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ABSTRACT: The development of a catalytic, one-step route
for the oxidation of methane to methanol remains one of the
greatest challenges within catalysis. Of particular importance is
the need to develop an efficient route that proceeds under
mild reaction conditions so as to avoid deeper oxidation and
the economic limitations of the currently practiced syngas
route. Recently, it was demonstrated that a copper- and iron-
containing zeolite is an efficient catalyst for such a one-step
process. The catalyst in question (Cu—Fe—ZSM-5) is capable
of selectively transforming methane to methanol in an aqueous
medium with hydrogen peroxide as the terminal oxidant.
Nevertheless, despite its high activity and unparalleled
methanol selectivity, the origin of its activity and the precise

CH5OH

nature of its active species are not yet fully understood. Through a combination of catalytic and spectroscopic studies, we hereby
demonstrate that extraframework Fe species are the active component of the catalyst for methane oxidation, although the
speciation of these sites from synthesis to catalysis significantly alters the observed activity and selectivity. The analogies and
differences between this system and other iron-containing zeolite-catalyzed processes, such as N,O-mediated benzene

hydroxylation, are also considered.
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B INTRODUCTION

One of the greatest challenges in modern chemistry is the need
to develop new, sustainable routes to bulk and commodity
chemicals. With this in mind, the valorization of alternative
feedstocks to crude oil is of critical importance." Methane, the
major constituent of natural gas and other fossil reserves, is a
highly abundant and inexpensive source of fuel and
chemicals.”> Methane is also the cleanest burning of the fossil
tuels, providing a higher energy/CO, ratio than other alkanes,
and also constitutes around 60% of biogas generated from
anaerobic digestion of waste.* However, its kinetic inertness
(AHc_y = 438.8 kJ mol™) and low reactivity means that
current industrial utilization is both indirect and economically
intensive. The conversion of methane to methanol, for example,
first requires the intermediate manufacture of syngas in an
energy- and economically intensive process prior to methanol
synthesis in a subsequent step.” Significant interest therefore
exists in the development of direct routes for the conversion of
methane to value-added products. Given its gotential as a
feedstock for olefin and aromatics production,” the selective
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oxidation of methane to methanol remains one of the most
promising routes for methane valorization.

However, competing with the partial oxidation of methane to
methanol is the deeper oxidation of methanol. Indeed, the
significant increase in reactivity of methanol relative to methane
typically results in high selectivities toward carbon oxides,
particularly under the conditions historically employed for
methane activation (>500 °C) and at high levels of conversion."
Thus, the design of catalytic systems capable not only of
activating methane but also of doing so under intrinsically mild
reaction conditions remains the greatest hurdle toward a
selective methane oxidation process.

Recently, the ability of a transition metal-promoted micro-
porous molecular sieve to mediate the selective oxidation of
methane to methanol under mild reaction conditions was
reported.”” The key to this process is the activation of the
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green oxidant, H,0,, and methane by a Cu- and Fe-containing
MFI-type zeolite (Cu/Fe/ZSM-S, SiO,/ALO; = 30), which
results in a novel low-energy pathway to yield the intermediate
species methyl hydroperoxide (MeOOH) in a fully closed
catalytic cycle. Subsequent conversion of this intermediate
yields methanol (MeOH) at high yield and selectivity, although
overoxidation to formic acid (HCOOH) and CO, is observed
at various levels of selectivity. The developed system was found
not only to be over 3 orders of magnitude more active than any
previously reported for methane oxidation, but also afforded
unparalleled selectivity to methanol (>90%) under mild
reaction conditions (H,0, oxidant, H,O solvent, <100 °C)
and in the absence of acids or toxic additives.

However, although iron was assigned as the catalytic active
sites, the exact nature of these species, their evolution during
the catalyst preparation procedure, and their precise role within
the catalytic mechanism are not yet fully understood.
Furthermore, the potential role(s) of other zeolitic function-
alities, such as acidity and molecular confinement, have also not
been evaluated. With these issues in mind, we aimed to
definitively identify and characterize the active component(s)
within commercial ZSM-5 (30), henceforth denoted as ZSM-$
(30)commy and related materials for the selective oxidation of
methane.

Bl RESULTS AND DISCUSSION

Confinement Effects. It is well-known that the regular
arrangement of molecular-sized pores and cavities of the
framework allows zeolites to discriminate between molecules
simply by size."® Although this feature is typically utilized in
catalysis for shape selectivity,'' it is also known that the
confining nature of zeolitic micropores can also affect reaction
mechanisms by directly inducing or enhancing catalytic
activity.'> This “confinement induced activity” is thought to
originate from the confinement of the reacting orbitals within
the zeolitic cage, essentially increasing the local concentration
of the molecular orbitals within the micropores, leading to
increased interactions between confined reactants and allowing
unusual transition states to be accessed. Furthermore, entrap-
ment of molecules within zeolites has also been shown to
induce dipoles and multipoles, potentially strengthen or weaken
some C—C bonds, and lead to modifications of the HOMO/
LUMO energy levels."> To elucidate whether such a confine-
ment effect is solely responsible for the catalytic activity
exhibited by ZSM-S (30)cony for methane partial oxidation,
silicalite-1 (i.e., heteroatom-free ZSM-S) was synthesized and
tested for activity (Table 1). We note here that any material
synthesized in the laboratory (i.e., any noncommercial material)
is denoted with the subscript SYN.

The good agreement between the measured surface area and
micropore volume for ZSM-S (30)comm and silicalite-1gyy
indicates that the spatial confinement within these two
materials should be practically the same. From the lack of
activity of silicalite-1 given in Table 1, we conclude that any
confinement effect imparted by the MFI framework is not the
only factor responsible for the observed activity of commercial
ZSM-S. It should be noted that these materials will also differ in
hydrophobicity, since framework AI** in ZSM-S (30)cony is
expected to lower its hydrophobicity compared with silicalite-
1gyn. However, the highly active commercial ZSM-5 used thus
far is still predominantly hydrophobic, and alternative Al**-
containing molecular sieves of similar dimensions and acidity
(Ferrieritecoyn) were also found to be much less active than

690

Table 1. Physical and Catalytic Properties of Commercial
ZSM-5 (30) and Silicalite-1

Sper” W product formed®
catalyst procedure (m*¢g™") (em® g7h) (umol)
ZSM-5 commercial 342 0.138 81
silicalite-1 ~ hydrothermal 331 0.131 0
Ferrierite commercial 380 0.144 S

“Surface area determined from nitrogen adsorption using the
Brunauer, Emmett, and Teller (BET) equation. bMicroporous volume
determined from nitrogen adsorption isotherms using the t-plot
method. “Total oxygenated product formed (MeOOH, MeOH,
HCOOH, and CO,). Reaction conditions: catalyst, various (27 mg);
P(c,y 30.5 bar; [H,0,], 0.5 M; temp, S0 °C; time, 30 min; stirring

speed, 1500 rpm.

