.5Fe-
silicalite-1 to begin with, the pre-treated samples of 0.5Fe-
ZSM-5 (90);50 and 0.5Fe-ZSM-5 (84)9q9 do not possess signif-
icantly different Fe speciation to the sample calcined at 550
°C, and the fraction of ‘active’ extra-framework Fe’* species
within the zeolite micropores does change significantly. This
correlates favourably with the miminal decrease in activity
observed with these samples. Although the pre-treatment of
0.5Fe-ZSM-5 (84) at high temperatures (> 550 °C) will also
lead to some dealumination i.e. the formation of extra-
framework Al3+, the fraction of such octahedral AI’" remained
low, in agreement with the known stability of framework AI’*
in MFI frameworks. Furthermore, the pre-treatment of ZSM-5
(86) at such temperatures still did not lead to any relevant
catalytic activity, thus demonstrating that the changes in Fe’*
speciation are the dominant factor in the activity of these ma-
terials.

The observation that the ‘over’-clustering of Fe’™ to larger
clusters and bulk Fe oxides is less prevalent for 0.5Fe-ZSM-5
(84) than for 0.S5Fe-silicalite-1 suggests that an alternative
promotional role of AI’* may be its ability to stabilise or dis-
perse the active extra-framework cationic Fe species, as previ-
ously observed by groups focusing on gas phase oxidation of
higher hydrocarbons and NO, decomposition.”**" Should
this be the case, it would be expected that this would particu-
larly apply for active catalytic materials prepared by post-
deposition methods; although we have shown these samples to
be less active per mole of Fe'', they contain the entire Fe'
fraction in extra-framework positions, and thus allow the dis-
crimination of Al promotion through dispersion/stabilisation
and the increased extraction phenomena observed for the hy-
drothermally prepared samples. Thus, samples of 2.5 wt. %
Fe’"/ZSM-5 (86) and 2.5 wt. % Fe’/silicalite-1 were prepared
by solid-state ion-exchange and screened for catalytic activity.
The higher metal loading (2.5 wt. % vs. 0.5 wt. %) was chosen
given the lower intrinsic activity of post-synthetic deposition
compared to hydrothermal incorporation. We note here that
post-synthetic Fe’” deposition is denoted Fe’ /ZSM-5, whereas
hvdrothermal incorporation is defined Fe-ZSM-5

100
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40

Product amount (umol)

20

Fe/ZSM-5 (B6) Felsilicalite-1

(Ficure 4 _Catalvtic activity of 2.5 wt % Fe/ZSM-5 (86) and 2
wt. % Fersilicalite-1, prepared by solid-state ion-exchange. Reac-
tion conditions; cat: various (27 mg); Pcpay: 30.5 bar; [H,O,]: 0.5
M; temp: 50 °C; time: 30 min; stirring speed: 1500 rpm; Note:
Catalyst pre-treatment: 550 °C, 3 h, static air.

Table 4. Deconvolution data for 2.5Fe*'/silicalite-1s5, and
2.5Fe*/ZSM-5 (86)ss.

Catalyst Relative contribution of each A range (nm)

M ) A3 Ay
2.5Fe*/silicalite | 0.204 0.164 0.236 0.395
-Lsso

2.5F¢’"/ZSM-5 | 0.169 0.512 0.192 0.127
(86)ss0

Data calculated from UV-Vis spectra in ESI Figure S4.

Figure 4 demonstrates that in spite of identical Fe’" loadings
(2.5 wt. %) and pre-treatment conditions (550 °C, 3 h, static
air), the 2.5F¢’"/ZSM-5 (86)ss, sample is more than one order
of magnitude more active than the analogous 2.5Fe” /silicalite-
1550. This clearly emphasises that there is a beneficial role of
AI’" that is not related to its ability to facilitate the extraction
of Fe'" from the framework of the zeolite, as both samples
were prepared by post-deposition methods and did not there-
fore contain any (initial) framework Fe'".

