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Abstract

Methane oxidation using N,O was carried out with Fe-MFI zeolite catalysts at 300 °C. Methane
conversion over Fe-ZSM-5, Fe-silicalite-1 and Fe-TS-1 indicates that Brgnsted acidity is
required to support the Fe-based alpha-oxygen active site for the important initial hydrogen
abstraction step. Increasing the calcination temperature of Fe-ZSM-5 from 550 to 950 °C
showed that the catalyst retained the MFI structure. However, at 950 °C the Brgnsted and
Lewis acid sites were altered significantly due to the migration of aluminium, which led to a
significant decrease in catalytic performance. Over Fe-ZSM-5 the desired partial oxidation
product, methanol was observed to undergo a reaction path similar to the methanol to olefin
(MTO) process, which predominately produced ethene and subsequently produced coke.
Methanol control experiments over Fe-silicalite-1, Fe-ZSM-5, Fe-TS-1 and H-ZSM-5 indicated
that with the presence of Brgnsted acidity the catalyst were more effective at forming ethene
and subsequent aromatic species from DME, which resulted in an increased level of catalyst
fouling. The implication of these observations are that the desorption of methanol is crucial
to afford high mass balances and selectivity, however, Brgnsted acid sites appear to slow this
rate. These sites appear to effectively retain methanol and DME under reaction conditions,
leading to low mass balances being observed. Our results confirm that to afford efficient and
continuous methane oxidation by N;O, the catalytic active site must be extra-framework Fe

coordinated to Al.
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Introduction

Methane is the major component of natural gas and the precursor to many valuable
hydrocarbon products, including methanol.! However, it is under-utilised as a direct chemical
feedstock and is currently converted to synthesis gas (CO and H;) using high temperatures
and pressures prior to the production of more valuable platform chemicals. Although
selective, the current industrial syngas production process is highly energy-intensive.?
Therefore a process for the direct partial oxidation of methane to methanol is highly

desirable.?

However, the direct selective oxidation of methane to methanol is considered one of the most
challenging reactions.* The central issue concerns the strong C-H bonds in methane, which
have a bond dissociation energy of 438.8 k) mol* and partial oxidation products typically have
one or more C-H bonds weaker than this.> ® The implication is that potential products are

more reactive than methane and, therefore, over-oxidation to CO> is common.’

Panov and co-workers reported that methane could be activated over Fe-ZSM-5 by a-oxygen
species when using N,0 as the oxidant.® ® The a-oxygen was generated by decomposing N>O
over the reversible redox a-Fe sites, which switch from Fe?* to Fe3* (equation 1).1° The radical
anionic nature of the a-oxygen species allows the cleavage of the methane C-H bond via the

hydrogen abstraction mechanism to occur at room temperature.!?
N2O + (Fe?*)q — (Fe3*—07)q + N2 (1)

The methoxy and hydroxyl groups formed are subsequently adsorbed on the a-Fe sites, which
can yield methanol directly on the surface of the zeolite. At low temperatures, this process is
quasi-catalytic as methanol must be extracted from the catalyst surface via hydrolysis.*

However, above 300 °C methanol desorbs and the process is catalytic.'?

The structure of the active site is, however, still debatable and is considered to comprise of
either mono-nuclear Fe**=0 (or Fe3*-O°) or di-nuclear Fe as an oxo-bridged Fe3*O%Fe3*
species'®. Synder et al.»* recently reported mononuclear a-Fe?* in an extra-lattice site within
Fe-beta zeolite (BEA) from magnetic circular dichroism spectroscopy. The reactive
intermediate in this case was described as a high spin Fe*=0 species, whereby the

confinement of the zeolite lattice facilitates the reactivity observed. Hutchings and co-



workers reported di-nuclear Fe sites in Fe-ZSM-5, derived from EXAFS measurements and
these were considered the active site for methane oxidation by H,0, *> 6, Conversely, Dubkov
et al.'’ reported on the formation of the active oxygen species upon decomposition of N0 in
Fe-ZSM-5 with Méssbauer spectroscopy. Adjacent Fe?* atoms behaved as mono-nuclear sites

when transformed to Fe**=0.

Analysis of the methane oxidation products by N;O over Fe-ZSM-5 indicated that carbon
oxides were the main product produced and oxygenates such as methanol, dimethyl ether
(DME), acetaldehyde and higher hydrocarbons such as ethane were also produced.!® 12
Catalyst fouling in the form of coke deposits were also observed in post reaction samples.'*
18 Under low reaction temperatures (<300°C), after the formation of methanol from the
recombination of methoxy and hydroxyl species, DME was extracted. This secondary product
was considered to form as a result of a prolonged residence time of methanol on the surface
of Fe-ZSM-5.12 However under the catalytic regime at higher temperatures reported from the
same group, DME was not detected in the gas-phase and was proposed to be the precursor
to catalyst fouling. Therefore, methanol can either desorb directly from Fe-ZSM-5 or
accumulate on the zeolite surface depending on the operating temperature.*? It was reported
that the activation energy of the surface diffusion of adsorbed species is much lower than the
activation energy of desorption, implying that it is more favourable for the adsorbed
methanol to diffuse across to other acid sites on the zeolite and carry out further reactions to

