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ABSTRACT: Iron and copper containing ZSM-S catalysts are
effective for the partial oxidation of ethane with hydrogen
peroxide giving combined oxygenate selectivities and produc-
tivities of up to 95.2% and 65 mol kg, ~' h™', respectively.
High conversion of ethane (ca. 56%) to acetic acid (ca. 70%
selectivity) can be observed. Detailed studies of this catalytic
system reveal a complex reaction network in which the
oxidation of ethane gives a range of C, oxygenates, with
sequential C—C bond cleavage generating C, products. We
demonstrate that ethene is also formed and can be
subsequently oxidized. Ethanol can be directly produced
from ethane, and does not originate from the decomposition

CH;COOH + HCOOH
56% Conversion

FelZSM-5+ H,0,

CH,;CH;O0H + CH,COOH
+ C;H, (major product)

of its corresponding alkylperoxy species, ethyl hydroperoxide. In contrast to our previously proposed mechanism for methane
oxidation over similar zeolite catalysts, the mechanism of ethane oxidation involves carbon-based radicals, which lead to the high

conversions we observe.

1. INTRODUCTION

Juxtaposed against the high global reserves of natural gas,
primarily composed of methane and ethane, is the difficulty
presented by the partial oxidation of such abundant lower
alkanes under mild conditions. This has resulted in all
commercially operated technologies for the activation of
lower alkanes requiring highly energy intensive or non-
environmentally benign processes. For example, the steam
reforming of methane is operated on a large scale to produce
synthesis gas for methanol synthesis or Fischer—Tropsch
synthesis." Ethanol, a commodity chemical with fuel
applications, can be produced from ethene by acid catalyzed
hydroxylation reactions.” However, ethene itself is produced by
steam cracking of ethane or mixed hydrocarbon feedstocks, and
the energy consumption of these processes accounts for a major
portion of all energy used in petrochemical processes
accompanied by high CO, emissions.> Although a process for
the direct conversion of ethane to acetic acid using
molybdenum mixed oxide catalysts has been described,*’
acetic acid is more normally manufactured on the industrial
scale by methanol carbonylation (i.e., the BP Cativa Process).’
A highly selective direct process of converting ethane to useful
oxygenates (such as ethanol, acetic acid, or acetylaldehyde)
could circumvent the need to use the indirect energy intensive
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and environmentally nonbenign processes that are currently
employed.

Although there has been significant interest in lower alkane
oxidation, there are few reports of selective ethane oxidation
using heterogeneous catalysts at low temperatures. Shul’pin and
co-workers” have reported that the titanium silicate (TS-1) was
active for ethane oxidation using tertiary butyl hydroperoxide as
oxidant but with low productivity. Lin and Sen® have also
reported that palladium and platinum supported on carbon
were active for the formation of acetic acid from ethane using
an in situ hydroperoxy capture approach, in which the oxidant
was prepared from hydrogen (derived from the water gas shift
reaction) and oxygen during reaction. Vanadium-containing
heteropolyacids have also been used to prepare the carboxylic
acids from corresponding lower alkanes in K,S,04/
CF,COOH.” Aqueous RhCl; promoted by a Pd/C catalyst
has also been tested for the conversion of methane into acetic
acid."® Nevertheless, each of these approaches, in common with
1 requires a
strong acid medium for significant activity and/or selectivity to
be observed. Other approaches to direct oxidation of alkane
generally require high temperature and pressure and operate at

many similar homogeneously catalyzed systems,''~
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Figure 1. Electron micrographs of catalysts used in for ethane oxidation in this work. Representative STEM-HAADF images of (a) 0.4 wt % Fe/
ZSM-5(30)cy; and (b) 2.5 wt % Fe/ZSM-5(30)cy; materials showing interconnected nanometer scale patches of Fe containing
species(probably(FeOOH)) on the ZSM-S surface in both catalysts which appear brighter in the HAADF images. Panels (c) and (d) show
“plain” ZSM-5(30) support areas in these catalysts for comparison. Panels (e) and (f) show surface Cu species in 2.5 wt % Cu/ZSM-5(30). All

materials were prepared by the CVI route and calcined in air.

low conversion, though high selectivity to partial oxygenated
products can be attained. Notably, molecular oxygen has been
used as the oxidant for lower alkane oxidation with silica
supported metal oxides, garticularly Ba,0; and MgO, as catalyst
by Otsuka and Hatano'® which was a significant advance over
the use of N,O as the oxidant in these types of systems.
Biocatalytic approaches utilizing methane monooxygenase
enzymes for the transformation of ethane to ethanol have
also been explored,'” but with limited success. More recently,
cytochrome P450 enzymes have been synthetically modified in
order to obtain high catalytic rates to the alcohol product using
ethane as a substrate,'®'® but these systems have not yet been
implemented on a larger scale.

We have recently shown that iron and copper modified
zeolite ZSM-S catalysts are highly efficient in oxidizing methane
to methanol, using hydrogen peroxide as an oxidant,”*~** and
in this paper we now extend the work to ethane oxidation. We
show that iron and copper modified ZSM-S has high catalytic
activity for the partial oxidation of ethane to oxygenates (i.e.,
ethyl hydroperoxide, ethanol, acetylaldehyde, acetic acid,
glycolic acid, methyl hydroperoxide, methanol, formic acid)
and ethene, under mild aqueous phase conditions using
hydrogen peroxide as the oxidant. These reuseable catalysts
achieve up to 56% conversion at an oxygenate selectivity of
over 95% (ca. 70% to acetic acid) at 50 °C without the use of
acid promoters. The production of ethene from ethane in a low
temperature aqueous phase reaction is also reported for the first
time.