Following deconvolution of the relevant UV-Vis spectra of
2.5Fe*Jsilicalite- 1550 and 2.5Fe®/ZSM-5 (86)ss,, it is clear that
2.5F¢’"/silicalite-1ss, possesses a significantly lower fraction
of ‘active’ Fe species than 2.5F¢*"/ZSM-5 (86)s50 (Table 4).
Whilst we could expect 2.5Fe’/silicalite-1 to thus be around
1/3 the activity of 2.5F¢’/ZSM-5, based on the relative con-
tributions within each sample, it cannot be overlooked that the
UV-Vis spectrum of 2.5Fe” /silicalite-1 is dominanted by larg-
er Fe clusters and bulk Fe oxides, which are responsible for
non-selective H,0, decomposition (Entry 2).*” On the other
hand, the fraction of such undesirable spectator species in
2.5F¢’/ZSM-5 (86) is much lower. The lack of active sites,
coupled with the large amount of undesirable Fe species, re-
sults in this sample showing little activity whatsoever. It is
clear therefore that Fe’" is significantly more dispersed with-
in/on the MFI material when AI’" is also present in the zeolite
structure, as significantly less bulk oxides (and thus less clus-
tering) is observed in 2.5Fe¢’/ZSM-5 (86)ss, than in
2.5Fe’Jsilicalite-15s,.

Based on these experiments, it is evident that the inclusion of
AI’" within the zeolite leads to higher levels of activity, due to
both an increased extraction of Fe’ from the zeolite frame-
work (where applicable), and an increased dispersion of the
extra-framework Fe species, which maximises the fraction of
extra-framework Fe species within the zeolite micropores and
minimises the fraction of undesirable clusters and bulk oxides.
Nevertheless, the exact nature of this increased dispersion is
not yet evident. Previously, it has been proposed that A’ aids
the dispersion of Fe’* in similar zeolite materials even when
deposited by post-synthesis methods; from this, it has been
proposed that extra-framework AI’" species are able to aid
dispersion.”’ Alternatively, the cation-exchange sites associat-
ed with framework AI’* may also be responsible for disper-
sion, given the ability of the negative lattice charge to coordi-
nate and stabilize cationic complexes.”*” Nevertheless, each
of these studies utilized Fe-containing zeolites for high-
temperature (> 250 °C) gas phase oxidation chemistry, which
we have shown to be unrelated to our present system. Fur-
thermore, both reported catalytic systems required pre-
treatment at significantly higher temperatures to the catalysts
reported herein, and in a vacuum or an inert atmosphere, in
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order to facilitate the formation of Fe** species that are respon-
sible for activity in such cases. Thus, the extrapolation of these
previous studies to the present system, which focuses on the
low temperature, aqueous phase methane oxidation with Fe*
active sites cannot be presumed.

To probe whether framework or extra-framework A’ species
were responsible for the promotion, AI’” was incorporated into
0.5Fe-silicalite-1 by three different techniques; namely hydro-
thermal synthesis, solid-state ion-exchange and impregnation.
From the data presented (Figure 5), it is clear that the addition
of Al to 0.5Fe-silicalite-155, by solid-state ion-exchange or
impregnation does not lead to any improvements in catalytic
activity. It can thus be firmly concluded that extra-framework
AP’" species do not promote the catalytic activity of Fe’*, and
that an extra-framework mixed oxide (Fe-O-Al) is highly un-
likely to be responsible for catalytic activzilty, as has previously
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(28)550) is still around 5-10 times lower than the highest ob-
tained with commercial 0.014ZSM-5 (30)ss5, under identical
reaction conditions,'® we reason that the probability of obtain-
ing the highest percentage of active Fe sites whilst concurrent-
ly minimising the formation of undesirable Fe oxides is likely
to be increased at lower Fe loadings. This will be described in
depth in the following section.

To substantiate the proposed interaction of cationic extra-
framework Fe’™ and framework AI’", 2.5F¢’"/ZSM-5 (86)ss0
was investigated with FT-IR spectroscopy. It is well-known
that when in the H'-form, the cation-exchange sites associated
with framework T°" atoms give rise to clear stretches between
3700 — 3600 cm™ , the exact values of which depend entirely
on the identity of the T°" atom. If cationic Fe complexes are
indeed dispersed on the cation-exchange sites, the intensity of
the AI-O(H)-Si stretch (3610 cm'l) should diminish taking into
account that some (or all) of the protons would be replaced by
cationic Fe complexes. This was subsequently verified exper-
imentally, as the Al-O(H)-Si band in ZSM-5 (86) (Figure 6,
A/blue) is completely eliminated from the FT-IR spectrum
upon solid-state ion-exchange with Fe’" (B/red). This indicates
the substitution of all of the cation-exchange sites with Fe**
during catalyst synthesis, and confirms the association of ex-
tra-framework Fe’ with the cation-exchange sites associated
with framework AI’". Nevertheless, in spite of the excess of Fe
to Al in these samples, a partial restoration of the Al-O(H)-Si
band is observed after calcination the final catalyst at 550 °C.
The lack of 100 % exchange i.e. complete loss of O-H band, in
this sample, which is the active catalyst, is likely due to in-
creased clustering of Fe’* into larger clusters or bulky iron
oxides upon calcination.

