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Selective Oxidative Dehydrogenation of Ethane and Propane over
Copper-Containing Mordenite: Insights into Reaction Mechanism and

Product Protection

Mikalai A. Artsiusheuski, René Verel, Jeroen A.

~

Abstract: Copper(II)-containing mordenite (CuMOR) is
capable of activation of C—H bonds in C;-C; alkanes,
albeit there are remarkable differences between the
functionalization of ethane and propane compared to
methane. The reaction of ethane and propane with
CuMOR results in the formation of ethylene and
propylene, while the reaction of methane predominantly
yields methanol and dimethyl ether. By combining in
situ FTIR and MAS NMR spectroscopies as well as
time-resolved Cu K-edge X-ray absorption spectroscopy,
the reaction mechanism was derived, which differs
significantly for each alkane. The formation of ethylene
and propylene proceeds via oxidative dehydrogenation
of the corresponding alkanes with selectivity above 95 %
for ethane and above 85 % for propane. The formation
of stable n-complexes of olefins with Cu' sites, formed
upon reduction of Cu"-oxo species, protects olefins from
further oxidation and/or oligomerization. This is differ-
ent from methane, the activation of which proceeds via
oxidative hydroxylation leading to the formation of
surface methoxy species bonded to the zeolite frame-
work. Our findings constitute one of the major steps in
the direct conversion of alkanes to important commod-
ities and open a novel research direction aiming at the
selective synthesis of olefins. )
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Introduction

Alkanes are major components of natural gas and oil and
therefore are inexpensive feedstocks for the chemical
industry. However, there are very few processes for the
direct valorization of alkanes. Low reactivity of alkanes
arises from the localized C—H and C—C bonds and the
absence of low-energy empty or high-energy occupied
orbitals.'” Therefore, the main industrial processes for the
transformation of alkanes, especially the least reactive light
ones, to valuable commodities are indirect and consist of
several stages.

The valorization of methane, which is a main component
of natural gas,” relies on syngas-based processes. First,
methane is converted to a mixture of carbon monoxide and
hydrogen by steam reforming,® the resulting syngas is
utilized for the production of fuels® and/or chemicals.”” The
first stage of steam reforming is extremely energy-extensive
and is feasible only on a large scale,”) causing flaring of
substantial amounts of methane from associated petroleum
gas at scattered and remote oil fields.®! This urges the
development of energy-efficient small-scale processes for
methane direct valorization to the transportable commod-
ities.

After methane, ethane and propane are the largest
components of natural gas.”! The chief method for their
valorization is steam cracking.”) This process requires
temperatures above 1000K, and is energetically
inefficient."”! Moreover, while for ethane the selectivity
towards ethylene is high, steam cracking of propane is much
less selective and leads to the formation of a mixture of
hydrocarbons containing methane, ethylene, propylene and
aromatics.”) For propane conversion to propylene alterna-
tive approaches are implemented, in particular, non-oxida-
tive and oxidative dehydrogenation.'"'? However, these
processes have drawbacks: the former demonstrates low
conversion and requires temperatures above 773 K due to
thermodynamic limitations, while the latter suffers from
overoxidation of the desired olefin due to its higher
reactivity as compared to alkane.™ Given that the global
demands for ethylene and propylene are continuously
growing,' novel technologies for the direct, energy-efficient
and selective transformations of ethane and propane to
olefins are of enormous interest.

A promising route for the valorization of methane is the
direct oxidation to methanol over copper-containing zeolites
in a three-step process, also referred to as chemical
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looping.">""! The first step is activation of copper-containing
zeolite in oxidative environment at temperature 673 K or
higher, resulting in the formation of copper(Il)-oxo
species.’™ In the case of the widely utilized copper-
containing MORP??! zeolite most favorable centers are
mono-p-oxo dicopper(Il) sites. The second stage is the
reaction between activated material and methane. This step
is generally carried out at a temperature of 473 K, and
copper(Il)-oxo sites convert methane to reaction
products.*?! Simultaneously, copper(II)-oxo sites are re-
duced to copper(I) species.”®?! Finally, the products of
partial oxidation are converted to methanol by hydrolysis.””