2. RESULTS AND DISCUSSION

2.1. Catalyst Synthesis and Preliminary Character-
ization. In the catalytic studies that follow we have utilized two
materials from our previous studies’ >* on the oxidation of
methane with H,0, as oxidant, namely, H-ZSM-5(30)
(Zeolyst) and 0.5 wt % Fe-Silicalite-1 prepared by hydro-

thermal synthesis in-house. Both materials were used after heat
treatment (550 °C in air, 750 °C steaming, respectively) and
were extensively characterized in our previous reports.zo_22 In
H-ZSM-5(30), we have reported that the trace impurities of
iron exist as cationic iron species at the ion exchange sites and
postulated that these are dimeric p-oxo-hydroxo iron
species,”>*" which is in keeping with previous efforts to identify
the active iron species in ZSM-5 materials.”>">* For 0.5 wt %
Fe-Silicalite-1, we also found that the iron, after extensive steam
treatments, migrated from substituted framework positions to
form extra-framework iron species within the zeolite micro-
pores and then small iron clusters and external iron oxides
upon harsher heat treatment conditions.**

Since the addition of Fe to ZSM-5(30) has been shown to
markedly increase the catalyst productivity in methane
oxidation,”® we also prepared Fe/ZSM-5(30) by a post
synthesis deposition technique, the chemical vapor impregna-
tion (CVI) method. In this preparation method, iron(III)
acetylacetonate was physically mixed with H-ZSM-5(30) and
heated under constant vacuum to achieve vaporization and
deposition of the organometallic precursor onto the support in
one step (see the Supporting Information (SI) for full
experimental details). The adsorbed metal precursor was then
decomposed by subsequent heat treatments. The technique has
the advantage of bypassing the use of (i) solvents (as in the case
of incipient wetness, sol-immobilization, and deposition
precipitation methods) and (ii) the iron(III) chloride
precursors used in traditional sublimation techniques with
ZSM-5(30), and allows facile preparation of catalyst materials
in a simple, reproducible, and scalable manner. Typically, the
CVI method generates very highly dispersed supported
nanoparticles (usually ~1—3 nm in size on amorphous supports
as in the case of Fe/SiO, shown in Figure S1 (SI)). As shown
by our HR-TEM studies, Fe/ZSM-5(30) catalysts prepared in
this way comprise iron-containing species that form a porous
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Figure 2. (a) UV—vis spectra of iron catalysts prepared by CVI and
used in the oxidation of ethane with H,O, as oxidant. The three main
regions of iron species in ZSM-5(30) (200—350, 350—400, and >450
nm) are shown on the spectra. The spectrum of 2.5 wt %Fe/SiO,
prepared by CVI is also shown for comparison. (b) IR spectra in the
OH vibrational region for catalysts used in this work. All catalysts were
calcined at 550 °C in air and spectra recorded at room temperature.

film on the zeolite surface (Figure la—d). We postulated that
iron species may also be found within the zeolite crystals, as
opposed to the external surface, and performed preliminary
studies using UV—vis and IR spectroscopy. It is well accepted
that iron species in ZSM-S give rise to UV—vis bands between
(i) 200—250 nm (isolated Fe** in framework positions), (ii)
250—350 nm (isolated or oligonuclear extra-framework Fe
species), (iii) 350—450 nm (iron oxide clusters), and (iv) above
450 nm (larger iron oxide aggregates on the external crystal
surface).*™> For the Fe/ZSM-5(30) catalysts prepared by
CVI, our UV—vis analysis (Figure 2a) shows that the iron
species are distributed among all four speciation groups
outlined above, but it is apparent that a significant amount of
iron is found as isolated iron clusters, oligomeric species, and
cationic species at exchange sites within the zeolite pores. The
presence of iron species on the external zeolite surface is
corroborated by the HRTEM studies, and thus, it is clear that
there is also a significant amount of iron as iron/iron oxide
clusters within the zeolite pores or as cationic extra-framework
species. Without accurate absorption coefficients, it is not

possible to quantify the speciation distribution but more
information could be attained by IR spectroscopy of the
materials, particularly the OH vibrational region (see Table S2
(SI) for assignments).>*~>¢

Comparison of the IR spectra for ZSM-5(30) and 2.5 wt %
Fe-ZSM-5(30) shows that the peak attributed to OH groups
coordinated to tetrahedrally coordinated framework AP** (3607
em™)**** decreases on incorporation of Fe into the catalyst
with a corresponding increase in the peak attributed to OH
groups coordinated to extra-framework T-atoms (3660
em™1)>1*>3% Additionally, there is increased intensity of the
peak at 3520 cm™" (bridging OH groups with extra electrostatic
character).® These changes are accompanied by the near
disappearance of the band attributed to OH groups in defect
sites (hydroxyl nests) at 3700 cm™"**and some loss of terminal
silanols/nonacidic silanols on the ZSM-S outer surface (peak at
3737 cm™')*** upon incorporation of Fe into the catalyst.
These data strongly support the increased extent of migration
of framework AP** (dealumination) and subsequent formation
of extra-framework T-atom species (Fe ** or Al** based) as well
as the additional modification of the Bronsted acid character
upon incorporation of Fe into the catalyst.

This is also the case for the incorporation of Cu®* into the
ZSM-5(30) where even greater loss of framework AI’* along
with a broader band at 3520 cm™ is observed. An additional
shoulder peak on the band at 3650 cm™ is also observed in the
spectrum of Cu/ZSM-5(30). These modifications result from
the incorporation of Cu into ZSM-5(30) and support the
hypothesis that the Cu ions are also located in the zeolite pores
(as cationic exchange species or as clusters copper species/
oxide). HR-TEM studies (Figure lef) also demonstrate that
copper oxide species are present on the external zeolite surface.
In the case of the bimetallic Fe—Cu/ZSM-5(30) catalyst, the
OH vibrational region is very much akin to the ZSM-5(30)
material with the exception of a shift in the wavenumber of the
peak attributed to OH groups coordinated to extra-framework
T-atoms™ %% (3662 to 3650 cm™) and a clearly visible
shoulder peak at 3668 cm™', which is also observed with Cu/
ZSM-5(30). This suggests that the simultaneous effect of
incorporation of Fe and Cu affects the internal structure of the
ZSM-S differently to the monometallic catalysts. Further
detailed studies of the materials by in situ techniques are
underway, and another publication will be focused on the
nature of the metal species in these catalysts.