form coke.? 12

Copper and iron containing zeolites are known to be effective catalysts for methane
oxidation.'> 20 21 The zeolite structure has a high adsorption potential within its porous
environment, which gives rise to a confinement effect and in effect weakens the strong C-H
bond in methane.?? The Brgnsted and Lewis acid sites both play a role in this reaction.
Narsimhan et al. reported that the presence of Brgnsted acid sites results in higher specific
activity and space-time-yield (STY) for the Cu-containing zeolite with different topology such
as ZSM-5 and mordenite. Furthermore, the apparent activation energy in the case of the
protonated form of Cu-ZSM-5 was calculated to be approximately 30 kJ mol* higher from its
Na analogue.?’ The Lewis acid sites are formed in the zeolite framework by exchanging with
a metal precursor or through dealumination.?® This allows metal ions to incorporate into the

framework and/or extra framework positions. The extra-framework Lewis acid species can
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increase the acid strength and the catalytic activity of zeolites due to an interaction with the
Brgnsted Si(OH)AI site.?* 2> It was reported that Lewis acid sites were required for the
hydroxylation of benzene with N.O vyielding 70-80% phenol with high selectivity and
regioselectivity.?® The two types of acid sites in the zeolite catalyse a wide range of chemical
reactions from alkylation and isomerisation of hydrocarbons, cracking and hydrocracking

processes, which are currently used in industry.?3

In the present work, we have investigated continuous methane oxidation over Fe exchanged
MFI framework zeolites with various acidity profiles using N,O as a mild oxidant. Here we
confirm that the combination of Fe and Al are required to activate methane. However, the
presence of Al also provides a competing reaction path comparable to the methanol-to-olefin
(MTO) type reaction mechanism, that is converting methanol to ethene and active aromatic
intermediates in zeolites. We report the importance of acidity for the activation of methane,
demonstrated by calcining a series of MFl-based zeolites at different temperatures.
Furthermore, methanol control experiments and temperature programmed desorption
experiments were carried out to understand the complex reaction mechanism present in the

continuous, direct oxidation of methane by N;O.



Experimental
Preparation of H-ZSM-5

The commercially available zeolite materials used in this study were activated by converting
to the acidic protonated form prior to use by high temperature calcination. An example using

ZSM-5 is listed as follows.

NH4-ZSM-5 (Zeolyst, SiO;:Al,0s molar ratio = 30, 3 g) was transferred into a ceramic
combustion boat and placed inside a quartz tube within a combustion furnace. The glass tube
was then sealed and air was flowed through the catalyst. The furnace was heated to the
desired temperature (typically 550 °C at 20 °C min'!) and held for the required period of time
(typically 3 h). The sample was allowed to cool to room temperature under flowing air prior

to any testing or other modifications such as ion exchange with a metal precursor.

A series of catalysts were then prepared using the ion-exchange procedure are listed in the
following section. A commercial zeolite material was exchanged once with the desired metal

precursor using different synthetic approaches.

Commercially available TS-1 (Si:Ti = 25) from ACS Material was used in this study.

Preparation of Fe-ZSM-5

H-ZSM-5 (Zeolyst, SiO2:Al,03 molar ratio = 23-280) was used to prepare all the catalysts
prepared by chemical vapour infiltration (CVI) unless stated otherwise. The full procedure for
the CVI procedure for 2 wt. % Fe/ZSM-5 (30) is outlined as follows. The desired amount of H-
ZSM-5 (1.98 g) and Fe (lll) acetylacetonate (Fe(acac)s) (Sigma Aldrich, 99.9% purity, 2.53 g)
were added to a Schlenk flask. The metal precursor and zeolite were mixed well and heated
to sublimation deposition temperature (150 °C) under continuous vacuum (ca 103 mbar) for
typically 2 h. The catalyst was then allowed to cool to room temperature before calcining for

3 h at 550 °C at 20 °C min™! under static air.
Preparation of Fe-TS-1

FeTS-1 was prepared using the CVI method as described in the case of FeZSM-5.



Solid state ion exchange (SSIE) procedure involves mixing and grinding the metal precursor
and zeolite using a mortar and pestle for 30 min before calcining the dry mixture for 3 h at

550 °C at 20 °C min™.
Preparation of silicalite-1 (mole ratio template/Si = 1)

Silicalite-1 (SIL-1) was prepared according to Tarramasso et al.?’ Tetraethyl orthosilicate
(20.48 g, 98.8 mmol) was added dropwise to tetrapropylammonium hydroxide (40 wt. % in
H,0, 25.4 g, corresponding to 10.16 g TPAOH, 49.9 mmol) while stirring vigorously. The
resulting gel was stirred for 5 h at 60 °C. Then the gel was transferred to a Teflon-lined
stainless steel autoclave and heated in an iso-thermal oven (175 °C, 48 h). The sample was
later recovered by centrifugation, washed with deionised water (1 L) and air-dried (110 °C, 16
h). The dried silicalite was calcined (550 °C, 24 h, 1 °C min) in flowing air in order to remove

the residual organic template.
Preparation of Fe-silicalite-1 (SiO/Fe;03 mole ratio = between 130 to 500)

Fe-Silicalite-1 (Fe-SIL-1) was prepared according to Prikhod’ko et al.?® The procedure for a

sample with SiO,/Fe;0sratio = 260 is exemplified as follows.