ZSM-5 (30)conm- Thus, the low activity observed for silicalite-
gyy is due to the absence of active sites rather than a decrease
in hydrophilicity inhibiting the transport of H,O,.

Nevertheless, it is clear that although molecular confinement
alone is not responsible for catalysis, there is a clear influence of
confinement on the final activity of the active catalyst, given the
disparate activities between microporous materials, such as
ZSM-S (30)comw and amorphous materials, such as SiO, or
ALO;, after deposition of 2.5 wt % Fe’" (Supporting
Information Table S1). Even between similar microporous
materials, such as ZSM-5 (30)comy and Ferrierite (SiO,/AL O,
= 20)comm (Supporting Information Table S1), significant
differences in final activity are observed at similar catalyst
compositions. We will return to the potential roles of
confinement on the final activity of the catalyst later.

Metal Content and Acidity. ZSM-S is, however, not only a
microporous molecular sieve but also a multifunctional material
possessing both Bronsted and Lewis acidity associated with
AP¥*. Furthermore, commercial ZSM-$ is also known to be
susceptible to the presence of trace metal impurities. Indeed,
elemental analysis of ZSM-S (30)comy and other related
zeolites demonstrated that in addition to the expected
quantities of Si and Al, all the commercial zeolites examined
in this study contained trace (<500 ppm = 0.05 wt %) levels of
the transition metals Fe and Ti, with ZSM-S (30)comm
containing 140 and 35 ppm of these metals, respectively.
This is highly significant, as these metals within the MFI
structure are known to be highly active oxidation catalysts. For
example, TS-1 (a Ti*-containing MFI-type zeolite) is used for
various selective oxidations with H,0,, and Fe/ZSM-S has
previously been employed for N,O-based oxidations.'*'® In
fact, it has previously been shown that with even trace Fe
concentrations (<1000 ppm), Fe/ZSM-5 is able to catalyze the
one-step oxidation of benzene to phenol with N,0.'%"

To investigate the role(s) of these metals, the inactive
silicalite-1gyy matrix was progressively doped with increasing
amounts of Fe or Ti or Al by inclusion of the relevant salts
during the hydrothermal synthesis procedure employed for
silicalite-1. This allowed the evaluation of the role of each metal
in the absence of other trace metal impurities and over a wide
range of metal content. Figure 1 compares the total amount of
oxygenated product (MeOOH, MeOH, HCOOH, and CO,)
produced by each catalyst as a function of a single metal species
at loadings up to 1.5 wt %.

Given that the incorporation of either Ti or Al into the MFI
framework at levels significantly higher than found in the
commercial samples leads to only limited levels of activity, it is
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Figure 1. Catalytic activity of various MFI-type metallosilicates as a
function of metal content: A, TS-lgyy (green); M, ZSM-S¢yy (Al-
MFI, red); 49, Fesilicalite-1gyy (blue). Reaction conditions: cat.,
various (27 mg); Pcyr,y, 30.5 bar; [H,0,], 0.5 M; temp, 50 °C; time,

30 min; stirring speed, 1500 rpm.

highly unlikely that these species within the structure are those
active for this challenging reaction. The low levels of activity
exhibited by [Al]-MFI in the proton form over a wide AP’
content also confirms that Breonsted acid sites alone are
insufficient for methane oxidation catalysis and that the lack of
activity previously observed for silicalite-1 (Table 1) is not due
to an issue of hydrophob-/phil-icity.

In contrast, the incorporation of Fe** (Fe-silicalite-1gyy)
leads to a linear relationship between observed activity and Fe
content up to 0.5 wt %, strongly suggesting that iron species are
the active species for the reaction, although this activity
decreases significantly at higher metal content. Analysis of the
Al-only and Ti-only materials by ICP-OES revealed that there
was also, in fact, ~25 ppm of Fe present in these samples. Using
the relationship between Fe content and observed activity from
the linear region of Figure 1, we would expect this level of Fe to
lead to between 1 and 3 pmol of products under our standard
reaction conditions. This can account for the highest level of
oxygenate production observed for “Al-only” and “Ti-only”
catalysts in Figure 1, and we conclude that Fe is also the
essential component for catalytic activity in these materials.
This observation also highlights the difficulty in preparing
completely Fe-free samples of ZSM-5.

As we previously observed with ZSM-S (30)comm, Fe-
silicalite-1gyy produces oxygenated product with a typical
kinetic profile, and no induction period is observed (Supporting
Information Figure SS). The primary product obtained is
methyl hydroperoxide (MeOOH) (Supporting Information
Figure S6), which consecutively converts to methanol
(MeOH), formic acid (HCOOH), and CO, as the reaction
proceeds. As expected in the absence of a Cu®" additive, which
we have shown to be necessary for the retention of MeOH at
high selectivity,”® the Fe-only catalyst is highly selective to
HCOOH. Given the similarities in both the kinetic profile and
the temporal evolution of selectivity, it is clear that Fe-silicalite-
Lgyy is a valid model catalyst analogous to ZSM-S (30)conu-
We also note here that all of the oxygenated products were
derived from methane, as substitution of 1/6th of the CH, feed
with *CH, led to a product distribution containing exactly 1/6
13C MeOOH, MeOH, and HCOOH.”®
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To further demonstrate that Fe is the key component of
ZSM-5 (30)comm for the selective oxidation of methane, the
catalytic activity of ZSM-S (30)conmy Was investigated following
the postsynthetic deposition of various transition metals
(Figure 2). From these investigations, it is clear that, although

+Fe*

Figure 2. Catalytic activity of postsynthetically modified ZSM-S
(30)comm- Each metal was added at 2.5 wt % by solid state ion
exchange. Reaction conditions: catalyst, various (27 mg); P(cy,), 30.5
bar; [H,0,], 0.5 M; temp, 50 °C; time, 30 min; stirring speed, 1500
rpm.
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the deposition of 2.5 wt % AI** or 2.5 wt % Cu** does not lead
to any promotion of the ZSM-S (30)comy sample, deposition
of 2.5 wt % Fe’" leads to significant increases in catalytic
activity. This is in qualitative agreement with the results
obtained in Figure 1 and further confirms that Fe®* species are
the active sites for the reaction. However, from the relation
between Fe loading and oxygenate production observed in
Figure 1, we would expect the addition of 2.5 wt % Fe to lead to
around 400 pmol of oxygenated product. In Figure 2 the
increase in oxygenate productivity observed on addition of 2.5
wt % Fe to ZSM-S (30)comy is only around 160 pmol. This
suggests that at this level of loading and with this preparation
procedure, not all the Fe species are active for the reaction. This
is supported by the observed decrease in activity of Fe-silicalite-
1gyn as the Fe content is raised above 0.5 wt %.