Figure 5. Influence of AI*" addition on the catalytic activity of

0.5Fe-silicalite-1559. For the post-synthesis samples, AP was
added to a pre-synthesised sample of 0.5Fe-silicalite-1. For 0.5Fe-
ZSM-5 (X) prepared by hydrothermal synthesis, Fe and Al were
concurrently incorporated into the framework by the addition of
the relevant precursors to the synthesis gel. m hydrothermal incor-
poration, Aimpregnation, ¢ solid-state ion-exchange. Reaction
conditions; volume: 10 mL; time: 30 min; temp: 50 °C: P(cps:
30.5 bar; [HyO,]: 0.5M; catalyst: 27 mg; stirring speed: 1500
rpm; Catalyst pre-treatment: calcination (550 °C, 3 h, static air).

In contrast, the incorporation of AI'™ into the framework of
0.5Fe-silicalite-155, during hydrothermal synthesis leads to
significant increases in catalytic activity, that are directly pro-
portional to the AI’* content up to 2.2 wt. %. Given that this
method is the only method capable of incorporating AI’" into
the zeolite framework, and is thus the only method capable of
increasing the number of cation-exchange sites, it can be pro-
posed that the increased cation-exchange site density is re-
sponsible for the promotion displayed by AI’", presumably by
the stabilisation and dispersion of the active Fe’" cations onto
the negative framework charge associated with the AlO, tet-
rahedron. This would lead to a more significant interaction
between extra-framework Fe'™ and the zeolite framework (an-
choring) and would limit the formation of bulk and undesira-
ble oxide species upon pre-treatment. We note here that whilst
the observed TOF for the most active sample (0.5Fe-ZSM-5

3740 3610
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Figure 6. O-H stretching region of the FT-IR spectra of ZSM-5
(30) (A/blue), uncalcined/as synthesised 2.5 wt. % Fe*'/ZSM-5
(30) (B/red) and calcined 2.5 wt. % Fe**/ZSM-5 (30) (C/green).
Absorbances were normalised to the Si-O-Si stretches of the zeo-
lite framework.

To further substantiate the hypothesis that framework AI’*
maximises the formation of the active Fe’* species, a final
analogous sample of [Fe,Ga]-silicalite-1 was prepared by hy-
drothermal synthesis. This substitution of Si*" by Ga’" also
gives rise to cation-exchange sites in a similar manner to A",
and a significant increase in catalytic activity versus the Fe-
only analogue (Figure 7). This strengthens the identification of
cation-exchange sites as the promoting functionality of the
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zeolite in this process. Moreover, other similarities to the
[Fe,Al]-system were observed in that the incorporation of Ga™"
alone into the MFI-material was insufficient for catalytic ac-
tivity, and that post-synthesis deposition of Ga** was also not
beneficial to the activity of the catalyst (Table S2). It is again
clear that significant promotion is only observed when a triva-
lent heteroatom is incorporated into the zeolite framework,
thus leading to increased cation-exchanege site densitv.

250 4

200 4

150

100

Product amount (umel)

50 -

[Fe]-MFI [Fe. All-MF1

[Fe.Ga}-MFI

“Figure /. Catalylic aclivily ol various Fe-contaiming Zcoltes at a
fixed Fe loading (0.5 wt. %). Ga®" and AI’*, where applicable,

were added to the material at an SiO,/M,0; ratio of + 85. Reac-
tion conditions; cat: various (27 mg); Pcpay: 30.5 bar; [H,O,]: 0.5
M; temp: 50 °C; time: 30 min; stirring speed: 1500 rpm; Note:
Catalyst pre-treatment: 550 °C, 3 h, static air.