Tetra-propylammonium hydroxide (40 wt. % in H,0, 15 g, corresponding to 6.0 g TPAOH, 30.8
mmol) was stirred vigorously (25 °C, 1 h), and to this solution tetraethyl orthosilicate (20.48
g, 98.8 mmol) was added dropwise. The clear gel obtained was subsequently stirred (60 °C, 3

h). At this time, a 10 mL aqueous solution of Fe(NO,),.9H,0 (0.294 g, 0.76 mmol) and oxalic

acid (0.304 g, 2.50 mmol) was added dropwise to obtain a homogeneous, ferrisilicate gel with

the following composition;

Si0,: Fe,05: H2C204: TPAOH
1:0.00385:0.013 : 0.312

The resulting gel was subsequently crystallised in a Teflon-lined stainless steel autoclave
(175 °C, 120 h). The as-synthesised materials were later recovered by centrifugation, washed
with deionised water (1 L) and air-dried (110 °C, 16 h). Calcination process was carried out

(550 °C, 8 h, 1 °C min'Y) in a flow of nitrogen (5 h) and later air (3 h).



Reaction procedures

Methane oxidation reactions were performed in a stainless steel conventional flow setup. The
desired amount (typically 0.44 g) of catalyst (20-40 mesh) was placed in a stainless steel tube
sandwiched between two quartz wool plugs. In all cases, the feed mixture (flow rate = 55
ml/min, typically GHSV 3600 h) contained 20% CH4 + 2% N,O with Ar balance at atmospheric
pressure and controlled by mass flow controllers (Bronkhorst UK Ltd) and the reaction

temperature was typically 300 °C unless stated otherwise.
Methanol control experiment

MeOH was introduced by flowing a N,O and Ar mixture through a MeOH-containing Dreschel
bottle cooled to ca. 7 °C £ 1°C. In all cases, the fed mixture (flow rate = 55 ml/min) contained
1.2 % MeOH + 2 % N,O with Ar balance at atmospheric pressure and the reaction temperature

set at 300 °C.
Analytical methods

All products in the reaction outlet were analysed with online gas chromatography (GC) at 30
min intervals by Agilent 7890B GC equipped with a methaniser. CHs, CO, CO,, ethene, ethane
were detected by flame ionisation detector (FID) using a Hayesep packed column. MeOH and
DME and other aromatic species were detected by FID with a capillary column. N,O and N;
were detected by a thermal conductivity detector (TCD). Products were quantified against a
calibration curve constructed from a known amount of the product premixed in house or from

commercial standards (BOC).

CHz and N>O conversion was calculated as follows:

CH4 in—CHy out
CHy in

CH,4 conversion (%) = x 100

where, CHs in and CHg out represent the molar fraction of CHs at the inlet and outlet,

respectively.

N, Oin -N; 0out
N20in

N, O conversion (%) = x 100



Where, N;0in and N2Oou: represent the molar fraction of N,O at the inlet and outlet,

respectively.
The selectivity for product i (Si) was calculated as follows, coke assumed to be the remainder:

S (%) = amount of product (i) produced (mol carbon) 100
i (%) = CH, converted (mol of carbon) X

Catalyst characterisation
Powder X-ray diffraction (XRD)

XRD was performed on an X'PertPRO PANalytical instrument. A Cu Ka (1.54 ,&) radiation
source with a nickel filter, calibrated against a Si standard was used. Wide angle
measurements were taken in the range of 20 = 10 — 80°. Approximately 0.3 g of sample was

required for each experiment.
UV-vis spectroscopy

UV-Vis analysis was performed on an Agilent Cary 4000 UV-vis spectrophotometer with
diffuse reflectance set up. Samples were scanned between 200 — 800 nm at a scan rate at 400

nm minl,
Ammonia TPD

Temperature-programmed desorption (TPD) of ammonia for the zeolites was carried out in a
conventional flow apparatus (Chembet TPR/TPD Chemisorption analyser, Micromeritics Inc.).
Sample (0.05 g) was loaded in a U-type tube and sandwiched between quartz wool. The
samples were pretreated at 550 °C with a He flow of 145 mL min* for 1 h to remove residual
water and was allowed to cool to room temperature. Ammonia adsorption was carried out
by flowing 5% NHs in argon to the sample tube for 15 min. The physisorbed ammonia and
excess in the sample tube was removed by heat treating the sample tube to 100 °C at 15 °C
mint for 1h and the TPD signal for the desorption of chemisorbed ammonia was recorded

from 100 to 900 °C at 10 °C min™* with a thermal conductivity detector (TCD).

Pyridine DRIFTS



Samples were pretreated prior to acquisition by heating the sample in a Harrick Praying
Mantis in situ cell to 550 °C (20 °C mint) under flowing nitrogen for 1 h to remove residual
water. After the heat treatment, the sample was left to cool down to room temperature
before pyridine was introduced to the cell for 5 min. The excess pyridine in the cell was
removed by vacuum (103 mbar) for 5 min and IR spectra were recorded at different
temperatures in the range of 30-600 °C under continuous vacuum. The scan was taken 5 min

after reaching each of the desired set temperatures.