The normalization of activity to Fe loading allows turnover
frequencies (TOFs) to be calculated (Table 2). ZSM-S
(30)comw containing only 140 ppm (0.014 wt %) of impurity
Fe is the most intrinsically active zeolite (Table 2). Increased
concentrations of Fe, while leading to higher levels of product,
exhibit lower turnover frequencies, emphasizing that at high Fe
loadings, spectator species or competitive active species are also
present. This is not wholly surprising, since it cannot be
expected that direct framework incorporation and postsynthetic
deposition methods lead to exactly the same species. Indeed,
the rather poor efficiency of postsynthetic deposition methods
is evident in Table 2, where the addition of substantial amounts
of Fe** to the commercial material (0.5 and 2.5 wt %) leads to
only marginal increases in product yield relative to the active
commercial sample. In fact, by subtracting the amount of
product produced by the active ZSM-S (30)comm Support
material, the TOFs of these materials drop by a factor of +4-5.
Furthermore, deposition of Fe** onto a laboratory-synthesized
ZSM-5gyy sample, which itself possesses little or no catalytic
activity (Figure 1), clearly demonstrates that Fe®* deposited

dx.doi.org/10.1021/cs3007999 | ACS Catal. 2013, 3, 689—699
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Table 2. Catalytic Properties of Various Fe-Zeolites”

entry catalyst [Fe] (wt %) product formed (umol) CO, selectivity® (%) TOF (h™) conv (%)°
1 no catalyst na 0 0.0
2 ZSM-5 (30)conn 0014 81 4 2393 0.26
3 Fe-silicalite-1 gy 0.5 89 6 75 029
4 Fe*/ZSM-5 (30)conn 05 98 (17) 10 81 (14) 031
5 Fe?*/ZSM-5 (30)conmt 2.5 226 (145) 2 40 (24) 0.77
6 Fe¥*/ZSM-5 (40) syn 0.5 12 d 10 0.04

“Reaction conditions: catalyst, various (27 mg); P(cu,y 30.5 bar; [H,0,], 0.5 M; temp, SO °C; time, 30 min; stirring speed, 1500 rpm. Each catalyst

was pretreated at 550 °C prior to use. bCOz selectivity calculated at iso-conversion (81 umol product). “Conversion values, calculated by “total
moles of product/initial moles of methane > 100”. Values in parentheses are the normalized yields and TOF values obtained by subtraction of the
products produced by the “support” material, ZSM-5 (30)copm- dSelectivity at iso-conversion not reported due to poor activity.

postsynthetically possesses a smaller fraction of active sites
(entry 6).

We note here that the conversion values achieved under
these reaction conditions (Table 2) are very low (<1%). This is
a consequence of the excessively high methane pressures
employed in these tests to ensure that the reaction was not
limited by methane availability. However, under more
appropriate reaction conditions, the same catalyst(s), such as
Fe-silicalite-1, were able to achieve up to a 10% methane
conversion within the same time scale, as described elsewhere.”

The Fe content of a particular catalyst also has a profound
effect on the observed C-based selectivity (Table 2). Although a
decrease in partial oxygenate selectivity (i.e., oxygenated
products not including CO,) may be expected at higher levels
of conversion, comparing the catalytic activity of 2.5 wt % Fe**/
ZSM-5 (30)comm to ZSM-S5 (30)comm at isoconversion
demonstrates that the addition of large quantities (2.5 wt %)
of Fe** to ZSM-5 (30)comy significantly enhances the
overoxidation process, as the selectivity to CO, increases
from 4% to 12% at a fixed oxygenate level of 81 umol.
Therefore, although the further deposition of 2.5 wt % Fe®"
clearly results in the formation of more active sites, a significant
proportion of the deposited metal is in a form active for the
overoxidation process. Furthermore, large quantities of Fe®*
were also highly detrimental to the H,O,-based selectivity of
the catalysts: although a corrected'® H,0,/product stoichiom-
etry of 2:1 was obtained for the commercial material (170 gmol
H,0, required for 81 umol product), the reaction stoichiom-
etry of 2.5 wt % Fe/ZSM-S (30)con Was significantly higher,
with 4110 umol H,0O, consumed for only 241 umol of product
(stoichiometry of 18:1). This indicates that most of the H,O, is
lost to unproductive side reactions when using materials with
high Fe content. We note that the full product distributions of
these catalysts are provided in the Supporting Information
(Table S2).

It is clear, therefore, that significant effort should be devoted
to the identification of which Fe species are responsible for high
reactivity and selectivity and which are active for the
competitive overoxidation process, active for H,O, decom-
position, or are completely inactive. Thus, it is vital to
determine the number, geometry, valence state, and nuclearity
of the Fe sites present in these materials and the effect of the Fe
loading on the population of each. Furthermore, the effect of
thermal pretreatment (found to be necessary for activity’) on
each of these factors will be important.