While the activation of methane over copper-containing
zeolites has been studied in depth, much less attention has
been paid to C—H bond activation in other hydrocarbons.
Recent studies show that copper-containing zeolites are
potentially capable of the conversion of C,, alkanes to
corresponding olefins. As was shown by means of FTIR
spectroscopy, the reaction of propane with copper-contain-
ing MFI zeolite at 573 K leads to the formation of a small
amount of adsorbed propylene.’” Later on, it was demon-
strated that copper-containing MOR enables ethane con-
version to ethylene in a stepwise process.”!! While several
attempts have been made to tackle the problem of C,,
alkane activation over copper-containing zeolites, the most
important questions remain and require careful examina-
tion. First, the mechanism of alkane transformation to olefin
is unclear, and yet this is of utmost importance both for the
fundamental understanding of the reaction and for the
design of better-performing materials. Second, a pathway of
alkene protection,’ which prevents it from further oxida-
tion is not known. Third, the nature of the reaction
intermediates and the structure of the by-products is still to
be studied. Next, the fate of copper(II)-oxo species upon the
reduction with C,, alkanes has never been analyzed. In
addition, the effect of the reaction conditions, in particular
the reaction temperature, is not studied yet. And this is
essential for yield optimization and understanding the
theoretical limits of a novel process.’** And finally, the
recyclability of the copper-containing zeolites for the
stepwise activation of propane has never been demon-
strated.

In this contribution, we address, in a systematic fashion,
all of the above-mentioned points. We studied the trans-
formation of ethane and propane over oxygen-activated
copper(II)-containing mordenite using the chemical looping
protocol and compared it to methane activation. By means
of in situ FTIR and in situ MAS NMR spectroscopies we
demonstrated that the primary products of ethane and
propane reacting with copper(II)-oxo species are m-com-
plexes of olefins with copper(I) centers. This is in contrast to
methane oxidation, which leads to surface methoxy species
bonded to the zeolite framework. The strong adsorption of
ethylene and propylene hinders their oxidation, enabling
selectivity above 95% for ethylene and above 85% for
propylene formation. Upon contact with water vapor, these
stabilized olefins desorb, thereby closing the looping cycle
and launching the next one after consecutive activation.
Time-resolved in situ Cu K-edge spectroscopy shows an
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order of magnitude faster C—H bond activation rate for
ethane and propane compared to methane. At the same
time, the apparent activation energy in the case of methane
is 10kJmol™ lower. The mechanism for C-H bond
activation in ethane and propane over copper-containing
zeolites is oxidative dehydrogenation, while in the case of
methane activation, oxidative hydroxylation takes place.

Results and Discussion

Copper-containing mordenite with a Si/Al ratio of 6 and a
Cu/Al ratio of 0.38 denoted as “CuMOR P! was employed
for the reaction with methane, ethane and propane using the
chemical looping approach. The reaction protocol is pro-
vided in Section 1.5 of the Supporting Information. The
characterization of the material (chemical composition,
results of nitrogen physisorption and XRD patterns) is
presented in Table S1 and Figure S2.

Figure 1 shows the profiles of the concentrations of the
products in the gas phase during the desorption step after
the reaction of methane (A) ethane (B) and propane (C)
with CuMOR at 423 K. Different products are formed. The
conversion of methane (Figure 1A) results in the formation
of methanol and dimethyl ether, i.e. the products of methane
oxidative hydroxylation, as reported in previous
publications.>2°2%3381 Apart from that, the overoxidation of
methane takes place, resulting in the formation of carbon
dioxide. In contrast to methane transformation to its
alcohol, ethane and propane are transformed into the
corresponding olefins, and no alcohols were found as
reaction products. Apart from the formation of olefins, a
minor extent of overoxidation to carbon dioxide was
detected. Four consecutive reaction cycles show the stable
productivity and selectivity towards ethylene and propylene
(Figure S3).

Figures 1D-F and Table S2 summarize the effect of the
reaction temperature on the amount of products formed in
the reaction of CuMOR with methane, ethane and propane.
There are remarkable differences between the activation of
ethane and propane as compared to methane. First, the
reaction temperature required for the formation of a similar
amount of reaction products (~120 umol-g') changes as
follows: CH, (453 K)>C,H; (393 K)~C;H; (393 K). This
clearly indicates that a lower temperature is required for
ethane and propane activation than for methane. The similar
reaction temperature for ethane and propane suggests that
the reactivity does not scale linearly with the C—H bond
strength.” For all substrates an increase in the reaction
temperature leads to an increase in the amount of both
partial and overoxidation products, indicating greater in-
volvement of copper(Il) sites in the reaction. Second, the
impact of the reaction temperature on the selectivity is
different. In the case of ethane and propane, the selectivity
towards ethylene and propylene accounts for ~95% and
~85 %, respectively, slightly trending upwards in the
employed temperature range. We suggest that the formation
of carbon dioxide might be associated with a non-ideal
desorption protocol rather than with the intrinsic over-
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Figure 1. Concentration profiles of the products in the gas phase during the desorption step after the reaction of methane (A), ethane (B) and
propane (C) with CUMOR at 423 K. Yields of products obtained in conversion of methane (D), ethane (E) and propane (F) over CuMOR at different

reaction temperatures.