For in situ heat treatments a Harrick Automatic Temperature Controller was used in heating
the sample cell according to a predefined (20 °C min') heating program. Gas flows were
passed through the sample, with flow rates (60 mL min™) controlled by a Brooks MFC. IR
spectra were collected on a Bruker Tensor 27 spectrometer (4000 cm™ - 500 cm™, 4 cm™
frequency, 64 scans) fitted with a liquid N2 - cooled Mercury Cadmium Telluride (MCT)
detector. The samples were placed within a Praying Mantis high temperature diffuse
reflection chamber (HVC-DRP-4) in situ cell fitted with zinc selenide windows. Background

scans were recorded using dry KBr.
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Results and discussion

To investigate the influence of both Fe and Al on the reaction of CHs with N;O, several
catalysts were prepared based on the MFI zeolite structure (Table 1). The Fe-doped MFI
zeolites have been successful in producing methanol from methane under static?® or
continuous operation.? The Fe-MFI catalysts were compared to their corresponding parent
zeolites (Table 1, Figs S1-4) over 2 h. The parent SIL-1 and TS-1 zeolites were inactive for
methane conversion; however, the low conversion observed over H-ZSM-5 can be attributed
to metal impurities introduced during synthesis, such as Fe. This impurity can be present in
the 100s ppm and despite being located in framework positions it can activate C-H bonds in

the presence of H,0,.%

The addition of Fe to the parent MFI zeolites clearly illustrates that the reaction environment
has a significant impact on the activation of methane. In the case of Fe-SIL-1, the Fe was
introduced at the synthesis stage and 0.5 % loading is a compromise to obtain Fe containing
samples with an MFI structure. For the Fe-ZSM-5 and Fe-TS-1 samples, the Fe was introduced
post-synthesis via CVI. In each case we consider that the Fe speciation and location within the
MFI structure to be different and will assist in catalyst optimisation. In both the Fe-SIL-1 and
Fe-TS-1 only a minor degree of methane and N;O conversion was recorded. Indeed the
activation of N2O is a key marker to indicate the likely presence of either Fe**=0 or Fe3*0%
Fe3* sites, which are considered as part of the active methane oxidation site.’® TS-1 is
comprised of TiO4 and SiO4 tetrahedral units, the absence of Al in TS-1 means there are no
Brgnsted acid sites only Lewis acid sites. Table 1 illustrates that the TS-1 based materials are
inactive for methane oxidation. Therefore, the combination of Fe and framework Al in the Fe-
ZSM-5 catalyst can activate methane, although the selectivity to methanol was found to be
low. Furthermore, the low mass balance with ca. 63 % selectivity to coke strongly suggests
that efficient desorption of reaction products is crucial in this reaction. Diluting the methane
feed-stream with water has been used to efficiently desorb methanol from the catalyst!? and
potentially react directly with adsorbed *CHs.2° Our results support this, as without water COx

dominates the reactor effluent and the catalysts coke rapidly (Fig. S2).

The results from reactions over the metal-free SIL-1 and Fe-SIL-1 catalysts suggest that Fe has

the potential to activate C-H bonds (Table 1). However, the Fe was introduced in the

11



hydrothermal preparation and is likely to be located in the framework. Introducing iron post-
synthesis was investigated to assess if the location of the Fe species would facilitate improved
C-H activation without Al present. Using SSIE or CVI approaches should not produce
framework Fe species as the SiO4 tetrahedral units are considered stable and will not permit
metal ion exchange. The methane oxidation results illustrated in Table S1 indicate that the
Fe-SIL-1 catalysts prepared by either CVI or SSIE are completely inactive. To understand this,
UV/Vis spectra of these catalysts were recorded to positively identify the Fe co-ordination
environment (Fig. S6). Both the Fe-SIL-1 samples prepared by CVI and SSIE possess a strong
and broad absorbance stretch between 310 to 600 nm which suggests that iron oxide clusters
are dominant. A weak absorbance at 250 nm potentially corresponds to extra-framework Fe
species3% 31 which is considered part of the active site,’® however, this proved inactive in the

case of the Fe-SIL-1 samples prepared by CVI and SSIE.

The location and likely co-ordination environment of the Fe in both the as-prepared and
calcined samples of the 0.5 % Fe-SIL-1 sample was also investigated with UV/Vis spectroscopy
(Fig. 1). The distribution of the type of Fe species formed can be revealed from the UV/Vis
spectra. For uncalcined Fe-SIL-1, two major bands (210 and 240 nm) were observed, which
correspond to the t1 > t2 and t1 = e transitions of the FeOs tetrahedra respectively,
suggesting the Fe species occupy lattice positions3? 33, The sample was then treated at
different temperatures, both under flowing air or steam as Fe can migrate out of the MFI
framework to occupy positions that are considered to be more catalytically active as with Fe-
ZSM-5.3% In the case of the Fe-SIL-1 samples calcined at 550 °C, the band at 210 nm has
decreased indicating a modest migration of Fe away from lattice positions. The modest
increase in absorbance from 240 to 300 nm suggests a minor level of migration of tetrahedral
framework Fe to extra-framework positions. After steaming the parent sample, the
absorbance decreased. Following treatment at 875 °C under both air and steam analysis of
the spectra indicates a larger degree of extra-framework Fe present and can be linked to
catalytic activity.3> Analysis of the Fe-SIL-1 samples indicated that the surface was largely free

from iron oxide clusters which are characteristic of higher wavelength absorption.