Although the most intrinsically active material based on iron
loading is ZSM-5 (30)conmm (Table 2), the extremely low levels
of Fe within this sample make spectroscopic investigations
hugely difficult. Furthermore, it cannot be excluded at this stage
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that other features of this commercial sample, such as Bronsted
acid sites, may be noncatalytic promoters of the Fe-catalyzed
reaction. In fact, the significantly higher TOFs of ZSM-5
(30)comm versus Fe-silicalite-1gyy suggests that the additional
features of this material do enhance its activity. In contrast,
although 2.5 wt % Fe**/ZSM-S (30)comm produced signifi-
cantly more oxygenated product than commercial ZSM-S (30)
alone, the decreased selectivity and TOF of this system (due to
the formation of spectator and competing active sites), coupled
with the simultaneous presence of the active sites present in
ZSM-5 (30)copm itself, ensures that this material is also not the
most suitable for the partial oxidation of methane. Thus, to
achieve the most accurate and best-quality interpretations,
initial spectroscopic and catalytic studies focused on Fe-
silicalite-1gyy, containing only Fe at a loading of <0.5 wt %.
Identification of the As-Prepared Iron Species. FT-IR
spectroscopy has previously been found to be a useful tool for
following the isomorphous substitution of framework Si*"
species by various transition metals (e.g, Fe**, Ti**).""** In
fact, it has previously been reported that a well-defined
fingerprint region stretch exists at a wavenumber of ~700
cm™' for the Si—O—Fe bond formed upon isomorphous
substitution of Fe** in zeolite frameworks."” Accordingly, the
inclusion of Fe’ in the silicalite-1 structure following
hydrothermal synthesis of Fe-silicalite-1gyy is supported by
the FT-IR spectrum presented in Figure 3: the as-synthesized
Fe-silicalite-15y) contains a band at ~710 cm™ that is clearly
absent in the Fe-free analogue (silicalite-1). In addition, the
weak absorbance at 965 cm™' may also indicate isomorphous
framework substitution. Previously, such an absorbance has
been attributed to an Si—O—Ti vibration in TS-1.2° However, it
has also been proposed that this absorbance is related to an Si—

% T (a.u.)

T T T T
1000 900 800 700 600

Wavenumbers (cm™)

Figure 3. FT-IR spectra for (green/A) silicalite-1gyy and (black/B) 0.5
wt % Fe-silicalite-1¢yy (as synthesized) and (blue/C) 0.5 wt % Fe-
silicalite-1gyy (after removal of organic template).”.
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O~ species, formed by perturbation of the silicalite-1 framework
upon incorporation of a suitable transition metal.*’ In fact,
other framework-substituted zeolites, such as Ta-silicalite-1,
have also been shown to contain this absorbance.’*** It
appears, then, that the best interpretation is that the 710 cm™
band is a direct indication of Fe framework substitution,
whereas the 965 cm™ feature indicates that this is accompanied
by some disruption of the local structure, again suggesting
isomorphous substituion. The lack of vibrational modes
between 700 and 600 cm™' in the as-synthesized material
(Figure 3, black/B), typically attributed to extraframework Fe
species, also indicates that most if not all of the Fe present in
the sample is located in the T-sites of the zeolite framework."?
However, the low Fe concentrations utilized and the poor
sensitivity of the FT-IR technique make it difficult to place a
quantitative limit on the level of extraframework Fe present and
the degree of successful isomorphous substitution achieved.

A much more conclusive indication of the nature of the Fe
species within the as-synthesized Fe-silicalite-1gyy was provided
through UV—vis spectroscopy. Though d—d transitions in Fe-
containing zeolites are both spin- and symmetry-forbidden,*
the position and intensity of the Fe'* « O charge-transfer
bands provides information on the coordination and agglom-
eration of Fe within the sample, through the deconvolution of
the spectra into relevant subbands.”*~>” The first band
(observed between 200 and 250 nm) is attributed to isolated
Fe* species located within the zeolite framework.”® In contrast,
absorbances between 250 and 350 nm are associated with those
of isolated or oligonuclear extraframework Fe species within the
micropores.26 At absorbances between 350 and 450 nm, the
deconvoluted bands are attributed to larger Fe,O, clusters.”
Finally, bands observed at wavelengths >450 nm originate from
agglomerated iron oxide species, present on the external surface
of the zeolite.”**> Although it is possible to quantitatively
differentiate among the wide range of Fe species within zeolites
by deconvolution of the absorbance spectra into subbands, it
should be noted that the exact values of each molar extinction
coefficient are unknown, although they have been shown to be
of the same order of magnitude.”> Thus, UV—vis analysis
provides a semiquantitative overview of the various Fe species
present in the sample.

In the as-synthesized sample (Figure 4, A), it is clear that the
Fe species are well dispersed and incorporated into the T-sites
of the zeolitic framework, given the narrow (fwhm ~ 60 nm),
well-defined absorbances at 210 and 240 nm. The lack of any

\ N\
—_ \\\ \\
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= T I‘\ 250 275 300 325 350
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/" content
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Figure 4. UV—vis spectra for 0.5 wt % Fe-silicalite-1yy (black/A) as
synthesized and (blue/B) after removal of organic template.

693

shoulders above ~250 nm confirms the absence of extraframe-
work or (bulk) iron oxides in the sample. This demonstrates
the success of the synthesis procedure: although the facile
precipitation of iron hydroxides and oxides during the
formation of the zeolite gel is well-known to inhibit framework
incorporation, the utilization of oxalic acid clearly prevents this
process, probably due to prior complexation of Fe'.

From these observations, it can be concluded that in the
synthesis of Fe-silicalite-1gyy, Fe has successfully been
incorporated into the MFI framework, in full agreement with
the FT-IR analysis. Together with XRD patterns (Figure 5),

Intensity (a.u)

2 Theta

Figure S. XRD pattern for Fe-silicalite-1gyy after removal of organic
template. The pattern is consistent with an MFI-type zeolite.
Porosymmetry measurements determined that the material has a
total surface area of 330 m*> g~ and a micropore volume of 0.13 g

cm3

electron microscopy’ and the porosity measurements, it can be
concluded that MFI-type Fe-silicalite-l1¢yy has, indeed, been
synthesized and contains only isomorphously substituted
framework Fe®* species in the as-synthesized form.

Evolution of the Iron Species upon Heat Pretreat-
ment. We have noted that FT-IR and UV—vis spectra for the
as-synthesized Fe-silicalite-1gyy are consistent with a homoge-
neous distribution of framework Fe®". However, the complete
synthesis procedure for Fe-silicalite-1 and related materials
involves two high-temperature treatments, as displayed in
Scheme 1. The first is required to remove the residual organic
template from the zeolite pores. Following ion exchange with
NH,NO;, a second thermal treatment yields the acidic (i.e. H-

Scheme 1. Activation Procedures Employed for Fe-Silicalite-
la

i) Template removal
550°C,8h

ii) lon-exchange

\

NH,NO; (aq)
Activation Activation Activation
H-form H-form H-form
550°C, 3h 750°C, 3h 900°C, 3h

“Removal of the template at 550 °C, followed by ion-exchange, leads
to an NH,-form zeolite. Further activation (>550 °C) yields the final
catalyst.

dx.doi.org/10.1021/cs3007999 | ACS Catal. 2013, 3, 689—699
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form of the zeolite). Although our investigations herein (Figure
1) have demonstrated that Bronsted acid sites are not
responsible for catalytic activity, previous work” on this system
has revealed that high-temperature (>400 °C) pretreatment of
NH,-ZSM-$ (30)comm Was required to attain the highest levels
of activity. Thus, the effect of thermal pretreatment on the
nature of the Fe species within the catalyst must be considered.