oxidation of C,, alkanes. The reaction products, incom-
pletely desorbed during the low temperature dwell (Fig-
ure 1B and C, green lines), undergo oxidation to CO, during
the temperature ramp (ibid, brown line). The oxidant might
be represented by unreacted copper(Il)-oxo species or
water.™ In the case of methane conversion, the selectivity
towards methanol decreases from 84 % at 393 K to 75 % at
483 K. A similar trend was observed for CuCHA zeolite,"
and in our recent study we showed that this is associated
with the decomposition of the methanol precursors and their
further oxidation over copper(Il) sites at elevated
temperatures.”

In the next step, we followed the fate of each alkane in
the course of conversion over CuMOR and identified the
reaction intermediates by means of in situ FTIR and solid-
state. MAS NMR spectroscopies.?** Figures 2A-C show
the FTIR spectra of surface species formed during the
conversion of methane, ethane and propane, respectively,
over CUMOR. Table S3 lists the assignment of the signals.

The spectra corresponding to the surface species formed
in the reaction of methane™ contain intense bands centered
at 2980, 2871 and 1458 cm™', which are due to C-H
vibrations in the methoxy species attached to the zeolite
framework®*4*#] (Scheme 1A). The weaker bands at 2967,
2856 and 1469 cm™' are associated with molecularly ad-
sorbed methanol.?**#*! These species are products of
methane partial oxidation and are precursors of methanol
and DME formed upon contact with water vapor during the
desorption step. The intensity of these bands increases with
increasing reaction temperature up to 548 K due to the
greater involvement of copper(Il)-oxo sites. Additionally,
the spectra corresponding to reaction temperatures between
448 K and 498 K possess bands at 2942, 2836, 1696, 1685 and
1491 cm ™ due to formaldehyde®*! and bands at 1632, 1619
and 1594 cm™', which are overlapping signals from the
surface formate species™*! and adsorbed water.**“! These
signals correspond to products of methane deeper oxidation,
forming carbon dioxide in the reactor tests. Finally, the band

at 2159cm™ corresponding to copper(I) carbonyl
/CH3
H,C5+CH
A) B) 2 T 2 C) HgCTCH
?H3 (I)u' (i‘,u'
0] O O 0] @) @) O O O
N ..~ N\ ..~ AP N
A 'R - 'Eh
& $H S $H Q IS S

Scheme 1. Primary surface species formed after reaction of oxygen-activated CUMOR with methane (A), ethane (B) and propane (C).
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Figure 2. FTIR spectra of surface species formed after the reaction of oxygen-activated CuUMOR with 285 Torr of methane (A),”" ethane (B) and
propane (C) for 5 min. Presented spectra are subtraction results obtained as difference between the spectrum after the reaction and subsequent
evacuation of the gas phase at ambient temperature up to residual pressure of 3x107° Torr and the spectrum of the oxygen-activated CuMOR prior
to the reaction.
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species®™ 7 appears in the spectra at 473 K and develops
with increasing temperature. Employing attenuation coeffi-
cient for copper(I) carbonyl species recently reported by
Deplano et al.*® we quantified their amount (Table S5).
Importantly, the fraction of copper(I) carbonyl species does
not exceed 7 % of the total copper sites even for the highest
reaction temperature, which is in line with high methanol
selectivity obtained in the reactor tests. An increase in the
reaction temperature above 548 K leads to the decrease in
the intensity of the IR bands corresponding to methane
partial oxidation products. This points to their conversion
and/or decomposition,** in agreement with the decrease in
methanol selectivity in the reactor tests (Figure 1A).