2.2. Comparison of the Activity of Fe and Cu
Containing ZSM-5(30) Catalysts for Ethane Oxidation.
For our initial studies, we used H-ZSM-5(30) (Zeolyst, SiO,:
ALO; = 30) as this material showed the highest intrinsic
activity among the zeolites we investigated for methane
oxidation with hydrogen peroxide in water.”>*' Having
previously identified that trace impurities of iron (140 ppm)
in ZSM-5(30) were responsible for the selective oxidation of
methane, we considered that ethane oxidation may proceed
with an even higher catalytic productivity due to the greater
availability of substrate, since ethane is more soluble than
methane in water (56 versus 22.7 mgy, /Ly, at 20 °C)* and
has a lower C—H bond strength than methane (423.29 versus
439.57 kJ mol™).>® Under similar experimental conditions to
those reported previously,”® we observed that H-ZSM-5(30)
achieved a similar level of conversion with ethane when
compared to methane (Table 1, entries 1, 2), suggesting that
the conversion was independent of the initial concentration of
ethane substrate under these specific reaction conditions. Fe/
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Table 1. Aqueous Phase Ethane Oxidation Using Various Fe and Cu Modified ZSM-5(30) Catalysts”

selectivity to aqueous phase products %

selectivity to
gas phase
products %%

H,0,
conversion used/
entry catalyst alkane % MeOOH MeOH HCOOH EtOH CH,COOH others” C,H, CO, TOF products®

1 ZSM-5(30) CH, 0.2 23.3 19.5 54.7 25 12114 24.4

2 ZSM-5(30) C,H, 02 2.4 5.7 16.7 262 36.6 0.0 76 19 12114 28.1

3 1.1%Fe/ZSM-5(30) C,Hg 33 0.4 3.8 15.7 22.6 54.6 0.0 0.4 2.5 137.2 5.0

4 2.5%Fe/ZSM-5(30) C,H, 22 03 3.8 14.9 243 53.7 03 0.6 23 77.8 55

S 2.5%Fe/SiO, CH, 0.1 37.8 11.5 5.7 31.5 13.5 4.3 133.3

6 2.5%Fe/SiO, C,Hg 0.3 0 12 1.7 8.5 13.1 67.1 3.5 4.9 12.9 45.0

7 0.5%Fe/Sil-1° C,Hg 0.4 13 32 6.8 40.0 30.4 14.4 1.5 2.4 66.5 20.7

8 0.4%Fe/ZSM-5(30) C,H, 1.1 1.0 5.0 138 189 492 6.0 47 24 2332 7.8

9 2.4%Fe/ZSM-5(30) C,H, 0.6 42 2.1 1L5 12.0 50.5 14.9 34 14 204 10.6

10 2.5%Cu/ZSM-5(30) C,Hg 0.2 0.0 5.4 0.0 33.6 182 10.0 30.2 2.6 7.7 18.3

11 1.25%Cu-1.25%Fe/ C,Hg 1.6 0.1 7.3 0 25.9 30.9 0.0 34.2 1.6 32.6 6.1
ZSM-5(30)

12 2.5%Cu-2.5%Fe/ZSM- C,Hg 14 0.0 11.4 0 24.3 24.1 1.1 38.2 0.9 28.5 9.2

5(30)

13 1.1%Fe/ZSM-5(30) C,H, 52.0 0.0 0.0 49.1 0.0 0.6 0.0 50 21.1 nd

14 2.5%Cu/ZSM-5(30) C,H, 14.6 56.6 7.8 0.0 0.0 166 0.0 19.0 2.8 nd

15 1.25%Cu-1.25%Fe/ C,H, 284 24 0.0 0.0 0.0 5.6 0.0 92 2.8 n.d.
ZSM-5(30)

16  2.5%Fe/ZSM-5(30) C,Hy 56.4 1.1 2.6 21.1 4.7 69.3 0 02 1.1 150.7 5.6

17 1.25%Cu-1.25%Fe/ C,Hg 33.8 0.5 8.7 6.2 8.5 499 12.6 12.8 0.7 52.0 13.4
ZSM-5(30)

“Reaction conditions for entries 1-12: 28 mg of catalyst, 10 mL reaction volume, [H,0,] 0.5 M, reaction time 0.5 h, P(C,H) = 20 bar, T,,, = 50 °C,
stirring rate 1500 rpm. All catalysts were prepared by CVI and calcined at 550 °C in static air except where noted. Reaction conditions for entries 13-
15: 28 mg of catalyst, 10 mL reaction volume, [H,0,] 0.5 M, reaction time 0.5 h, 10 bar 1%C,H,/N,, T\, = 50 °C, stirring rate 1500 rpm. Reaction
conditions for entrles 16, 17: 54 mg of catalyst, 20 mL reaction volume, [H,0,] 1.0 M, reaction time 0.5 h, P(C,H,) = S bar, T,,, = 50 °C, stirring
rate 1500 rpm. “Based on moles C in product/initial moles C in substrate. “Based on C using product amounts detected by "H NMR. “Based on C
using products detected by GC-FID. “Methane has not been not included but can be quantified by GC-FID only after tedious methods to remove all
traces on methane from the reactor gas lines and the GC column. For all entries, methane is observed in trace amounts (<1 gmol) in the gas phase.
'Defined as mol(product)™ mol (metal)™ h™" and is based on the experimentally determined metal loading. #Unreacted H,O, determined by
titration against Ce*" (acidified) using Ferroin as indicator. hCH,O for methane as the substrate and CH;CH,00H (minor) + CH;CHO (main) for
ethane as the substrate. “Prepared by hydrothermal synthesis followed by calcination at 550 °C in flowing air for 3 h./Prepared by ion exchange from
Fe(NO;), followed by calcination at 550 °C in static air for 3 h; Me = CH; and Et = C,H,.

ZSM-5(30) of 1.1 wt % prepared by CVI* gave a higher
conversion than 2.5 wt % Fe/ZSM-5(30) (3.3% versus 2.2%
conversion after 0.5 h reaction) with an oxygenate selectivity of
over 95%, which represents a total productivity of 47 muol
product kg(cat) ™ h™' or a turnover number (TON) of ca. 123
mol (product) mol (Fe)™ for the 1.1 wt % Fe catalyst (Table 1,
entries 3 and 4).* The major product obtained is acetic acid
(>50%), together with ethanol and formic acid, as well as minor
amounts of methanol, methyl hydroperoxide and ethene.
Dimeric iron-y-oxo or oligiomeric iron species have been
proposed as the active site of ZSM-5(30) in a number of
studies,”> > but we note that in our materials iron clusters and
iron oxide particles may be present within the ZSM-5 channels
and also on the external zeolite surface. To investigate the
possible contribution of various iron species, we utilized three
different materials, namely, 2.5 wt % Fe/SiO, prepared by CVI],
0.5 wt % Fe-Silicalite-1 prepared by hydrothermal synthesis and
steamed, and 0.4 wt % Fe/ZSM-5(30) prepared by CVIL. Fe/
SiO, of 2.5 wt % could be used to assess the activity of small
surface iron oxide nanoparticles (<3 nm), since we have already
reported that Fe/SiO, (prepared by incipient wetness) is also
active for methane oxidation and is stable under reaction
conditions*! though much less active than H-ZSM-5(30) or 2.5
wt % Fe/ZSM-5(30).°"*' Fe/SiO, of 2.5 wt % prepared by
CVI had small surface iron oxides (<3 nm, Figure S1 (SI)), and
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we observed an increase in conversion when ethane replaced
methane as the hydrocarbon reactant (Table 1, entries S, 6)
which is in keeping with the higher solubility and weaker C—H
bond strength in ethane, rendering it to be intrinsically more
reactive than methane. Moreover, though the Fe/SiO, showed
a level of ethane conversion, comparable to that of H-ZSM-S,
the product distribution differed markedly in that the major
products were ethyl hydroperoxide and acetylaldehyde (ca. 67%
of the total products, Table 1, entries 2, 6). These observations
suggest that small surface iron oxide species can contribute to
the products in the oxidation of ethane using hydrogen
peroxide and notably in the absence of pronounced acidity (as
compared to heat treated ZSM-S based materials) there was
low selectivity to C; products.