Marked changes in the aforementioned FT-IR and UV—vis
spectra are, indeed, observed when the first high-temperature
thermal treatment, required for removal of the residual organic
template, is carried out (Figures 3C and 4B). This is indicative
of significant changes in the coordination state and
agglomeration of Fe>" species within the material. Following
this removal of the template (and conversion to the NH,-
form), it is clear that a decrease in the absorbances at 210 and
240 nm of the UV—vis spectrum are observed, along with an
increase in absorbances between 250 and 350 nm. This
indicates that Fe has at least partially migrated from the zeolite
framework, as contributions to the spectra at these wavelengths
are associated with extraframework Fe species of isolated or
oligonuclear nature within the micropores.26 In addition, the
very minor absorbances observed between 350 and 450 nm,
which are attributed to larger Fe clusters, indicate a clustering
process that can occur only following extraction of Fe from the
zeolite framework. Despite some inherent limitations—namely,
the slight differences in extinction coefficients between various
Fe species and the high number of absorbance bands within a
short wavelength range—deconvoluting the overlapping bands
associated with each Fe species provides a (semi)quantitative
overview over the extent of this migration. As expected from
the relatively narrow absorbance spectrum for NH,—Fe-
silicalite-1gyy, deconvolution suggests that only a minor part
of the Fe has migrated to the extraframework and that a large
percentage of Fe®* (71.3%) is still located within the zeolite
framework (Supporting Information, Table S3).

Similar conclusions can be drawn from the FT-IR spectrum
of NH,—Fe-silicalite-1gyy (Figure 3C). This clearly demon-
strates that following the removal of the residual organic
template, the intensity of the Fe—O-Si stretch decreases
significantly. Concurrently, new stretches in the region between
700 and 600 cm™ are observed, and these have been attributed
previously to extraframework Fe,O,-type clusters within/on the
zeolite and to iron oxide-type species.'” This again indicates
that Fe is removed from the framework of the zeolite during the
high-temperature treatment required to remove the organic
template. The observed change in coordination for the Fe
centers on migration to the extraframework sites leads to
coordination of the metal center by water ligands, which can be
exchanged for reactant molecules more easily than the lattice
oxygen of the framework.'® It is important to add that the
relatively poor stability of Fe*" in the framework of ZSM-S has
previously been reported by, for example, Berlier et al, who
observed that it was almost impossible to remove the organic
template from the micropores of ZSM-S without affecting the
coordination environment of Fe.”**” Extensive migration of Fe
upon removal of the organic template has also been observed
by Perez-Ramirez and the group of Zecchina.****~

Given that thermal pretreatment of NH,-ZSM-S (30)comm
was previously found to lead to significant increases in catalytic
activity,” it can be hypothesized that migration of Fe>* from the
zeolitic framework is a prerequisite for activity. This would also
agree with the observation that the postsynthetic deposition of
Fe can also enhance catalytic activity; typically, postsynthetic
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methods are unable to place transition metal ions into the
zeolite framework. To probe this hypothesis further, the
catalytic activity of NH,—Fe-silicalite-1gy\y was investigated to
determine the effect of framework Fe** removal in the absence
of a second high-temperature treatment, that is, without full
conversion to the H-form.

In view of the significant activity observed for the NH,-form
Fe-silicalite-1¢yy sample (Table 3, entry 1), it is clear that

Table 3. Catalytic Activities of Various Fe-Containing MFI-
Type Zeolites”

entry catalyst product formed (umol)
1 NH,—Fe-silicalite-1gyy 75
2 silicalite-1gyy 0
3 2.5 wt % Fe,O;/silicalite-1gyy 0

“Reaction conditions: catalyst, various (27 mg); P(cpy,), 30.5 bar;
[H,0,], 0.5 M; temp, S0 °C; time, 30 min; stirring speed, 1500 rpm.

extraframework Fe species formed through migration of Fe
from the framework upon high-temperature treatment are
highly active for the oxidation of methane. Furthermore, it is
clear that a highly active catalyst can be formed without the
additional high-temperature activation step typically performed
on zeolitic materials (Scheme 1) for conversion to the H-form,
again confirming that Brensted acid sites are not required for
activity. Nevertheless, given the effectiveness of high-temper-
ature pretreatment on the observed catalytic activity of both Fe-
silicalite-1gyy and ZSM-5 (30)conm,”* further pretreatment of
the NH,-form Fe-silicalite-1gyy was performed. Although these
pretreatments will result in the conversion of the material to the
H-form, it has been conclusively demonstrated that this is not
responsible for the observed catalytic activity and that the
subsequent changes in Fe speciation are significantly more
relevant.

From the UV—vis spectra presented in Figure 6, it is clear
that by adding a second thermal pretreatment to the Fe-
silicalite-1, significant increases in the extraction of framework
Fe®" are achieved. Indeed, though a second 550 °C pretreat-
ment achieves only minor additional framework removal,
unsurprising as template removal is also performed at 550 °C,
increasing the pretreatment temperature to 750 °C leads to

F(Kubelka-Munk)

T T T T T
200 300 400 500 600 700

Wavelength (nm)

Figure 6. UV—vis spectra for 0.5 wt % Fe-silicalite-1gyy at various
stages of pretreatment: (black/solid) as synthesized, (blue/dashed)
after removal of organic template and conversion to NH,-form,
(purple/dotts) calcined S50 °C, (green/dash-dot) calcined 750 °C,
and (red/dash-dot-dot) calcined 900 °C. Part of the data are
previously reported in the Supporting Information of reference 7.
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significant additional migration of Fe** from the framework. In
particular, the absorbances at 210 and 240 nm are only around
one-half as intense as the as-synthesized material, and
absorbances at wavelengths up to ~350 nm are observed.
Indeed, absorbances at 250—350 nm (attributable to
extraframework Fe in the micropores) now represent the
major component of the spectra. Pretreatment at 900 °C
induces even greater migration, and significant contributions
are thus also observed from larger clusters (350—450 nm) and
even from bulk iron oxide species (=450 nm), presumably on
the external surface of the zeolite. In fact, after treatment at 900
°C, bulk Fe oxide accounts for almost 20% of the total Fe
species in Fe-silicalite-1gyy pretreated at 900 °C, in good
agreement with its brown/orange color. The full deconvolution
data of each UV-—vis spectrum is provided (Supporting
Information, Table S3).