Figure 2B demonstrates spectra of surface species ob-
served after the reaction of ethane over CuMOR. All the
spectra show bands at 3064, 3010, 2982 and 2876 cm ™' due to
C—H stretching vibrations, the band at 1536 cm™" due to the
C=C stretching vibration and the band at 1428 cm™' is
associated with the =CH, scissoring vibration characteristic
for ethylene.”*!) The frequencies indicate that ethylene is
adsorbed over copper(I) sites rather than over Brgnsted
acid sites, extra-framework aluminum species, or silanol
groups*=! (Scheme 1B). The broad band at 1625 cm™ is
due to adsorbed water.”**! The intensity of the bands
increases with the reaction temperature, indicating progres-
sive conversion of ethane to ethylene, in line with the results
of the reactor tests. Notably, ethylene is strongly bonded to
copper(I) sites formed upon reduction of copper(II) species;
no loss of signal intensity is observed even at 623 K. The
spectra also contain a weak signal at 2159 cm™' originating
from copper(I) carbonyl. Importantly, the amount of
copper(I) carbonyl species corresponds to a maximum of
5 umolg™' (Table S5), which is significantly lower as com-
pared to the case of methane conversion and correlates with
higher ethylene selectivity in reactor tests. The lower
intensity of the band at 2159 cm™ can also be associated
with the competitive adsorption of olefins and carbon
monoxide for Cu' adsorption center. It is critical that no
signals due to other overoxidation products, such as
formates, acetates and carbonates, were detected, suggesting
only minor overoxidation of ethane in the course of reaction
with CuMOR. This is in line with the high selectivity
towards ethylene in the reactor (Figure 1E, Table S2).
Interestingly, the spectra corresponding to reaction temper-
atures between 323 and 373K contain the bands at
2950 cm™ and 1463 cm™ typical of ethanol adsorbed over
zeolites."!] An increase in the reaction temperature to 473 K
results in appearance of bands at 1686 cm™* and 1536 cm ™
corresponding to acetaldehydeP'! (Table S3). However,
there are no signals due to ethanol and acetaldehyde at
reaction temperatures above 473 K.

Figure 2C shows the spectra of surface species formed
after reaction of propane with CuMOR. All the spectra
contain multiple bands corresponding to propylene ad-
sorbed over copper (I) sites (Table S3, Scheme 1C), similarly
to ethane conversion. The bands centered at 3062, 2960,
2940, 2922, 2899 and 2866 cm ™' are due to C—H stretching
vibrations, the band at 1543 cm™! is associated with the C=C
vibration, that at 1455 cm™ is the = CH, scissoring vibration

Angew. Chem. Int. Ed. 2023, 62, €202309180 (5 of 11)

Research Articles

Angewandte

intemationaldition’y) Chemie

and those at 1438, 1406 and 1380 cm™ are related to the
C—H deformation vibrations of propylene.[**>*¥ Addition-
ally, there are signals due to adsorbed water, centered at
1625cm™ and due to copper(I) carbonyl, centered at
2159 cm™'. Notably, the amount of copper(I) carbonyl
species is lower than 4 ymolg™' (Table S5) and there are no
signals characteristic of C;-oxygynate species, indicating that
propane is almost exclusively converted to propylene and
water over CuMOR.

Further analysis of the reaction between copper-contain-
ing mordenite and different alkanes is based on in situ MAS
NMR spectroscopy. The experiments were performed with
the samples in a controlled environment and applying the
following techniques: *C high-power proton decoupling (*C
HPDEC), 'H-"C cross-polarization (‘H-"C CP/MAS) MAS
NMR and 'H MAS NMR.® The *C HPDEC method uses
single-pulse direct excitation of *C nuclei. 'H-*C CP/MAS
experiment is based on the polarization transfer from 'H to
BC nuclei. It is therefore more sensitive to *C-containing
species with protons in close vicinity under the condition
that no averaging of the 'H-"C dipolar interaction occurs
because of fast molecular motion. The '"H MAS NMR and
'"H-C CP/MAS spectra are presented in Figure S5 and
Figure S6. The assignment of the observed NMR signals is
summarized in Table S3. Figure 3A demonstrates the “C
HPDEC MAS NMR spectra after reaction of CuMOR with
methane at different temperatures. It contains a very broad
signal at —6 ppm, assigned to the carbon atom in molecular
methane.™™ The reaction between methane and CuMOR
below 498 K leads to the appearance of a signal at 58 ppm
due to methoxy species bonded to the zeolite
framework?#! (Scheme 1A). At higher reaction temper-
atures, there are additional signals at 67 ppm and 52 ppm,
which are assigned to DME adsorbed over copper(I)
sites®*?**7 and molecularly adsorbed methanol >3
respectively. Furthermore, a weak signal at 174 ppm with
asymmetrical side-bands is present in the spectra corre-
sponding to sample reacted at temperatures above 523 K.
The signal correspond copper(I) carbonyls®*7* formed in
methane overoxidation reaction. An additional confirmation
for this assignment is the absence of the signal in the 'H-"C
CP/MAS NMR spectra (Figure S5), indicating that there are
no protons in close vicinity to the corresponding species.
Similar to the results of FTIR, the signals due to methoxy
species vanish after reaction at temperatures above 623 K.