The Fe-SIL-1 samples were tested for methane oxidation in order to understand if the location
of the Fe in the catalyst could improve C-H activation (Table 2). The conversion of methane

over the sample steamed at 550 °C was comparable to the calcined sample (ca. 0.2 %). This
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result indicates that the presence of Fe can potentially activate C-H bonds in the same fashion
as H-ZSM-5 with its Fe impurities. Although, the uncalcined Fe-SIL-1 sample possesses
framework Fe and is inactive, the pores are likely to be inaccessible due to retention of the
TPAOH template. Following higher temperature treatment under air or steam, the activity of
the catalyst samples decreased, despite possessing extra-framework Fe. In this case the
selectivity to methanol increased, however, as the methane conversion is not equivalent to
those treated at lower temperatures it is difficult compare directly. The active site is
considered to be an extra-framework mono- or di-Fe species coordinated to a framework Al.
15,17 According to the UV/Vis spectra (Fig. 1) and the methane oxidation results of the Fe-SIL-
1 samples treated at 875 °C, the extra-framework Fe present is unable to activate N,O (Table
2) compared to the case over Fe-ZSM-5 (Table 1.). Therefore, we consider that the Fe

coordination environment is crucial to afford efficient reactivity with N,O.

High temperature treatment of zeolites can cause a loss of Brgnsted acid sites through
migration of framework Al.3® Therefore, we investigated different heat-treatments for the 2
wt.% Fe-ZSM-5 to disrupt the active site and subsequently observe the effect on C-H
activation. The sample was treated under static air or dilute, flowing hydrogen over a range
of temperatures from 550 to 950 °C and the recovered samples were tested for methane
oxidation using N2O as the oxidant (Table 3). The oxidising or reducing environments of this
catalyst pre-treatment step will have different water content, which was found to be crucial
to dealumination.3® The samples treated at 550 and 750 °C under both air and hydrogen
resulted in comparable methane conversions of ca. 2 %. In all cases the mass balance was low,
as observed with the 2 wt.% Fe-ZSM-5 calcined at 550 °C. However, after heat treatment
under air at 950 °C, the catalyst appears to undergo an irreversible change and the result is a
significant loss in activity. Both the conversion of methane and N,O are greatly affected,
however, the space-time-yield of methanol was calculated to be ca. 19 pmol geat?* ht.
Conversely, over 2 wt.% Fe-ZSM-5 calcined at 550 °C the STYmeon Was found to be significantly
lower at ca. 6 pmol gat? hl. Testing of the sample following treatment at the same
temperature under the dilute hydrogen atmosphere suggests it did not undergo such a
change. Powder XRD of the samples (Fig. S5) indicates that the MFI structure is retained at
the higher temperatures, consistent with previous reports.?® The testing results detailed in

Table 3 suggest that the active site is stable to 750 °C and the presence of ethene in the
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reactor effluent indicates the surface Brgnsted acidity is not compromised. In contrast the
presence of DME in the effluent over 2 wt.% Fe-ZSM-5 calcined at 950 °C in air suggests that

the high temperature and moisture present has affected the Brgnsted acidity.

Pyridine desorption experiments were carried out using DRIFTS to monitor the changes in
both Lewis and Brgnsted acidity as a function of temperature, shown in Figure 2. The
temperature of desorption, or loss of adsorption band, indicates the strength of the different
acid sites. The pyridine absorbance at 1450 cm™ corresponds to the pyridine adsorption on a
Lewis acid sites, while the Brgnsted acid sites can be observed by the band at 1540 cm™ which
corresponds to the C-C bond vibration of the pyridinium ion. The absorbance at 1490 cm™
indicates the pyridine interaction of both type of acid sites.3” Comparison of the peaks present
over the samples studied at room temperature indicate that the heat treatment at 950 °C
under air has clearly increased the number of Lewis acid sites as the band at 1450 cm™ has
significantly increased. We consider this to be due the migration of aluminium forming
greater Lewis acid sites within the pore channels.?®> However, these may be of lower strength
as pyridine is quickly lost from this site, as the corresponding reduction in the band at 1440
cm* over the measurements taken below 100 °C suggests. As the temperature of this sample
is heated the peak profile reduces until no pyridine remains adsorbed at 400 °C. In contrast,
pyridine remains adsorbed until 500 °C on the Fe-ZSM5 samples heated at 550, 750 and
treated under H; at 950 °C. Despite retaining a degree of surface acidity the Fe-ZSM-5

catalysts calcined under air at 950 °C was essentially inactive (Table 3.).

We consider that the Fe coordination environment is crucial with respect to the activation of
C-H bonds. The heat treatment under air at 950 °C has disrupted this environment via
migration of Al species as reported previously3® and efficient NO decomposition cannot occur
(Table 3). In Figure 2f, the area of each absorbance band, normalised against the zeolite
framework overtones at 2010 cm?, is presented. This method was previously reported when
comparing the acidity of ZSM-5 catalysts after high temperature calcinations3®. Figure 2f is a
comparison of the pyridine DRIFTS data at 300 °C and clearly shows that the addition of Fe
decreases the Brgnsted acidity of the catalyst. This is expected as the Fe is considered to co-
ordinate to the framework Al, thereby disrupting the Brgnsted acid site. Further heat
treatment at 750 and 950 °C lead to a further decrease in Brgnsted acidity, consistent with

the de-alumination of the zeolite. Interestingly, the addition of Fe to the H-ZSM-5 increased
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the size of the absorbance band associated with Lewis acidity, which did not appear to change
significantly after calcination at 750 °C, but significantly decreased after calcination at 950 °C.
It can therefore be concluded that the high temperature calcinations significantly decreased

the number Brgnsted acid sites.