The catalytic activity of each of these samples was
subsequently investigated (Figure 7). Although the presence

S
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Figure 7. Comparison of the amount of oxygenated products
produced for reactions using Fe-silicalite-1gyy catalysts after different
thermal pretreatments. The NH,-form precursor is also illustrated for
comparison. Reaction conditions: catalyst, various (27 mg); Picnyy
30.5 bar; [H,0,], 0.5 M; temp, SO °C; time, 30 min; stirring speed,
1500 rpm. The deconvoluted UV—vis data are also provided as scatter
points. Key: squares, isolated, tetrahedral framework Fe; circles, extra-
framework Fe within the micropores; up triangles, larger Fe clusters;
down triangles, bulk Fe oxides.

of the template prohibits a fair comparison of activity for the as-
synthesized sample, the data clearly show that by increasing the
temperature of the thermal pretreatment of NH,—Fe-silicalite-
lgyny beyond that required for template removal, significant
increases in the observed activity can be obtained. It is clear that
the most active sample is that pretreated at 750 °C, which is
around 30% more active than the sample pretreated at 550 °C.
In each case, a similar product distribution was achieved, with
CO, accounting for <10% of the total products (Supporting
Information, Table S4); however, excessive thermal pretreat-
ment at 900 °C is clearly detrimental to activity, which drops by
around 70% relative to the optimum 750 °C material. It should
be noted that XRD analysis confirmed that the MFI structure
was maintained after each of the pretreatments, although some
very minor loss of crystallinity was observed after pretreatment
at 900 °C.

By overlaying the deconvoluted UV—vis data (Supporting
Information, Table S3) and catalytic activity, it is immediately
clear that there is a positive correlation between the percentage
of extraframework Fe species in the micropores of Fe-silicalite-
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Igyn and catalytic activity. Indeed, by plotting the percentage of
these species against catalytic activity, a positive straight line
relationship with an R* value >0.92 is obtained (Supporting
Information, Figure S7). This not only agrees favorably with
the extraction of Fe from the zeolite framework but also
significantly strengthens the hypothesis that extraframework Fe
species within the micropores are those active for the reaction.

We stress here that this positive correlation between the
amount of extraframework species within the micropores of Fe-
silicalite-1gyy and catalytic activity is in full agreement with our
previous investigations on ZSM-5 (30) coam.” In this instance,
XANES analysis demonstrated a positive correlation between a
decreasing pre-edge feature (related to an Fe 1s—3d transition)
and catalytic activity.” In this case, the pre-edge transition arises
from the mixing of the 3d and 4p orbitals of the transition
metal ion. This mixing has been shown to be 0% for Fe in an
octahedral geometry (ie, no mixing), and 7.5% for Fe in
tetrahedral geometry.>® Thus, the decreasing pre-edge feature is
an indication of decreasing tetrahedral content and suggests
that activity is related to an increase in extraframework Fe
species in ZSM-S (30)comws in full agreement with our
investigations presented here. Furthermore, initial EXAFS
analysis revealed that in the most active commercial samples
(ZSM-S (30)comm calcined or steamed at 600 °C), the average
Fe—Fe coordination was between 1.0 and 2.5, which is again
consistent with an extraframework Fe species within the zeolite
micropores, possessing between 2 and 4 Fe atoms (Supporting
Information, Table S5).” Subsequent DFT calculations were
performed and demonstrated that the best fit between theory
and EXAFS data could be obtained for an extraframework
binuclear species, Fe,(4,-OH),(OH),(H,0),]*". Although the
broadness of typical UV—vis bands makes it almost impossible
to identify the exact number of Fe atoms in the active species
found within Fe-silicalite-1, spatial confinements of the MFI
framework suggest that such species would not contain more
than 3—4 Fe atoms.

It is notable that if pretreatment is performed under more
severe conditions (900 °C), a significant decrease in activity is
observed. This is seen to correspond to the formation of bulk
iron oxide species and indicates that such species, formed
through either excessive thermal pretreatment of Fe-silicalite-
Lgyw or the deposition of Fe** by postsynthesis treatments, lead
to inactive Fe species for methane oxidation. Indeed, the
inactivity of such species was clearly exemplified by testing a
mechanical mixture of a-Fe,O,/silicalite-1 (Table 3, entry 3):
even at large Fe loadings (<2.5 wt %), this material was
incapable of activating methane under the reaction conditions
employed.

Even so, a-Fe,05 (and catalysts containing large quantities of
a-Fe,0;) was found to lead to large increases in H,O,
decomposition and CO,, selectivity. For example, Fe-silicalite-
1 pretreated at 900 °C, which contains +20% bulk Fe oxide
(Supporting Information, Table S3), consumed over 30% more
H,0, and had a CO, selectivity 50% higher than the sample
pretreated at 750 °C (containing only 1.3% bulk iron oxide),
despite the 60% decrease in activity (Supporting Information,
Table S4). It is likely that this nonselective H,O, decom-
position by iron oxide accounts for the much poorer activity of
the catalyst pretreated at 900 °C relative to the samples
pretreated at 550 or 750 °C. Even accounting for its lower
percentage of active species (ie., its lower percentage of
extraframework Fe species within the micropores, Supporting
Information Table S3), Fe-silicalite-1gyy pretreated at 900 °C
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appears to be less active than predicted by the straight line plot.
It is likely that excessive H,O, decomposition due to bulk iron
oxide leads to a decreased rate of oxidation, given the first-order
relationship between the catalytic rate and H,0, concen-
tration.”

It appears, then, that controlled formation of extraframework
oligomeric Fe species is a prerequisite for obtaining both high
catalytic activity and high carbon- and hydrogen-based
selectivity. These results thus explain the poorer selectivity of
the 2.5 wt % Fe’*/ZSM-S (30)comm catalyst prepared by
postsynthetic deposition (Table 2, entries 4—6) and the poorer
activity of Fe-silicalite-1gyy at higher Fe content (Figure 1). It
can be expected that higher Fe content, a similar pretreatment
will produce a greater fraction of bulk iron oxide and a smaller
fraction of oligonuclear Fe species, thus leading to poorer
activity and selectivity.