Figures 3B and C show “C HPDEC NMR spectra
corresponding to the reaction between CuMOR and ethane
and propane, respectively. After the adsorption of alkanes,
the spectra contain signals at 6 ppm assigned to ethane and
at 16 ppm to propane (Table S3). The reaction between
CuMOR and ethane starts at 398 K, and leads to the
appearance of a signal at 89 ppm with a pronounced
spinning sideband pattern separated by the spinning rate of
4 kHz. The intensity of the signals increases with an increase
in the reaction temperature, and no other signals are
detected within the applied range of reaction temperatures.
The values of chemical shift tensor components (Figure S7,
Table S5) are characteristic for carbon atoms in ethylene -
complexes with Cu'™**%! (Scheme 1B). For the reaction of
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Figure 3. >°C HPDEC spectra after the reaction of CUMOR with methane (A), ethane (B) and propane (C) at different temperatures for 5 minutes.

Asterisks denote the spinning side bands.

CuMOR with propane, three signals at 112, 88 and 19 ppm
with corresponding spinning sidebands appear at 398 K and
develop in the spectra as the reaction temperature increases.
These signals are attributed to carbon atoms in CH, CH,
and CHj; fragments of propylene adsorbed over copper(I)
site, respectively®! (Tables S3 and S5, Scheme 1C). Addi-
tionally, the reaction between ethane and CuMOR at low
reaction temperature was studied by means of time-resolved
NMR, and Figure S8 shows corresponding 'H-"*C CP/ MAS
NMR spectra. The only detected signal under these low-
conversion conditions at 89 ppm corresponds to ethylene
molecule coordinated to Cu' adsorption site, and no other
signals were found. In summary, MAS NMR reveals the
direct transformation of ethane and propane over CUMOR
to ethylene and propylene adsorbed over copper(I) sites
without the formation of any other detectable intermediates.
Notably, even at 623 K, the adsorbed olefins do not undergo
further transformation, such as oligomerization and further
oxidation, indicating the high stability of the n-complexes of
the olefins and copper(I) centers.

The results of reactor tests and of FTIR and NMR
spectroscopies clearly show that the nature of the reaction
intermediates varies for different alkanes. Methane activa-
tion requires >100 K higher temperature than that ethane
and propane, which behave similarly. This behavior indi-
cates that different reaction mechanisms take place. To
clarify this suggestion and obtain kinetic information of
reaction of CuMOR with different alkanes, the copper
reduction was evaluated by means of in situ time-resolved
Cu K-edge X-ray absorption spectroscopy (XAS).

Figures 4A-C and Figure S9 show the evolution of Cu
K-edge XAS spectra during TPR in methane, ethane and
propane. The spectra of the oxygen-activated CuMOR
(dark blue lines) contain a weak peak at 8977 eV due to
1s—3d quadrupole transition and a shoulder at 8986
corresponding to 1s—d4p transition typical of copper(Il)
species in CuMOR.®*% Upon reaction of CuMOR with
alkanes, the intensity of the aforementioned signals de-
creases and, simultaneously, a signal at 8983 eV appears and
develops. The signal is characteristic of 1s—4p transition in
copper(I)-containing zeolites!"”** indicating the reduction of

Angew. Chem. Int. Ed. 2023, 62, €202309180 (6 of 11)

copper (II) sites. Figure 4D illustrates the evolution of the
Cu" fraction versus temperature from the MCR-ALS
analysis (Section 2.7 of the Supporting Information). Reduc-
tion with ethane and propane occurs in a similar manner:
the onset of the reduction of Cu" already starts at 350 K,
and the maximal rate of reduction estimated as the point of
the maximum absolute value of the derivative, is observed
at around 500 K. In contrast, temperatures above 400 K are
required for the reduction of CuMOR with methane, and
the highest rate of reduction occurs at 550 K (Figure 4D).
The results show a pronounced difference between the
reaction of the copper(Il) sites with methane and ethane/
propane and are in line with the recent report by Kvande
et al. showing that Cu" reduction with ethane occurs at
lower temperature as compared to the reduction with
methane.®!