The pyridine desorption experiments were complemented by NH3-TPD under similar
conditions to investigate the relative acid strength of the series of catalysts under study (Fig.
3). There are two characteristic signals that are often observed in the NHs-TPD spectra using
MFI zeolites. The desorption features are located at 260 °C and 450-550 °C, which represent
the weak (low temperature desorption, LT) and strong acid sites (high temperature
desorption, HT) respectively. The strong acid sites (HT) are generally used to evaluate the acid
strength of the catalysts due to the weak acid sites representing the desorption from non-
acidic sites or physisorbed NHs.38 The area of the HT desorption feature indicates the
concentration of the acid sites and the temperature at which the HT peak maximum occurs
indicate the overall acid strength of the sample.3° The addition of Fe to the ZSM-5 framework
modestly altered the strength of the strong acid sites (HT). In contrast, calcination at 750 and
950 °C shifted the NHs desorption for the strong acid sites from 450 °C to 520 and 580 °C
respectively. In addition, the overall quantity of NH3 adsorbed is lower with these materials
calcined at higher temperatures. Furthermore, the decrease of overall acidity observed with
the sample calcined at 950 °C corresponded to an increase in the acid strength. This suggests
that only the Brgnsted acid sites have increased in strength following heat treatment, due to
the observed increased adsorption of pyridine at low temperatures on Lewis acid sites. This
result highlights the importance of the acid sites and their concentration for the methane
activation through the formation of the active a-oxygen species. The increase of acid strength
and density of Lewis acid sites has resulted in significantly reduced activity, which further
suggests that Fe must be coordinated to framework Al for efficient formation of active oxygen

sites.

The active Fe site has been reported to be co-ordinated to framework Al*° and therefore the
maximum number of active Fe sites is proportional to the Al content. A series of Fe-ZSM-5
catalysts were prepared that had the same Fe:Al ratio from parent H-ZSM-5 catalysts with
varying SiO;:Al>Os3 ratios. The catalytic activity is presented in Table 4. The Fe:Al ratio of 0.47
was applied to ZSM-5 catalysts with SiO;:AlO3 ratios of 23, 30, 50 and 280, and led to Fe
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loadings of 2.7 to 0.3 wt.%. Analysis of the Fe environment by UV/Vis was not carried out due
to the high Fe loadings present, which easily obscure identifiable features. The methane and
N2O conversion increased with increasing Al loading from 0.5 to 2.5 % and 3.4 to 27.2 %.
However, the N2O TOF as a function of Fe content remained comparable at ca. 3.5 h™* across
the samples and we assume the Fe environment is comparable across the samples. The
selectivity to coke can be seen to reduce according to the methane conversion and Al content.
Furthermore, this suggests that the acidity of the MFI surface plays a significant role in the
retention of methanol and subsequent coke formation. However, the reactions were not

carried out at iso-conversion and comparison such as this is not ideal.

The role of acidity and Fe location was further investigated with respect to the low methanol
selectivity and low mass balances observed over catalysts such as the 2 wt.% Fe-ZSM-5
(calcined at 550 °C). Control experiments were carried out using methanol, considered to be
a primary product, diluted in an Ar stream containing N2O. Methanol is known to react
efficiently over ZSM-5 catalysts to form primarily DME and olefins in a process commonly
referred to as methanol-to-olefins (MTO).*! Methanol undergoes the hydrogen pool
mechanism to form various hydrocarbons in the zeolite pores.*? Wang et al. reported that in
the case of H-ZSM-5, methyl substituted 5-6 membered ring reactive carbenium
intermediates such as pentamethylbenzenium (PentaMB?*), di/tri-methylcyclopentenyl cation
(diMCP+, triMCP+) can be generated.** Those cyclic organic species confined in zeolite
cages/intersection space could act as a co-catalyst for ethene formation via side chain
elimination from MCP*.** In this study we were able to detect trace amount of aromatic
species including methyl benzene, toluene and xylene which may explain the origin of ethene

and coke generated from a competing reaction path.

Dilute methanol vapour was passed over the MFI-based catalysts with N,O present in order
understand the stability and reactivity of the target product under reaction conditions. The
catalysts used were the Fe-free H-ZSM-5, SIL-1, TS-1 and their Fe containing analogues. The
catalyst mass was adjusted to ensure comparable methanol conversions of ca. 15 % at 300 °C
while maintaining a GHSV of 3600 h! through dilution with SiC (Table 5 and time-on-line data
for the active catalysts in Fig. S8-12). Interestingly, methanol conversion was observed in H-
ZSM-5 and all the Fe-containing catalysts and the primary product in each case was DME. The

results over the SIL-1 and TS-1 materials strongly indicate that Br@gnsted acidity is required to
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complete the formation of DME as previously reported.** 4> Over H-ZSM-5 the selectivity to
DME was ca. 44 % and for ethene ca. 16 % at 65 minutes, which is consistent with previous
reports.*! The time-on-line data clearly indicates that the increased selectivity to Ca« products
results in the low mass balance observed through the subsequent formation of retained
organics. The time-on-line data suggest that the catalyst is relatively stable over the 2 h of
reaction (Fig. S8). In contrast, the yield of DME, over the 2 wt.% Fe-ZSM-5 (550 °C) catalyst
decreased rapidly over the 2 h reaction period and an increase of ethene was noted. Although,
ethene was formed over the 2 wt.% Fe-ZSM-5 (950 °C) catalyst, the STY was low at ca. 4 umol
gl h! after 125 min time-on-line. Over the 0.5 wt.% Fe-SIL-1 catalyst steamed at 875 °C the
conversion of methanol to DME proceeds readily despite the absence of Al and the extra-
framework Fe. This is exemplified by the high DME selectivity of 95 % achieved over the Fe-
TS-1 catalyst.