Comparison to N,O-Based Systems. In the reactions
reported here with Fe containing microporous materials, there
is a clear relationship between the evolution of extraframework
Fe oligomers and catalytic activity for the low-temperature
partial oxidation of methane in aqueous H,0,. The oxidation of
benzene to phenol and the oxidation of methane to a
chemisorbed methoxy species have also been reported over
Fe-containing zeolites, although in the gas phase and in a two
step, noncatalytic process using N,O as an oxygen source.
Extraction of framework Fe** within these systems also appears
to be a prerequisite for catalytic activity.">**~¢ However, the
two systems appear to be quite distinct. First, it is well-known
that N,O-based systems require (auto)reduction of Fe** to Fe"
for oxidation to occur, with this reduction being facilitated by
(i) a high-temperature pretreatment at temperatures >800 °C
and (ii) a subsequent thermal treatment above 550 °C in vacuo
or an inert atmosphere (typically helium). The necessity for
such an aggressive treatment has been attributed to various
factors, but stems from the inability of Fe** to coordinate N,O
and subsequently form surface-adsorbed reactive oxygen
species.”> These pretreatments thus facilitate the (auto)-
reduction of Fe** to Fe*, the key active site for N,O-based
oxidations."

In contrast, XANES measurements of the active catalytic
materials discussed here consistently show a pre-edge feature at
+7115 eV (Figure 8a—g), which is absent from the same
spectra for FeO (Figure 8h). In addition, no shift in the edge
positions was observed following heat treatment, as would be
expected for a reduction of Fe®* to Fe**. These features
demonstrate that only Fe®* is present within the active catalytic
materials, precluding the possibility that H,O, is simply
replacing N,O as an oxidant. In the aqueous low-temperature
reactions reported here, an alternative active species must be
formed to facilitate the selective and catalytic partial oxidation
of methane. However, we note that XANES is a technique that
provides only an average insight into the Fe species within
these materials. Thus, to experimentally verify that N,O, or,
indeed, a-oxygen, is not a suitable oxidant for the catalysis
reported here, the catalytic activity of Fe-silicalite-1gyy was
monitored following high-temperature treatment in helium;
importantly, such pretreatment conditions were found to be
highly detrimental to catalytic activity (Supporting Information,
Table S6). This is in good agreement with the lower activity of
Fe-silicalite-1yy; after pretreatment at 900 °C and further
suggests that distinct Fe-based chemistry is observed in this
system.
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Figure 8. XANES analysis on a series of ZSM-5 (30)comy Samples,
containing 140 ppm of Fe as impurity, and Fe-silicalite-1gy\ samples,
containing 0.5 wt % Fe, after various pretreatment conditions: (a)
ZSM-5 (30)commy NH,-form, uncalcined; (b) ZSM-5 (30)conm
calcined at 600 °C; (c) ZSM-5 (30) o Steamed at 600 °C; (d) Fe-
silicate-1gyy, NH,-form, (e) Fe-silicate-1gyy calcined, 550 °C; (f) Fe-
silicate-1gyy, steamed, 550 °C, along with Fe reference standards for
(g) Fe*" in Fe,0;, and (h) Fe*', FeO.

Further to this, samples of ZSM-5 (30)conm 2-5 wt % Fe®*/
ZSM-S (30)comm and Fe-silicalite-1gyy were also pretreated
with N,O according to the reported literature procedures and
tested for catalytic activity, in the absence of H,0,. Although
only stoichiometric quantities of product could theoretically be
obtained, the complete inactivity of these samples in the
absence of H,0, further demonstrates that Fe®*/N,O-based
chemistry is not a suitable method for performing selective
methane oxidation in the aqueous phase and within a closed
catalytic cycle, as is known from the literature (Supporting
Information, Table S6).

Catalytic Robustness and Heterogeneity. Although
significant progress has been made in the identification of
both the selective and nonselective forms of Fe, forming a
stable, reusable and truly heterogeneous catalyst is one of the
greatest challenges within the field of liquid phase oxidation.*”
To verify that the developed catalytic system satisfies this
criteria, a hot-filtration test of Fe-silicalite-1gyy was initially
performed so as to test if any Fe®" species leached into the
reaction solution have catalytic activity. After filtering off the
solid material in this way, the oxidation reaction completely
ceased, clearly demonstrating the heterogeneous nature of this
catalyst (Supporting Information, Figure SS). Figure 9 also
shows that Fe-silicalite-1 is a stable catalyst for methane
oxidation that can be reused without loss of yield over five full
recharges of the reactor. It is notable that no chemical or
thermal treatments were required to maintain these levels of
activity; the catalysts were simply filtered from the aqueous
solution and dried at ambient temperature for 24 h prior to
reuse.

In addition to catalytic studies, ICP measurements also
confirmed that the Fe loading in Fe-silicalite-1 (0.5 wt %)
remained constant, even after five repeat reactions, suggesting
that no detectable leaching of Fe into the aqueous phase takes
place during the reaction (Supporting Information, Table S7).
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Figure 9. Reusability studies of Fe-silicalite-1. Reaction conditions:
catalyst, Fe-silicalite-1 (27 mg); P(cy,), 30.5 bar; [H,0,], 0.5 M; temp,
50 °C; time, 30 min; stirring speed, 1500 rpm.

Atomic Absorption and ICP studies of the reaction filtrate also
demonstrated a lack of Fe, confirming that the amount of Fe
leached from the catalyst (if any) is below the detectability limit
of these techniques. From these experiments, it can be
confirmed that Fe-silicalite-1 is an active, selective, stable, and
truly heterogeneous catalyst for the selective oxidation of
methane.

B CONCLUSIONS

It has been shown that the catalytic activity of commercial
ZSM-5 (30) and related MFI-type zeolites for the selective
oxidation of methane is related to the presence of oligomeric Fe
species within the micropores. Although effectively formed
through postsynthetic deposition of Fe’*, extraction of Fe®"
from the zeolitic framework sites prior to reaction by high-
temperature pretreatment is a more effective method of
forming highly active catalysts. Optimal activity and selectivity
(with respect to both carbon and hydrogen) is obtained
following pretreatment of Fe-silicalite-1 at 750 °C, which
ensures the maximum percentage of the oligonuclear Fe
species, which have been shown to be the likely active species.
Excessive thermal pretreatment at 900 °C, however, leads to
the formation of bulk iron oxide, which, although unable to
activate methane, leads to excessive H,0, decomposition and
CO,, formation. In addition to significant levels of activity and
selectivity, the so-formed catalytic materials are also highly
stable and may be used for multiple repeat reactions without
loss of activity or metal content. Nevertheless, having now
identified the key active component within these materials for
the selective oxidation of methane, some interesting questions
remain unanswered.