The kinetics of copper(II) reduction were then evaluated
by monitoring the evolution of the Cu K-edge XAS spectra
in the course of the isothermal reaction between CuMOR
and different alkanes at different temperatures. Figure S10
shows the Cu K-edge XAS spectra, and Figures SA-C
illustrate the corresponding fraction of Cu" evaluated from
the linear combination fitting (LCF) analysis. The initial
rate of copper reduction was determined from the tangential
slope within a reaction period where the Cu" conversion
was lower than 10%, assuming pseudo-zero order for
alkanes, which were used in excess. The rates of copper(II)
reduction, measured at the same temperature, differ signifi-
cantly for the various alkanes: reduction with methane is
slower by one order of magnitude than it is with the other
alkanes. The reduction with propane is only three times
faster than that with ethane. Moreover, the effect of the
reaction temperature is different for the cases of methane,
ethane and propane. The analysis using Arrhenius equation
is presented in Figure 5D. An apparent activation energy of
E,=614+7kJmol™ was determined for CuMOR reduction
with methane, while the corresponding values for the
reduction of CuMOR with ethane and propane were E,=
69+9kImol' and E,=68+5kJmol, respectively. The
observed differences in the reaction rates and apparent
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activation energies suggest a different mechanism of C—H
bond activation for various alkanes.

Oxygen-activated copper-containing mordenite is capa-
ble of C—H bond activation in C,—C; alkanes. While the
methane conversion to methanol over copper-containing
zeolites is well-studied, the activation of ethane and propane
is studied much less, and the mechanism of C—H bond
activation in these compounds is unclear. We show that the
reaction of copper-containing mordenite with ethane and
propane differs from methane activation. First, the nature of
the formed product is significantly different: ethane and
propane are converted to the corresponding olefins, and this
process is accompanied by the formation of water. In
contrast, in the case of methane conversion, the main
products are methanol and dimethyl ether. Moreover, differ-
ent sites of the copper-containing zeolite participate in the
stabilization of partial oxidation products: the reaction of
ethane and propane with CuMOR leads to highly stable n-
complexes of olefins with copper(I) sites, while oxidation of
methane results in the formation of surface methoxy species
bonded to the zeolite framework (Scheme 1). Notably, the
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stabilization of methoxy species is not sufficient to prevent
overoxidation at elevated temperatures, as proven by the
loss of selectivity in reactor tests (Figure 1) and disappear-
ance of the corresponding signals in FTIR and NMR spectra
(Figures 2 and 3). Additionally, the temperature required
for the activation of ethane and propane is significantly
lower as compared to methane, as revealed by reactor tests
(Figure 1), in situ FTIR (Figure 2) and MAS NMR (Fig-
ure 3) spectroscopies as well as XAS TPR (Figure 4).
Finally, a different apparent activation energy of the
reduction of Cu" with different alkanes was observed
(Figure 5D). Thus, the reaction with methane has an E, of
about 61 kJmol™, and the reduction of Cu" with ethane and
propane possesses an apparent activation energy of about
69 kJmol'. Although the values differ slightly, very similar
values in the case of ethane and propane and by
~10 kJmol ™" different value for methane suggest different
reaction mechanisms. Importantly, the obtained value of
~60 kJmol ' for Cu" reduction with methane is typical of
the reaction between methane and a mono-p-oxo dicopper-
(11) site™>**%! For the case of Cu" reduction with ethane and
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propane the apparent activation energy is close to the
reported value for the oxidative dehydrogenation of
cyclohexane over a copper oxide catalyst.[ Taken together,
the mentioned observations clearly point to the different
mechanisms in the activation of methane and ethane/
propane over CUMOR.