Our 0.5 wt %Fe-Silicalite-1 prepared by hydrothermal
synthesis’>* and steamed prior to use had no external iron
oxide species but the iron was previously found to be in isolated
framework lattice positions and as cationic extra-framework
species (isolated species and oligomeric species)*” in the
absence of AI**. The 0.4 wt %Fe/ZSM-5(30) catalyst prepared
by CVI would have external iron oxide species as well as extra-
framework iron species at cationic exchange sites and other iron
clusters within the zeolite pores in the presence of AI**. In the
oxidation of ethane we observed that the Fe-Silicaite-1 catalyst
had ca. half the catalytic activity of 0.4 wt %Fe/ZSM-5(30)
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Scheme 1. Oxidation of "*C Labeled Ethanol and Acetic Acid over ZSM-5(30) Catalysts in the Aqueous Phase with H,0, as

Oxidant at 50°C
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Figure 3. Electron paramagnetic resonance (EPR) spectrum of
radicals trapped by §,5'-dimethylpyrrolidine (DMPO) added to the
reaction mixture at the start of the reaction for the oxidation of ethane
(20 bar) using a calcined 2.5 wt %Fe/ZSM-5(30) catalyst (27 mg) and
H,0, (0.5 M in 10 mL water) for S min. The EPR spectrum was
collected at room temperature after thawing out the reaction-radical

trap mixture which was frozen immediately upon mixing. Carbon and
hydroxyl radical adducts are clearly observed.

prepared by CVI with both materials having similar
decomposition of H,0, (Table 1, entries 7, 8; H,0, used:
products ratio of 20.7 versus 7.8 respectively). Since the iron
content of both catalysts were nearly identical and they both
have the MFI structure, it follows that the catalytic activity is
not merely a function of the total iron content but that the
speciation distribution of iron is pivotal. Also, since the CVI
material had a significant amount of iron on the external zeolite
surface this material could not have nearly as much iron
available to form cationic species within the zeolite pores (i.e.,
extra-framework iron species, iron oligomers, and clusters) but
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still displayed higher catalytic activity. Therefore, we propose
that multiple iron species may be involved in the oxidative
pathways (to varying extents) and the CVI route allows the
preparation of a very active catalyst due to the deposition of
highly dispersed surface iron species on the acidic support or
the formation of different iron species within the zeolite pores
(as compared to previous work). This proposal is supported by
the lower ethane oxidation activity of calcined 2.53% wt Fe/
ZSM-5(30) prepared by traditional ion exchange and its higher
usage of the oxidant (H,O, used: products ratio of 10.6 for the
ion exchange catalyst and 5.5 for the analogous CVI catalyst;
Table 1, entries 4 and 9). We will further explore this
phenomenon in relation to detailed characterization studies in a
future paper.

We noted that the major product with H-ZSM-5(30) and
Fe/ZSM-5(30) was acetic acid and postulated that ethanol
selectivity may be increased by the addition of Cu to the
catalyst since we have previously found that Cu was an effective
additive to ZSM-5(30) for achieving high selectivity to
methanol over formic acid in the methane oxidation reaction.*’
2.5 wt % Cu/ZSM-S (30) by CVI showed a comparable level of
conversion of ethane as compared to ZSM-5(30) (Table 1,
entry 10). However, as previously observed in our studies
focusing on methane oxidation, a markedly different product
distribution was observed in the presence of Cu. In this case,
the selectivity to ethanol and ethene is significantly higher, and
though acetic acid is still observed it is produced at a much
lower selectivity than for ZSM-5(30) or Fe/ZSM-5(30) (18%
versus 36—56% respectively). Based on our previous findings,
the data suggests that the influence of Cu in arresting the
overoxidation of the C; alcohol to formic acid in the methane
oxidation reaction also occurs in the ethane system, as formic

dx.doi.org/10.1021/ja403060n | J. Am. Chem. Soc. 2013, 135, 11087—11099
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Figure 4. Expanded region of an HSQC-NMR spectrum of the oxidation of *CH;C=O0(OH) using Fe/ZSM-5(30) and H,0, in D,0. The
assigned structures are shown on the left of the spectrum. Full details are given in Figures S5 (SI). 'H NMR, top spectrum trace; *C NMR, left

spectrum trace.

acid is not observed even though methanol is detected as a
reaction product. However, the ability of Cu to eliminate the
overoxidation of ethanol to acetic acid does not hold in the case
of ethane oxidation.

An additional and somewhat unexpected benefit of the Cu-
containing system is the significant selectivity to ethene
observed. As demonstrated in Table 1, the use of 1.25 wt %
Fe-1.25 wt %Cu/ZSM-5(30) or 2.5 wt %Fe-2.5 wt %Cu/ZSM-
5(30) catalysts, prepared by simultaneous deposition of iron
and copper onto ZSM-5(30) by CVI, gave high selectivity to
ethene (34—38%) (Table 1, entry 11, 12) at a similar ethane
conversion as observed with the monometallic Fe-containing
analogues. These bimetallic catalysts also show higher
selectivity to methanol and lower selectivity to acetic acid
than the analogous Fe/ZSM-5(30) catalyst. We consider that
the presence of C; oxygenates in the reaction products suggests
the occurrence of either (i) C—C scission in C, products or (ii)
oxidative pathways involving methyl radicals derived from the
direct C- C scission of ethane. For the former process, one
would expect formic acid to be observed in all cases regardless
of the metal additive (Fe or Cu) since all catalysts were
prepared from H-ZSM-5(30) which itself produces acetic acid
and formic acid when employed as the catalyst (Table 1, entry
2 and Tables S3, S4). However, the absence of formic acid
when using the Cu and Fe—Cu modified ZSM-5 catalysts
suggests that either acetic acid has an enhanced stability in the
presence of a Cu modified catalyst, or that other pathways to C,
oxygenates (besides C—C cleavage of the C, reaction products)
are in operation. Furthermore, the production of both ethene

and methane from ethane suggests that carbon based radicals
may be implicated in the reaction mechanism. These
observations led us to perform in-depth mechanistic studies
for ethane oxidation in order to establish the most probable
reaction pathway.