Optimised material synthesis. At this point, we have estab-
lished that (1) the catalytic activity of (Fe)-ZSM-5 correlates
to the presence of extra-framework Fe’™ species within the
zeolitic micropores (work herein and reference 20), (2) that the
clustering of extra-framework Fe'" to larger clusters and bulk
oxides leads to a decrease in activity and C- and H,-based
selectivity,” and (3) that the co-presence of A’ or Ga’* is
critical for maximising the activity of each Fe’* atom, first by
facilitating its extraction from the zeolitic framework, and
secondly by providing cation-exchange sites which are capa-
ble of acting as stabilising ligands to the cationic Fe’" species,
thereby inhibiting the formation of undesirable side species
and maximising the fraction of active species. Nevertheless,
the TOFs exhibited by the optimal material so far, 0.5Fe-
ZSM-5 (28)ss, are still around 5-10 times lower than those
exhibited by commercial ZSM-5 (30), containing only 0.014
wt. % Fe."®

By considering these factors, we reasoned that the extremely
high TOFs of the commercial sample might be due primarily
to its low Fe loading (0.014 wt. %) but high Al loading (2.3
wt. %); a large amount of A" would maximise the extraction
of framework Fe’* (thereby forming a greater number of active
sites), and provide sufficient cation-exchange sites to stabilise
all of the extracted Fe'* (thereby inhibiting the formation of
undesirable side species). The low Fe loading would also max-
imise the percentage of ‘active’ Fe species, as the spatial dis-
tribution of Fe would be maximised, and the formation of bulk
oxides inhibited. In view of this, a number of Fe- and Al-
containing ZSM-5 samples were prepared (Figure 8).

Many important features are immediately evident from the
data shown in Figure 8. First, it is clear that as the Al-content
of the material increases, the activity of each catalyst at a giv-
en Fe loading is higher, likely due to the more facile extraction
of framework Fe’™ at higher Al contents. Furthermore, it is
clear that at higher Al contents, the optimal Fe loading de-
creases. It is likely that due to the increased extraction, the
possibility of forming inactive larger clusters and bulk oxides
is enhanced at higher loadings. Finally, it is apparent that
above the optimal Fe loading of each Fe-ZSM-5 (X) series,
catalytic activity decreases, yet the apparent decrease in activi-
ty is much lower at higher A’ content. This is in excellent
agreement to our previous observations and confirms that AI’"
inhibits the formation of larger Fe clusters and Fe oxides, thus
maximising the amount of active Fe species, and minimising
the amount of undesirable side species. Each of these observa-
tions fully supports the hypothesis that the key to attaining the
highest levels of activity is maximising the content of AI’’,
and subsequently optimising the Fe content. We note here that
we have previously proposed through EXAFS analysis and
DFT calculations that catalytic activity is due to an extra-
framework species, FeZQuZ-OH)Z(OH)Z(HZO)Z]2+, a binuclear
active site that comprises an overall +2 charge."® The coordi-
nation of such a species on to the cation-exchange sites would
require two exchange sites within a critical distance of ~ 5-6
A, or two AI’" atoms within the 10 membered MFI ring. The
probability of having two exchange sites within this distance
would improve significantly upon the incorporation of addi-
tional AI’" into the framework, and has been shown by Feng
and Hall to be very high for zeolites with a Si0O,/Al,0; mole
ratio approaching 40, but negligible for zeolites with a
Si0,/Al,0; much greater than 100.** This correlates favoura-
bly with the observed activity.
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Figure 8. Catalytic activity of various Fe-ZSM-5 samples con-
taining different Fe- and Al-contents. Reaction conditions; cat:
ZSM-5 (27 mg); Pcusy: 30.5 bar; [H,O,]: 0.5 M; temp: 50 °C;
time: 30 min; stirring speed: 1500 rpm; Note: Catalyst pretreat-
ment: 550 °C, 3 h, static air.