Copper-containing mordenite stabilizes mono-p-oxo
dicopper(II) sites, "™l and the proposed mechanism for
methane activation over it is presented in Scheme 2A. The
reaction leads to the formation of methoxy species, which
are stabilized by being bonded to the zeolite framework,
hence realizing product protection.?*l

We propose two possible pathways for the oxidative
dehydrogenation of ethane and propane over mono-u-oxo
dicopper(II) site (Scheme 2B). The first mechanism consists
of two consecutive reactions: i) formation of an alkoxy
intermediate followed by ii) its rapid conversion to water
and olefin-Cu' complex. The second reaction should be
much faster than the first one, as suggested by the absence
of any substantial amount of alkoxy species by in situ MAS
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NMR and FTIR spectroscopies (Figures2 and 3). An
alternative mechanism implies a simultaneous abstraction of
two hydrogen atoms from the alkane and the formation of
water and the olefin-Cu' n-complex. Both mechanisms have
been suggested for the oxidative dehydrogenation of alkanes
over vanadia-based catalysts.'"*"*! For the reaction of ethane
with copper(Il)-containing mordenite, the formation of a
stable ethoxy intermediate, which dehydrates to ethylene,
was proposed recently.) According to our data (Figure 2B),
the corresponding alkoxy intermediates were found only for
ethane conversion at temperatures below 423 K (Figure 2B).
At the same time, in the conversion of ethane at higher
temperature and propane activation in the studied temper-
ature range the only detected products are olefin-Cu' n-
complexes. We suggest that the mechanism of direct
dehydrogenation with simultaneous abstraction of two
hydrogen atoms is more likely above 423 K. The two
proposed mechanisms are interconnected, and the corre-
sponding pathways can coexist, but this requires further
investigation. '"H MAS NMR (Figure S5) and FTIR of the
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OH-region (Figure S4) show that the conversion of ethane
and propane results in the appearance of a signal at 4.1 ppm
and a band at 3615 cm™' due to the formation of Brgnsted
acid sites.””) We suggest that the formed water can
participate in the hydrolysis of the Cu'-O—Al bond leading
to the formation of Cu'OH species and the above-mentioned
Brgnsted acid sites (Scheme 2B). However, establishing of
the precise structure of copper(I) species requires additional
investigation. The weak signal due to ethanol and
acetaldehyde in FTIR spectra corresponding to ethane
oxidation at 323 K and 373 K (Figure 2B) might indicate
that the ethoxy species formed during ethane conversion are
transformed to ethanol, which is oxidized to acetaldehyde.
However, it also may be the case that ethanol is formed via
ethylene hydration.[” Both of the two proposed mechanisms
of reaction between alkane and copper-containing zeolite
imply that the main product is a n-complex between olefin
and copper(I), rather than surface alkoxy species.’!) We
show that the strong adsorption of olefin over copper(I)
prevents it from further oxidation or oligomerization, hence
realizing product protection.

The last step in the chemical looping process is exposure
of the reacted material to a water-containing gas phase to
desorb the products. For ethane and propane, exposure to
water results in the desorption of the olefins from the n-
complex with copper(I) due to its decomposition via the
competitive water adsorption. Thus, water-assisted desorp-
tion enables the direct release of gaseous olefins, hence
making the standard chemical looping protocol applicable
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for the conversion of ethane and propane to ethylene and
propylene. Further detailed studying of the decomposition
mechanism can aid in optimizing the olefins desorption step.
Importantly, the chemical processes taking place during the
olefins release to the gas phase are significantly different to
the desorption step in the methane to methanol process,
where hydrolysis of surface methoxy species must take place
for the formation of methanol and dimethyl ether.?>*!

Conclusion

Copper(Il)-containing mordenite enables activation of the
C-H bond in C;-C; alkanes, and the mechanism and
reaction chemistry is different for ethane/propane and
methane. Ethane and propane undergo oxidative dehydro-
genation and are transformed into corresponding olefins
strongly adsorbed over copper(I) species. The formation of
these strong n-complexes protects olefins from further over-
oxidation and oligomerization, enabling high selectivity.
Even in a non-optimized system, the selectivity of above
95 % towards ethylene and above 85 % towards propylene is
obtained. Upon contact with water under mild conditions,
the formed n-complexes decompose to free olefins. This
differs from the activation of methane, which occurs via
oxidative hydroxylation and results in the formation of
methoxy species attached to the zeolite framework, which
need to be hydrolyzed to methanol/dimethyl ether upon
contact with water. The results provide insights in C-H
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bond activation chemistry at the molecular level and show a
novel potential application of copper-containing zeolites for
effective valorization of the short-chain alkanes.
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