2.3. Mechanistic Studies. 2.3.1. Oxidation of Ethanol
and Acetic Acid by Fe and Cu/ZSM-5(30) Catalysts. To
estimate the possible level of absorption of the reaction
products onto the catalyst we stirred the Fe and Cu modified
ZSM-S under N, at 50 °C in ethanol or acetic acid solutions
(0.05 M). '"H NMR analysis of these solutions after interaction
with the catalysts showed that 10—20% of the substrates were
absorbed in the absence of hydrogen peroxide (Figure S2 (SI))
and hence a carbon balance of 80—90% could be expected in
our catalysis studies. We performed the oxidation of ethanol
and acetic acid (starting concentration was 0.05 M, which is
similar to the concentrations obtained during ethane oxidation)
in the presence of hydrogen peroxide under N, at 50 °C. When
using ethanol as a substrate we observed its oxidation to acetic
acid along with the formation of methyl hydroperoxide,
methanol or formic acid (refer to Figure S3 and Table S3
(SI)). The extent of oxidation is dependent on the presence of
Fe or Cu, but the 2.5 wt % Cu/ZSM-5(30) catalyst does not
produce formic acid under these test conditions, which is in
agreement with our previous studies.”® Moreover, acetic acid is
converted to formic acid or methanol and CO, by both
catalysts at a lower rate than the oxidation of ethanol (Figures
S3, S4 and Table S3 (SI)). The conversion of acetic acid to
formic acid has been noted in earlier work by Lin and Sen using
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Figure 5. Time-online analysis for partial ethane oxidation using (a)
ZSM-5(30) and (b) 2.5 wt % Cu/ZSM-5(30) catalysts in the aqueous
phase with H,0, (1 M in water) as oxidant at SO °C.

Pd/C catalysts and has been described as an oxidation reaction
involving C—C bond cleavage.8 A C—C bond cleavage reaction
should lead to similar levels of aqueous phase oxygenates and
gas phase CO, if the C,; oxygenates were stable to oxidation in
the catalytic system (i.e, the C—OH or C=0(OH) forms CO,
and the CHj, fragment forms C, products). We observed that in
the oxidation of both ethanol and acetic acid the selectivity to
C, products is lower than the selectivity to CO, using Fe/ZSM-
5(30) under the conditions employed (Figures S3, S4 (SI))
indicating the facile oxidation of C, oxygenates formed in situ
from acetic acid or ethanol to CO,. This is not the case for the
Cu/ZSM-5(30) catalyst for which the levels of C, oxygenated
and CO, are similar.

To study the fate of C in ethanol and acetic acid in more
detail, we performed the oxidation of '*C labeled ethanol and
acetic acid (i.e., *CH;"*CH,OH and *CH;">C=0(0H)) with
a number of catalysts under modified reaction conditions (i.e., a
larger reaction volume to aid the desorption of products, higher
substrate concentrations and lower oxidant concentration). The
results are summarized in Scheme 1 and Tables S3 and S4 (SI).
For both substrates, the level of oxidation followed the trend Fe
> Fe—Cu > Cu. Most notably, we observed that both methane
and ethane (Table S3 and S4 (SI)) are produced in these
stability studies, supporting the hypothesis that C—C cleavage
of C, reaction products generates methyl radicals, which may
subsequently form gas phase alkane products. These methyl
radicals, or their termination products (methane and ethane),
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Figure 6. Oxidation of ethyl-hydroperoxide(CH;CH,OO0H) using (a)
ZSM-5(30) and (b) 2.5 wt % Cu/ZSM-5(30) catalysts with H,O, as
oxidant studied using time-resolved "H NMR experiments.
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Figure 7. Aqueous phase ethene oxidation over M/ZSM-5(30)
catalysts prepared by CVI using H,0, as oxidant. First order plots are
obtained in all cases. Test Conditions: 28 mg of catalyst; reaction
temperature, S0 °C; time, 0.5 h; stirring rate, 1500 rpm, 0.5 M H,0,;
1%C,H,/N, used for gas feed.

may also enter the oxidative reaction pathway and produce C,—
C, oxygenates. It should also be noted that the C—C bond
enthalpy is lower than the C—H bond enthalpy in ethane
(377.23 vs 423.29 kJ mol™')*® and thus the possibility of methyl
radicals being derived directly from ethane cannot be ruled out.
The presence of methyl radicals in the reaction mixture has also
been confirmed using electron paramagnetic resonance
trapping experiments (Figure 3). Dimethyl pyrrolidine oxide
was used as a water-soluble radical trap under actual reaction
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Scheme 2. Proposed Reaction Network for the Oxidation of Ethane Using H,0, Based on Stability Studies of Reaction Products

over ZSM-5(30) Based Catalysts
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conditions.”® We observed hydroxyl (*"OH) and methyl (*CH;)
radicals in the reaction mixture, but we cannot exclude the
presence of other radical species that may have eluded our
analysis due to low concentration or short radical lifetimes.

In the oxidation of *CH;"*CH,OH, the Fe and Cu loaded
ZSM-5(30) catalysts produce '*CH;'CH,OH, indicating a
significant contribution from radical recombination reactions.
Additionally, the observation of CH;OOH in the oxidation of
both ethanol and acetic acid (Figure SS, Table S3 and S4 (SI)),
particularly over the 2.5 wt %Fe/ZSM-5(30) catalyst, further
implies that methyl hydroperoxy radicals may be derived from
the interaction of methyl radicals and hydroperoxy species or
molecular oxygen formed in situ by the decomposition of
hydrogen peroxide over the catalysts. Furthermore, the 'H
NMR spectrum of the aqueous phase reaction mixture from the
oxidation of *CH;"> C=0(0OH) with Fe/ZSM-5(30) showed
two additional peaks corresponding to a '*C product at 5= 4.66
ppm and a "*C product at 5= 4.2 ppm (as evidenced by the
splitting pattern due to '*C nuclei). Based on the chemical shift
and peak identity (singlet) we tentatively assigned the latter
feature to dimethyl tetraoxide or glycolic acid (“*CH,00-
OO0"CHj; or “CH,OH">C=O0(OH) respectively). Dimethyl
tetraoxide could be formed by the coupling of two methyl
hydroperoxy radicals (CH;00°) and has been previously
studied by ESR methods.*” Since the presence of alkyl
hydroperoxides can be probed by reduction to the correspond-
ing alcohol or aldehyde/ketone,'® we attempted to investigate
the nature of the unknown species using reduction techniques.
However, dimethyl tetraoxide has been shown to undergo
decomposition to formaldehyde, methanol and molecular
oxygen (Russell mechanism, major pathway)*** or to
formaldehyde and hydrogen peroxide (Bennett reaction,
minor pathway)**™* whereas the reduction of glycolic acid