It is important to stress here that by understanding the critical
role(s) of each component of the catalyst, we have been able to
optimise the catalytic activity of Fe-ZSM-5 enormously. The
TOFs displayed by the Fe-ZSM-5 (28) series — containing 2.2
wt. % Al — are two orders of magnitude higher than those of
the Fe-only series i.e. 0.5Fe-silicalite-1. Thus, the TOFs exhib-
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ited by this series are now very similar to the TOFs obtained
for the original commercial ZSM-5 (30) catalyst, the most
intrinsically active catalyst to date. For example, 0.045Fe-
ZSM-5 (28)s50 and 0.095Fe-ZSM-5 (28)ss, oxidises methane at
a TOF of ca. 1,600 h'l, comparable to the ca. 2,000 h! that we
have observed for commercial ZSM-5 (30)s50. More im-
portantly, however, is that these levels of TOF have been
maintained at significantly higher Fe loadings (0.095 wt. % vs.
0.014 wt. %). Thus, along with possessing similar intrinsic
activity, 0.095Fe-ZSM-5 (28) is around 5-times more produc-
tive in terms of volumetric productivity (1.92% 10 mol
(product) cm™ s after 30 minutes) than commercial ZSM-5
(30) (4.2% 10 mol cm™ s™" after 30 minutes).

Conclusions. Through catalytic measurements and spectro-
scopic investigations, we have demonstrated that, whilst extra-
framework Fe’" species are the active component of Fe-
containing MFI-type zeolites for selective aqueous-phase me-
thane oxidation, significant promotion is observed upon the
incorporation of other non-catalytic trivalent cations (e.g. AI’",
Ga3+) into the MFI-framework. We have rationalised this pro-
motion in terms of two co-operative effects. Firstly, the co-
addition of A" or Ga®™ to the framework leads to an increased
migration of (initially) framework Fe’* to the extra-framework
during heat pre-treatment. Concurrently, the cation-exchange
sites associated with framework M’" species also are able to
stabilise and disperse the so-formed extra-framework Fe'
species that are responsible for catalytic activity. In this case,
the dispersion of Fe' is a consequence of both the dispersed
nature of AI’* within the zeolite (Lowenstein’s rules ensuring
maximum dispersion), and an ‘anchoring’ process whereby Fe
is inhibited towards agglomeration into bulk oxides due to the
stabilisation provided by the negative framework charge. By
understanding these key roles exhibited by each aspect of the
solid catalyst, significant improvements in catalytic activity
(one order of magnitude) have been obtained by the careful
and rationalised design of new catalysts. Optimal activity has
thus been obtained with a catalyst comprising of 0.095 wt. %
Fe, and 2.2 wt. % of AI’". This catalyst performs this highly
desirable reaction at volumetric productivities of 1.92% 10
mol cm™ s'l, and at TOFs comparable to the commercial cata-
lyst previously reported (ca. 2,000 h™), and is therefore the
most active catalyst reported for this challenging reaction to
date.

Experimental Section

Catalyst synthesis and pre-treatment. MFI-type zeolites
containing various amounts of Fe, Al and Ga were prepared by
a hydrothermal synthesis method in a batch autoclave. The
procedure used is more completely described previously.'®*
Crystallisation was performed in a stainless-steel autoclave at
175 °C for 120 h. The as synthesised materials obtained were
calcined at 550 °C (1 °C min™), first in a flow of nitrogen (5
h), and later air (3 h) in order to remove the organic template.
The de-templated sample was subsequently ion-exchanged
three-times with NH,NO; (1.0 M) at 95 °C, and later dried for
16 h at 110 °C. Activation was achieved by calcination in
flowing air (30 mL min™) at 550 °C, 750 °C or 900 °C for 3 h.
Following this route, ferrigallosilicate ([Fe, Ga)), ferrisilicate
([Fe]), aluminosilicate ([Al]) and silicate (no heteroatom) were
also prepared.
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Silicalite-1, Fe-silicalite-1 and ZSM-5 were also used as pre-
cursors for the incorporation of AI’*, Fe’" and Ga’* by post-
synthesis deposition methods (impregnation, solid-state and
aqueous ion-exchange). To this end, 2.5 wt. %Fe/ZSM-5 was
prepared by impregnation through the addition of support
(1.95g, NH,-ZSM-5, SiO,/Al,0; molar ratio = 30, Zeolyst™)
to an aqueous solution of Fe(NO3);.9H,0 (3.613mL, 13.828g
dissolved in 1L). The solution was stirred until a homogene-
ous solution was obtained. The slurry was dried (16 h, 110 °C)
before calcination at 550 °C for 3 h in static air. 2.5 wt. %
Fe/ZSM-5 was also prepared by solid-state ion-exchange by
adding the desired amount of Fe(acac); (0.158g, 0.45 mmol) to
NH,-ZSM-5 (0.975g, SiO,/Al,0, molar ratio = 30, Zeolyst'™)
prior to mechanical grinding for 30 minutes. Finally, aqueous
ion-exchange of was performed by the addition of NH,;-ZSM-
5 (2g, Si0,/Al,05 molar ratio = 30, Zeolyst™") to an aqueous
solution of Fe(NO;3);.9H,0 (30 mL, 0.02 M, 20.2g
Fe(NOs);.9H,0 dissolved in 250 mL deionised water). The
suspension was stirred vigorously (85 °C, 24 h) under reflux.
The catalyst was filtered, washed with deionised water and
dried (16 h, 110 °C). Prior to testing, the catalyst was activated
by calcination at 550 °C for 3 h in static air.