These results imply that the presence of acidity related to Al is not necessarily required to
support the methanol condensation reaction to form DME. However, the strength of the acid
sites illustrated in Figure 2 clearly relate to the formation of coke at 300 °C (Table 5 ) and
subsequent reduction in mass balance observed. Furthermore, these results support the low
methanol selectivity observed in the methane oxidation reactions where water is not present
in the feed (Table 1). The challenge of selective methane oxidation is exemplified here as
methanol is significantly more reactive than methane over the acidic MFI catalysts. Indeed,
over MFI catalysts with moderate to high acidity such as 2 wt.% Fe-ZSM-5 (550 °C) any DME
produced at the low methane conversions achieved, appears to convert rapidly to other
products such as ethene, unlike over 2 wt.% Fe-ZSM-5 (950 °C) catalyst (Table 5). An additional
consideration is the relatively high concentration of methanol in the feed stream that may
operate in a comparable manner to using methane diluted with water?> %6, That is, the
product is displaced rapidly from the active site with water and hence the selectivity to
methanol from methane is high, such as DME from methanol in these experiments.
Furthermore, ethene and coke are only formed over catalysts with Al present, via the
Brgnsted acid sites under these reaction conditions. The implication is that framework Al sites
free of Fe are able to convert methanol efficiently. Therefore, tailoring the acidity and Fe

loading of the catalyst can significantly improve methanol yields.
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Conclusions

The continuous oxidation of methane by N,O was investigated with a series of MFI-based
zeolites. The parent zeolites; SIL-1, TS-1 and H-ZSM-5 were tested and the results suggest that
the activation of methane occurs only in the case of H-ZSM-5. However, the presence of metal
impurities is likely to be the origin of the minor activity observed. The addition of Fe to the
parent materials enhanced the methane activation in the case of the ZSM-5, although the
catalyst exhibited a poor carbon mass balance as the reaction proceeded. The origin of the
low mass balance and increased catalyst fouling was investigated through exploration of the
catalyst acidity and location and speciation of Fe. Where extra-framework Fe was prepared
through heat treatments on Fe-SIL-1, C-H activation did not occur. Methanol control
experiments indicated that methanol is unstable over catalysts with high Brgnsted acidity
such as H-ZSM-5 and those containing Fe such as Fe-SIL-1 and Fe-TS-1. However, the
formation of Cz+ and aromatic species was only observed in the case of the ZSM-5 catalysts
and this supports the observed low methanol selectivity and mass balances observed in the
methane oxidation reaction. The results suggest that through manipulation of catalyst acidity
and Fe concentration, improvements in methanol selectivity can be achieved where
desorption of the primary product is facile. This study also demonstrates that for selective
methane oxidation with N,O, extra-framework Fe species co-ordinated to framework Al are
required. However, Brgnsted acid sites located on Fe-free Al lead to the transformation of

methanol into coke.
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Tables and Figures

Table 1. Comparison of MFI catalysts for methane oxidation with N,O.

— b
Convsrsmn Selectivity® (%) STYMmeoH
Catalyst (%) (umol gear™
N,O CHa4 MeOH CcO CO; CoHq Coke ht)
Blank tube - - - - - - - -
SIL-1 - - - - - - - -
HZSM-5 (30) 2.3 0.15 0.6 56.3 14.4 8.8 19.9 0.55
Ts-1 - - - - - - - -
0.5 %Fe-SIL-1 2.0 0.19 0.3 77.5 22.0 - 0.2 0.28
2% Fe-ZSM-5 21.5 1.8 1.1 24.3 9.5 3.5 62.6 6.4
2% Fe-TS-1 0.4 <0.05 - 17.7 82.3 - <0.5 -

2 Values after 1 h on-stream; ® STYmeon: space time yield of methanol; Reaction conditions: 0.44 g
catalyst; Pellet Mesh size =600 um ; V =0.9 ml ; 300 °C; 2 h; Feed mixture: 20%CH4 + 2% N,O with Ar
balance; Flow rate = 55 ml min’%; P(total) = 1 atm; GHSV= 3600 h™.
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Table 2. Methane oxidation over 0.5 wt.% Fe-SIL-1 materials prepared by different heat treatments

Conversion? . STYmeoH®
Selectivity® (%
Catalyst (%) ity (%) (umol geat™
N,O CH4 MeOH Cco CO, CoHy DME Coke h?)
SIL-1 (Metal-free) - - - - - - - - -
Fe-SiL-1 . <005 ; ; 1.2 . - - -
(uncalcined)
Fe-SIL-1 (calcined
550 °C) 2.0 0.19 0.3 22.0 77.5 - - - 0.28
Fe-SIL-1 (steamed
550°C) 2.8 0.25 0.21 74.9 22.3 - - - 0.27
Fe-SIL-1 (calcined
875 °C) 1.7 0.19 0.3 73.2 26.5 - - - 0.33
Fe-SIL-1 (steamed
875 °C) 1.1 0.08 3.0 70.9 26.1 - - - 1.28
Fe-SIL-1 (calcined 15 0.05 23 74 23.6 i ) ) 11
875 °C) for 24h ’ ’ ' ' '

3 Values at 1 h; ® STYmeon: space time yield of methanol; Reaction conditions: 0.44 g catalyst; Pellet Mesh size
= 600 um; V = 0.9 ml ; 300 °C; 2 h; Feed mixture: 20%CH4 + 2% N,O with Ar balance; Flow rate = 55 ml min’;
P(total) = 1 atm; GHSV= 3600 h.
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Table 3. Methane oxidation over 2 wt.% Fe-ZSM-5 prepared with different calcination conditions.