would produce acetic acid. In both cases (dimethyl tetraoxide
or glycolic acid), the reduction products cannot be easily
quantified due to the limitations of our "H NMR analysis.
These limitations led us to repeat the oxidation of
BCH,"”C=0(0H) using Fe/ZSM-5(30) but with D,0O as
solvent (to reduce the H,O peak in the '"H NMR experiment
that may obscure product signals) and performing 'H-NNMR,
BC NMR and Heteronuclear Single Quantum Correlation
(HSQC) experiments on a 600 MHz spectrometer (Figure 4
and Figure S5, S6 (SI)). These experiments allowed a greater
level of sensitivity than we been able to achieve in previous
studies and were facilitated by the '*C label in the substrate.
Based on the correlation between the '"H —NMR signal at § =
4.18 ppm and "*C NMR signal at § = 59.35 ppm we assigned
the signals to glycolic acid and not dimethyltetraoxide (Figure
3). This product suggest that C—H cleavage in the —CH,
moiety of acetic acid is occurring, probably along with the
action of *OH radicals. For the first time we report the '*C shift
of CH;00H (8 = 64.9 ppm) and also the observation of
aqueous *CO, at § =124.6 ppm.*” Additionally, we were able
to unambiguously identify '*'*CH,(OH), in these experiments
based on the "*C shift at 5 = 81.7 ppm correlating to 'H shifts
(nearly obscured under the residual water peak).*” Interestingly
we observed a 'H signal at § = 5.05 ppm with no observable
BC—H splitting pattern that correlated to a *C shift at § = 92
ppm. Based on reference patterns™>*’ and our own studies of
authentic samples, we tentatively assign this feature to either
hydroxymethyl hydroperoxide or trioxane, both of which are
possible in our system and give key mechanistic information
about the radical processes involved. We favor the product as
hydroxymethyl hydroperoxide since there is no splitting of the

B3¢ signal as would result from 13C labeled trioxane. There
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remains one unknown product that displays a 'H shift at 4.66
ppm and may be correlated to a "*C shift at 73.61 ppm (note
the *C correlation is to the position of the "H—'*C signal).
This product is, however, only present in our studies on the
oxidation of acetic acid and not in the actual reaction solution
as evidenced by the reaction spectrum of the oxidation of
ethane using Fe/ZSM-5(30) with D,O as the solvent (Figure
7).

Although our detailed NMR analyses have allowed the
identification of all aqueous phase reaction products, the GC-
FID technique employed (for gas phase product analysis) did
not allow identification of the isotope labels in the gas phase
products, but it is highly probable that the CO, molecules
formed in these reactions also contain the "*C label especially as
we have detected aqueous phase '*CO, (Figure 4 and Figure SS
(SI)). Furthermore, in the case of *CH;'?*C=O0(OH), the
3CH; moiety but not *C=0(OH) group was retained in the
liquid phase products, suggesting facile oxidation of the
carbonyl group to CO, (Table S4 (SI)). This hypothesis is
also supported by similar levels of CO, to C, oxygenates for
oxidation of purely '>C ethanol and acetic acid over Cu/ZSM-
5(30) and slightly higher levels of CO, to C; oxygenates using
Fe/ZSM-5(30) as catalyst (Figures S3 and S4). Hence, one
would propose that C, oxygenates in the ethane oxidation
reaction, if derived solely from C—C bond cleavage reactions
involving C, oxygenates, would be accompanied by similar
levels of CO,. We note that in the oxidation of ethane a very
low level of CO, (<3%) is observed for all catalysts with
significantly higher levels of C, oxygenates (>15% for all
catalysts except for 2.5 wt % CuZSM-5(30) which still had a
higher level of C, oxygenates as compared to CO, Table 1).
The level of oxidation of C, to C; products in the absence of
ethane is much higher than the level of C, products observed in
ethane oxidation (ca. 40% versus 10—20% for Fe/ZSM-5(30))
under analogous reaction conditions. This may be explained by
an enhancement in the stability of the reaction products in the
presence of ethane, potentially through competitively adsorbing
onto the catalyst active sites, which is in line with our previous
observations for methane oxidation. However, considering the
disparity between the C, to CO, selectivity, the data indicate
that another pathway to C; oxygenates may also be in
operation, which does not proceed via the cleavage of the C—C
bond in ethanol, acetylaldehyde, or acetic acid.

2.3.2. Time-Online Analysis and Oxidation of Ethyl
Hydroperoxide. Our observations led us to perform a detailed
time-online analysis of the reaction to ascertain if our previously
proposed reaction pathway (in methane oxidation) was also in
operation with ethane as a substrate, that is, alkane oxidation to
the corresponding alcohol via the alkyl hydroperoxide. The
time-online analysis for both ZSM-5(30), which contains iron
as the catalytically active component, and 2.5 wt %Cu/ZSM-
5(30) shows that ethyl hydroperoxide may not be the primary
intermediate in this reaction (Figure S). It is clear from this
data that ethyl hydroperoxide is not observed at any significant
concentration even after short reaction times, and that the
amount of all products generated increases with reaction time
in a similar manner. We considered that the catalysts are very
active for the oxidation of ethane and thus the absence of ethyl
hydroperoxide may be an artifact of the chosen reaction
conditions. After altering the reaction conditions over a wide
parameter space, we concluded that the reaction profile does
not indicate that ethyl hydroperoxide is the primary reaction
product, in an analogous manner to methyl hydroperoxide in

the methane oxidation reaction (see Figure S8 (SI) as an
example).”® The time-online experiments highlighted that
formation of ethyl hydroperoxide does not precede the
production of other oxygenates, in particular ethanol, indicating
that ethanol may be derived via another mechanistic pathway
using these catalysts.