The first concerns the influence of confinement on the
activity of the catalysts (Supporting Information, Table 2).
Having identified extraframework Fe species within the
micropores as being the active component of the catalyst, we
hereby propose that the effect of confinement is not related to a
molecular confinement effect increasing the local concentration
of the reactants, but that confinement of the active site within
the micropores enhances its activity for the reaction. In support
of this, we note that we have previously identified a high-
energy, high-spin [Fe™'=0]>" species as being the key C—H
activating component of the catalyst through DFT calcu-
lations.” Key work in the literature has proposed that the
confinement of metal cations within microporous structures
leads to a more facile formation of, and a stabilization of, such
high-energy species.’® It is therefore possible that in non-
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microporous materials, such as SiO,, the key high-spin [FeV'=
O]*" species cannot be formed as efficiently. Although such an
effect cannot fully explain the curious influence of the specific
microporous structure and explain why other zeolites such as
Ferrierite are so much less active, we can postulate that
depending on the precise framework topology, the electronic
and steric factors required to facilitate the formation of the key
active site are not identical.

Another unanswered question concerns the disparate activity
per Fe site exhibited by the Fe-only and Fe-silicalite-1gyy
samples examined here and Fe- and Al-containing analogues,
such as commercial ZSM-5. Although we have ruled out the
possibility that AI** possesses a catalytic role, it is clear that
other factors are at play in the commercial sample that account
for its higher activity per Fe site. We note that such a
noncatalytic promotional role has previously been observed for
other Fe-zeolite-catalyzed processes, such as NO, decom-
position. In these cases, it has been proposed that the increased
levels of activity per Fe site, in the simultaneous presence of Al,
is related to a dispersion of the active Fe species on specific
sites associated with framework AI**." Since we have identified
extraframework isolated or oligonuclear Fe species as being the
active component of the catalyst, an increased dispersion of Fe
would certainly account for higher activity per Fe site due to a
decrease in unwanted clustering and a decreased formation of
bulk Fe oxide. Nevertheless, the exact reasons for this
promotion are topics of ongoing research and will form the
basis of a future publication.

B EXPERIMENTAL SECTION

Catalyst Synthesis. MFI-type zeolites containing various
amounts of Fe and Al were prepared by hydrothermal
synthesis, according to a procedure adapted from reference
39. An example procedure for Fe-silicalite-1 is provided.
Tetraethylorthosilicate (Sigma Aldrich, 99.999% trace metal
basis) was added dropwise to a solution of tetrapropylammo-
nium hydroxide (Sigma Aldrich, 20 wt % in water) and
homogenized at 60 °C for 3 h. Concurrently, a solution
containing iron nitrate (Sigma Aldrich, 98%) and oxalic acid
was prepared and subsequently added to the TEOS/TPAOH
solution after 3 h. The gel was homogenized for 16 h at 60 °C
prior to crystallization in a Teflon-lined, stainless steel autoclave
at 175 °C for 120 h. Where required, sodium aluminate (Sigma
Aldrich, 50—5S wt % Al,O5) was used as the Al precursor. TS-1
was prepared according to the original method of Tarramasso
et al** Commercial NH,~ZSM-5 (SiO,/ALO; = 30) was
obtained from commercial sources (Zeolyst) and was activated
prior to use, typically by calcination at 550 °C for 3 h. Where
appropriate, Fe**, Cu®, or AI** were also deposited onto
commercial ZSM-S (30) by solid state ion exchange, an
illustrative procedure of which is provided. A 2.5 wt % portion
of Fe’*/ZSM-S (30)comm was prepared by grinding the
appropriate amount of acetylacetonate precursor with the
required amount of NH,—ZSM-$ (30)comm- After mechanical
grinding for 15 min, the resultant solid was calcined at 550 °C
for 3 h in a flow of air.

Catalyst Pretreatment. Samples synthesized by hydro-
thermal synthesis were first treated at 550 °C (1 °C min™") for
8 h (S h N,, 3 h air) to remove the organic template. A 3-fold
ion exchange with NH,NO; (1 M, 90 °C, 3 x 8 h)
subsequently yielded the NH,-form precursor. NH,-form
samples of Fe-silicalite-1 and ZSM-5 were subsequently heat
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treated, that is, activated/converted to the H-form by a second
pretreatment, performed at various temperatures.

Catalyst Characterization. Powder X-ray diffraction was
performed using a PANalytical X'PertPRO X-ray diffractom-
eter, with a Cu Ka radiation source (40 kV and 40 mA).
Diffraction patterns were recorded between 6 and 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 wafers
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 setup. Samples were scanned
between 190 and 900 nm at a scan rate of 600 nm min™". Na,
Si, and Al contents were determined by neutron activation
analysis (NAA). Metal contents were determined by ICP-OES
to an accuracy of +10%.

Kinetic Evaluation. Catalytic evaluation was carried out in
a 50 mL stainless steel autoclave containing a Teflon liner
vessel (working volume, 35 mL). The vessel was charged with
an aqueous solution of H,0, (10 mL, 0.5 M, 5000 ygmol), and
the desired amount of catalyst (typically 27 mg). After
evacuation of contaminant gases, the autoclave was heated to
the reaction temperature (typically SO °C) and vigorously
stirred at 1500 rpm 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
analyzed.

Analytical Methods. Liquid products were identified
through "H NMR spectroscopy on a Bruker 500 MHz Ultra-
Shield NMR spectrometer and quantified against a 1 vol %
TMS/CDCl; internal standard, previously calibrated against
authentic standards. Detectability limits of <0.1 umol were
achieved. End H,0O, concentrations were determined by
titration against acidified Ce(SO,), solution. Gaseous phase
products were quantified by means of an FID-GC (Varian 450-
GC) fitted with a CP-Sil SCB capillary column (50m length,
0.32 mm id.). The GC was equipped with a methanizer unit,
and CO, was quantified against a calibration curve constructed
from commercial standards (BOC).

Definitions. Partial oxygenates; methyl hydroperoxide
(CH;00H), methanol (CH3;0H) and formic acid
(HCOOH). Total product formed; partial oxygenates + CO,.

Oxygenate selectivity:

moles (partial oxygenates)

X 100
moles (total oxygenated product)

Turnover frequency: moles (partial oxygenated species formed)
mol™! (Fe) h™.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental data and analysis results as noted in
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