Calcination e R STY b

temperature Conversion? (%) Selectivity® (%) MeOH _

o (umol geat
(°C) and 1h1
condition N,O CH4 MeOH co CO; CyH,4 DME Coke )
550 (static air) | 21.5 1.8 1.1 24.3 9.5 3.5 - 61.6 6.4
550 (Hy/Ar) 26.0 2.0 0.7 13.4 8.2 3.8 - 73.9 7.1
750 (static air) 20.7 1.9 14 26.4 9.3 2.0 - 60.9 12.8
750 (H2/Ar) 30.6 2.2 0.8 16.1 9.8 2.3 - 71 9.0
950 (static air) 4.4 0.2 13.7 76.8 4.9 - 4.6 - 18.7
950 (Hy/Ar) 29.5 1.4 1.6 25.1 14.0 4.2 - 55.1 13.6

2Values after 1 h on-stream; ® STYwmeon: space time yield of methanol; Reaction conditions: 0.44 g catalyst;

Pellet Mesh size =600 um ; V = 0.9 ml; 300 °C; 2 h; Feed mixture: 20%CH, + 2% N,O with Ar balance; Flow

rate = 55 ml min; P(total) = 1 atm; GHSV= 3600 h1,
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Table 4. Methane oxidation over Fe-ZSM-5 catalysts (Si:Al of 23 to 280) at 300°C.

Fe content S g
(Wt.%) on Conversion? (%) TOR Selectivity® (%) ( STTMEO-?;J)
ZSM'S {S|'A|} NZO CH4 MeoH CO COZ C2H4 COke I"lmo gcat
2.7 {23} 27.2 2.5 31 0.3 10.5 6.4 3.2 79.6 4.9
2.0 {30} 22.5 1.7 33 0.8 19.3 8.6 4.4 66.9 6.6
1.2 {50} 11.9 0.9 33 0.8 36.0 12.8 1.9 48.5 3.9
0.3 {280} 34 0.5 33 0.9 38.6 11.9 1.9 46.7 2.4

2 Values taken from average of 2 h; ® moles of N,O converted per moles of Fe present; ¢ STYmeon: space time
yield of methanol; Reaction conditions: 0.44 g catalyst; Pellet Mesh size =600 um ; V =0.9 ml; 2 h; Feed
mixture: 20% CHs + 2% N,O with Ar balance; Flow rate = 55 ml min’!; P(total) = 1 atm; GHSV= 3600 h-
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Table 5. Methanol control experiments over MFI catalysts calcined 550 °C unless otherwise stated.

Conversion? (%)

Selectivity® (%)

Specific
Catalyst S
Catalyst mass (g) Activity
& MeOH N.O DME co CO; C:Hs  Coke | (molgth?)
H-ZSM-5 0.05 14.8 0.5 44.4 0.1 0.06 16.4 39.0 0.266
TS-1 0.4 - - - - - - - -
SIL-1 0.4 - - - - - - - -
2% Fe-ZSM5 0.05 16.1 6.5 54.3 0.5 0.2 8.0 37.0 0.290
2% Fe-ZSM5
(calcined 0.05 12.8 1.3 88.1 0.2 0.06 1.6 10.0 0.230
950 °C)
2% Fe-TS1 0.1 17.4 0.7 95.1 1.8 0.14 - 3.0 0.157
0.5% Fe-SIL-1
(steamed 0.4 17.3 1.2 86.6 1.8 0.4 - 11.2 0.039
875°C)

2 Values at 65 min; ® Moles of MeOH converted per g of catalyst per hour; reaction conditions: catalyst mass
= varied between 0.05 — 0.4 g and diluted to 1 mL with SiC; GHSV 3600 h}, Pellet Mesh size = 600 um; V =0.9
ml; 300 °C; 2 h; Feed mixture: 1.2% MeOH + 2% N,O with Ar balance; Flow rate = 55 ml min%; P(total) = 1 atm.
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Fig. 1. UV-Vis spectra for the as prepared 0.5 wt.% Fe-SIL-1 sample compared to those following heat
treatments under different conditions; uncalcined (magenta), calcined 550 °C (green), steamed

550°C (blue), calcined 875°C (red) and steamed 875°C (black).
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Fig. 2. FTIR spectra of pyridine adsorbed on ZSM-5 materials recorded between 30 - 600 °C; a) H-ZSM-5; and Fe-ZSM-5 calcined at b) 550 °C, c) 750 °C, d) 950 °C under static
air and e) calcined at 950 °C under H,/Ar. f) The absorbance of the Brgnsted acid sites (black), Brgnsted + Lewis acid sites (red) and Lewis acid sites (blue) of the different ZSM-
5 catalysts after different calcination temperatures. The area of the absorbance bands were normalised against the framework overtones at 2010 cm™ at 300 °C.
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Fig. 3. NH; — TPD profile obtained for the ZSM-5 based materials calcined at different temperatures
under static air; black line: H-ZSM-5 (550 °C); red line: Fe-ZSM-5 (550 °C); green line: Fe-ZSM-5 (750 °C);
blue line: Fe-ZSM-5 (950 °C).
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