Intrigued by these findings, we then studied the decom-
position of ethyl hydroperoxide with our catalysts using 'H
NMR experiments in an attempt to monitor which products are
derived from this species in the absence of ethane as a reaction
component. Ethyl hydroperoxide was first synthesized using a
calcined 1.25 wt % Fe/TiO, (CVI) catalyst with hydrogen
peroxide as the oxidant.’’ A known amount of ethyl
hydroperoxide (in D,O) was subsequently reacted with the
catalyst (1.4 mg) and hydrogen peroxide in an NMR tube, and
the products analyzed in a time-online experiment at ambient
temperature. Both 2.5 wt %Cu/ZSM-5(30) and ZSM-(30) had
similar reaction profiles in that ethyl hydroperoxide was
sequentially decomposed to acetaldehyde and then acetic acid
(Figure 6), while in the absence of the catalyst the substrate was
stable to oxidation (Figure S9a (SI)). The 1.25 wt %Fe—1.25
wt %Cu/ZSM-5(30) material was also used as a catalyst in
these experiments and displayed the same pattern of reactivity
described above (Figure S9b (SI)). The presence of C;
oxygenates in these experiments stems from the C—C bond
scission pathways discussed previously. Our data shows that
ethyl hydroperoxide does not decompose to form ethanol over
our zeolite-based catalysts, which is in direct contrast to our
previous finding that methyl hydroperoxide decomposes to
methanol in the methane oxidation reaction when using similar
catalyst materials. This finding was further corroborated by
performing the ethyl hydroperoxide decomposition reaction in
a closed pressurized reactor, such that full analysis of the liquid
and gas phase products could be undertaken (Table SS (SI)).
In this experiment there was a good C balance (>90%) and
neither CH, nor C,H, was observed as gas phase products
indicating that two possible decomposition pathways (i) and
(ii)** are not in operation with our catalysts:

CH,CH,00H — C,H, + H,0, (i)
CH,CH,00H — CH, + HCOOH (ii)

Since our data is in keeping with previous studies on the
decomposition of ethyl hydroperoxide which show that ethyl
hydroperoxide decomposes to acetaldehyde,”* ™% we propose
that ethanol may be directly produced from the Fe/ZSM-5(30)
catalyzed reaction of ethane with hydrogen peroxide. We
consider this finding to be pivotal in the design of catalysts, as
the controlled decomposition of the alkyl hydroperoxy species
to an alcohol would aid in obtaining higher alcohol selectivity in
the reaction.

2.3.3. Origin and Role of Ethene in the Reaction. We noted
that ethene, an ethane oxidation reaction product, was not
observed in our studies for the oxidation of acetic acid, ethanol
or the decomposition of ethyl hydroperoxide, leading us to
surmise that ethene was being produced directly from ethane.
Since it is highly probable that ethene would be oxidized in our
system, we carried out the oxidation of ethene such that the
initial amount of ethene used as substrate was similar to that
observed in the oxidation of ethane. The ethene oxidation rate
followed the trend Fe/ZSM-5(30) > Fe—Cu/ZSM-5(30) >
Cu/ZSM-5(30), and the major products formed were formic
acid, CO,, and methyl hydroperoxide/methanol, respectively
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(Table 1, entries 13—15). The reaction is first order with
respect to ethene (Figure 7), and in all cases significant
selectivity to CO,, with low levels of acetic acid was observed. It
is clear that if ethene was produced during the reaction, it may
be oxidized at varying rates to afford different oxygenates
depending on the identity of the metal additive to the ZSM-5
(30) (i.e.,, Fe, Fe—Cu, or Cu).

To the best of our knowledge, this is the first time that
ethene has been reported as a reaction product in the liquid
phase oxidation of ethane under mild conditions. Recent
computational studies on gas phase ethane oxidation by
activated oxygen species, in the form of [CoO]" and [Fe=
0]*5%% show that ethanol or ethene can be formed from
ethane and this may occur via two mechanistic pathways over
the same active site. One pathway encompasses direct H-
abstraction from the alkane, followed by radical capture onto
the iron-hydroxyl group to produce ethanol. The second
pathway, which is based on a fully concerted mechanism using
the [M=O]" active site, has multiple routes to the major
product, ethene. The abstraction-rebound pathway is similar to
our previously proposed mechanism for methane oxidation,
although for methane oxidation we favor a concerted
mechanism using an iron hydroperoxy species in place of the
iron hydroxyl species based on detailed computational studies.
The low levels of ethyl hydroperoxide in our reactions (as
observed when employing very short reaction times or at low
temperature) suggests either the involvement of a M-OOH
moiety as we have postulated previously,’ > or that it may
originate from a process involving ethyl radicals and dissolved
molecular oxygen (or hydrogen peroxide). In our system [Fe=
O], as well as other highly reactive oxygen species, can be
easily accessed using Fe/ZSM-5(30) and hydrogen peroxide, so
we can rationalize the production of ethene based these recent
computational findings. Additionally, our experimental data
show that Fe—Cu/ZSM-5(30) or Cu/ZSM-5(30) catalysts
favor the production of ethene. Since our data also shows that
Cu/ZSM-5(30) has a lower ethene oxidation rate as compared
to Fe/ZSM-5(30) (Figure 6), we cannot exclude the possibility
that the iron sites in ZSM-5(30) initially produce ethene but
the Cu species modify the catalyst such that ethene desorbs
without further oxidation and is thus detected at higher levels in
the gas phase products. However, for Fe—Cu/ZSM-5(30)
catalysts, this explanation cannot be applied as ethene is the
major reaction product and we demonstrate that the catalyst
has an equivalent ethene oxidation rate as Fe/ZSM-5(30)
(Figure 6). In the oxidation of ethane, it is clear that Cu is an
active component of the catalytic system, in addition to the
trace impurities of Fe in the commercial ZSM-5(30) material,
as the rate of oxidation of ethane is lower (modified conditions
as discussed previously) and the identity/distribution of the
reaction products differs greatly for the Cu/ZSM-5(30) catalyst
as shown in the time-online plots in Figure 5. At this time, we
cannot establish the extent of the contribution of the products
of ethene oxidation to the observed catalytic activity due to the
complexity of the competing pathways, but taking into account
all our findings, we propose the reaction pathway is that
outlined in Scheme 2.