Catalyst characterisation. Powder X-ray diffraction (XRPD)
was performed using a PANalytical X’PertPRO X-ray diffrac-
tometer, with a CuK, radiation source (40 kV and 40 mA).
Diffraction patterns were recorded between 6-55° 20 at a step
size of 0.0167° (time/step = 150 s, total time = 1 h). FT-IR
spectroscopy was performed by forming self-supporting wa-
fers from a small amount of sample and KBr. The spectra were
recorded on a Jasco FT-IR660 Plus over a range of 4000-400
cm’ at a resolution of 2 cm™. UV-Vis analysis was performed
on an Agilent Cary 4000 UV-Visible Spectrophotometer
equipped with Diffuse Reflectance set-up. Samples were
scanned between 190 and 900 nm at a scan rate of 600 nm
min"'. Na, Si and Al content was determined by Neutron Acti-
vation Analysis (NAA). Metal contents were determined by
ICP-OES to an accuracy of + 10 %.

Kinetic evaluation. Micro-kinetic analysis was carried out in
a batch stainless-steel autoclave containing a Teflon liner ves-
sel and a working volume of 35 mL. The vessel was charged
with an aqueous solution of H,O, (10 mL, 0.5 M, 5000 umol)
and the desired amount of catalyst (typically 27 mg). After
evacuation of contaminant gases, the autoclave was heated to
the reaction temperature (typically 50 °C), and vigorously
stirred at 1500rpm once the desired temperature was obtained.
The vessel was cooled in ice (12 °C) following the appropriate
reaction time, and the resultant solution was filtered and ana-
lysed. Experimental error was determined to be &= 7 %.

Analytical methods. Aqueous-phase products were identified
through '"H-NMR spectroscopy on a Bruker 500MHz Ultra-
Shield NMR spectrometer, and quantified against a 1 vol. %
TMS/CDCI; internal standard, previously calibrated against
authentic standards. The detection limit was optimised to a
level corresponding to a product yield of 0.1 pmol.”’ End H,0,
concentrations were determined by titration against acidified
Ce(S0,), solution. Gaseous phase products were quantified by
means of an FID-GC (Varian 450-GC) fitted with a CP-Sil
5CB capillary column (50m length, 0.32mm ID). The GC was
equiped with a methaniser unit, and CO, was quantified
against a calibration curve constructed from commercial
standards (BOC).
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ABBREVIATIONS AND DEFINITIONS
Partial oxygenated products;

methyl hydroperoxide (CH;OOH), methanol (CH;OH) and
formic acid (HCOOH).

Total product formed; partial oxygenates + CO,.

Oxygenate selectivity;

moles (partial oxygenates
(p yg ) 100

moles (total oxygenated product)
Turnover frequency;
moles (oxygenated species formed) mol™ (Fe) h™.
Volumetric productivity;

moles (oxygenated species formed) cm™ (reactor volume) s™.

Volumetric productivity and TOFs were calculated based on
the final yield at the end of the reaction i.e. they are an aver-
aged value over the entire time scale of the reaction. Typically,
the initial productivities and TOFs i.e. productivities at 2 and 5
minutes of reaction, were one to two orders of magnitude
higher.
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