3. INITIAL OPTIMIZATION OF THE CATALYTIC
ACTIVITY

Finally, we turned our attention to achieving higher conversions
of ethane. We studied the effect of hydrogen peroxide
concentration and ethane pressure on our most active material,
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Figure 8. Effect of (a) initial hydrogen peroxide concentration and (b)
ethane pressure on the catalytic activity of 1.1 wt % Fe/ZSM-5(30) for
ethane oxidation using hydrogen peroxide as oxidant. Test conditions:

28 mg of catalyst; reaction temperature, 50 °C; time, 0.5 h; stirring
rate, 1500 rpm, 10 mL reaction volume.

that is, 1.1 wt % Fe/ZSM-5(30) (Figure 8). Increasing the
oxidant and substrate concentration has the effect of increasing
the catalyst productivity, but we also noted that the conversion
was higher at lower ethane pressures because the increase in
catalyst productivity is not directly proportional to the increase
in the initial amount of ethane present in the system. Thus, we
hypothesized that increasing the volume of solvent (to aid
dissolution of ethane) along with a lower initial ethane pressure
but higher hydrogen peroxide concentration should have a
significant effect on the conversion. In this manner, we were
able to achieve up to 56% conversion at over 98% selectivity to
oxygenated products (ca. 70% to acetic acid) when using 2.5 wt
%Fe/ZSM-5(30) as the catalyst (Table 1, entry 16) under these
conditions. Using a higher metal loading was necessary in order
to improve the conversion at 50 °C, but similar data could be
achieved using the 1.1 wt % Fe/ZSM-5(30) catalyst at 70 °C
(Figure 9). Under our optimized conditions, the selectivity to
ethene was 0.2% selectivity at 56.4% ethane conversion using
the 2.5 wt %Fe/ZSM-5(30) catalyst, but the 1.25 wt %Fe-1.25
wt %Cu/ZSM-5(30) catalyst still produced significant amounts
of ethene at appreciable conversion of ethane (ca. 13%
selectivity at 34% conversion (Table 1, entry 17)). We consider
that the high selectivity to ethene and acetic acid with the 1.25
wt %Fe-1.25 wt %Cu/ZSM-5(30) catalyst is similar to the
approach of high temperature ODH of ethane in which the
simultaneously production ethene and/or acetic acid has been
reported,* albeit we are using very mild conditions. Although
the selectivity to acetic acid is high in our system using Fe based
catalysts (generally S0—70%), increasing the acetic acid

dx.doi.org/10.1021/ja403060n | J. Am. Chem. Soc. 2013, 135, 11087—11099



Journal of the American Chemical Society

(a) so - - 25
E 2 ®
z 5
z @
B 15
-1 g
o 404 [

(=)

v L1 ©
[*)

3
S 20 -

o r 0.5
o Lo
Temperature / °C

(b) 100

B0 -
£ .
= e w F
Z 60 ’,,-" £
3 0 &
A a0 e £
é e 20 &

-

a X 10

0 Lo

0 50 70
Temperature / °C

m— Alcohols mmm— Acids mmm— COx Ethene = Others -4 - Conversion
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selectivity is further hindered by the C—C scission in acetic
acid, which tends to produce formic acid, and other competing
pathways to C, oxygenates. Based on our mechanistic work, we
note that the production of ethanol with high selectivity would
also be hindered in batch reactor testing since the direct
formation of ethanol, its oxidation to acetic acid, and the
formation of ethyl hydroperoxide and ethene are all competing
pathways. Moreover, it has already been reported that ethanol
is only stable at low temperatures over Fe/ZSM-S materials in
the presence of hydrogen peroxide.’® Our experiments show
that ethanol selectivity is indeed highest at low temperature
using the 1.1 wt % Fe/ZSM-5(30) catalyst and decreases as
conversion increases, even at 30 °C (Figure 9).

We also considered the efficiency of H,0, usage in our
catalytic system and found that for H-ZSM-5(30) and the metal
loaded derivatives the ratio of H,0, used: products followed
the trend H-ZSM-5 > Cu/ZSM-5(30) > Fe—Cu/ZSM-5(30) >
Fe/ZSM-5(30) with the iron only catalyst having a usage of 5—
6:1. Though the Fe and Fe—Cu catalysts had low
decomposition of the oxidant relative to the products we
attempted to minimize loss of hydrogen peroxide during the
heating stage of the reaction by modifying our protocol so that
the reactor was stirred as the temperature was increased to 50
°C over an 11 min period (ie., the normal time it takes to
achieve the 50 °C reaction temperature). This test demon-
strated that a stoichometric use of the oxidant was indeed
possible in our system (Table S6) along with higher selectivity
to the alcohol product, and we will report further optimization
using flow reactors in a subsequent publication. Further work
with Cu/ZSM-5(30) will also be performed as this material
showed the highest selectivity to ethanol in our batch reactions.
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Figure 10. Reuse testing on 1.1 wt % Fe/ZSM-5(30) used in the
oxidation of ethane with H,0, as oxidant. (a) Conversion based on
carbon and (b) product selectivity based on carbon. Test conditions:
56 mg catalyst; reaction temperature, S0 °C; time, 0.5 h; stirring rate,
1500 rpm, 30 mL reaction volume; P(C,Hg), S bar (40 mL
headspace); [H,0,], 0.66 M. The catalyst was recovered by filtration
under vacuum, washed with water (300 mL), and dried overnight at
120 °C between runs.

Finally, we performed hot filtration tests on the 2.5 wt %Fe
and 1.25 wt %Fe-1.25 wt %Cu/ZSM-5(30) catalysts. These
tests (Table S7 (SI)) together with recycling testing (Figure
10) showed that the catalysts were reusable under our reaction
conditions and that dissolved iron or copper species are not
responsible for the observed catalytic activity.

4. CONCLUSIONS

For the first time, we have shown that the Fe/ZSM-5(30)
catalyst system is highly selective for the conversion of ethane
to a range of oxygenates at appreciable levels of conversion
under mild conditions in the aqueous phase. The reaction
pathway is more complex than that previously proposed for the
methane oxidation reaction using similar zeolite catalysts, and
for ethane oxidation a high selectivity to acetic acid with the
accompanying formation of formic acid was observed. We have
demonstrated that appreciable selectivity to ethene is afforded
by both Cu/ZSM-5(30) and Fe—Cu/ZSM-5(30) catalysts.
From our studies, it is clear that in order to achieve higher
ethanol selectivity with this system, a modification of the
catalysts to allow (i) the decomposition of ethyl hydroperoxide
to ethanol or (ii) the selective oxidation of ethene (formed in
situ from ethane) to ethanol must be found. Hence, our current

dx.doi.org/10.1021/ja403060n | J. Am. Chem. Soc. 2013, 135, 11087—11099
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work lays the foundation for future efforts in catalyst design to
accomplish this task, but the ability of our system to already
produce acetic acid and/or ethene represents an important
finding.
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