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ABSTRACT: Cu and Fe zeolites can activate oxygen for oxidative reactions of methane and stable
hydrocarbon molecules. Here, we analyzed the activity of Cu and Fe sites with various nuclearities
and coordinations in *BEA zeolites toward complete oxidation of methane, toluene, and ethanol
by molecular oxygen. Spectral analysis of the interaction of methane with the individual Cu and Fe
sites and a kinetic study show that the oxidation of methane is catalyzed by different active sites
with different activation energies. In the low-temperature region (225—325 °C), the activity is
primarily caused by reactive bridging oxygen atoms in dimeric Cu and Fe clusters. Isolated Fe*'-

M,(p-0),/Al-rich *BEA
M = Cu, Fe

« @

oxo ions in the octahedral coordination and Cu®* partially charge-balanced by the framework with

less rigid redox states contribute to the activity at higher temperatures of >350 °C. The isolated Fe**-oxo ions tetrahedrally
coordinated to the framework oxygen and the bare Cu*" ions charge-balanced exclusively by the framework are strongly stabilized
and cannot act as active sites. Oxidation of the hydrocarbons over both the dimeric and isolated Cu and Fe active sites is nonspecific
with practically barrierless consecutive reactions of already activated molecules and therefore fully CO,-selective for all of the

hydrocarbons in an excess of oxygen.

KEYWORDS: Cu zeolite, Fe zeolite, methane oxidation, methane activation, toluene, ethanol, volatile organic compounds (VOC),

organotemplate-free Al-rich beta

1. INTRODUCTION

The Cu and Fe clusters in zeolites resembling active sites in
enzymes have received considerable attention'® because they
can activate oxygen, which is potentially useful for partial
selective catalytic oxidation of methane.” The positively charged
clusters of copper and iron ions with specific structures,
stabilized by the negative charge of the zeolite framework, can
form highly active oxygen species capable of reacting with a
strong C—H bond in methane (440 kJ mol™") at close to room
temperatures.” ' The activation of molecular oxygen over Cu
zeolites was attributed to dinuclear mono- and bis-(u-oxo0) core
Cu clusters">*~*"'~17 and u-peroxo dicopper” or trinuclear -
oxo’ clusters mimicking the nuclearity and reactivity of active
sites in methane monooxygenases. The catalytic centers
responsible for the activity of Fe zeolites were also proposed
as various binuclear Fe-oxo cores comprising mono- and bis-(-
oxo) and (u-peroxo) species stabilized in the zeolite channels.
Although some of the structural features of the Cu and Fe cores,
such as the arrangements of oxygen bridge atoms, bond lengths,
and positions in three-dimensional (3D) space, may be similar
for both zeolites and enzymes, selectivity in partial oxidation of
methane is ensured in the enzymes by a complex mechanism
including specific ligand fields and the exactly defined
environment of the active site, which allow desorption of the
product but do not allow further subsequent reactions.'*~>' The
chemical behavior of the active site is uniquely suited to methane
oxidation in monooxygenases,22 in contrast to the nonspecific
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activity of the zeolitic centers. As such complex local structures
and functionality are principally lacking in the zeolites, sufficient
selectivity can be achieved only in a pseudocatalytic cyclic
process with separate sequential steps of (i) oxidation of the di-
or trinuclear active centers by molecular oxygen, (i) oxidation of
a hydrocarbon molecule by the activated oxygen bound in the
active site, and (iii) desorption of the product, where the
hydrocarbon and molecular oxygen are not simultaneously
present over the catalyst in any of the steps of the cyclic process.
Theoretical and experimental studies have shown that selective
oxidation in a true catalytic process with molecular oxygen over
zeolites is only possible at very low conversions (<1%).'”** In
the presence of molecular oxygen, desorbed oxygen-containing
products with weaker C—H bonds are very easily oxidized at a
nearby active center and control of the selective oxidation
encounters complex difficulties, as it is strongly influenced by the
local arrangement and the environment of the active centers in
the internal reaction space of the zeolite channels."”

This study opens the question of whether the low-temper-
ature oxidation activity of Cu and Fe clusters in zeolites can be
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Table 1. Characteristics of Parent *BEA Zeolites

al

sample Si/Al Si/Alpg (wt %)
Al-rich *BEA 4.6 4.8 7.8
Si-rich *BEA 12.7 13 3.3

crystal size Vama surface area Sext
(nm) (em® g™") (m? g™") (m? g™")

300-500 0.19 481 48

10-30 0.19 494 66

Table 2. Compositions of Cu-, Fe-, and Pt-*BEA Zeolites and Temperatures for 50, 90, and 98% Conversions in the Complete

Oxidation of Methane, Toluene, and Ethanol

sample ethanol toluene
cpe (Wt %) Fe/Al Ty, (°C) Ty (°C) Tos (°C) Ts, (°C) Ty, (°C) Tos (°C)
Al-rich Fe-*BEA 6.05 0.56 201 237 253 295 357 376
Si-rich Fe-*BEA 3 0.50 208 252 276 295 380 414
sample ethanol toluene methane
ceu (Wt %) Cu/Al T (°C) Ty, (°C) Tos (°C) Ts (°C) Ty (°C) Tos (°C) Ts (°C)
Al-rich Cu-*BEA 8.7 0.56 216 249 281 264 312 325 407
Si-rich Cu-*BEA 3.04 0.43 210 246 276 326 426 476
sample ethanol toluene methane
cpe (Wt 9) Pt/Al Ts, (°C) Ty (°C) Tos (°C) Tso (°C) Ty (°C) Tos (°C) T5o (°C)
Al-rich Pt-*BEA 1.44 0.028 192.5 259.4 321.7 223 259 305 450

employed instead of selective oxidation in complete oxidation of
hydrocarbons potentially useful for the abatement of emissions
of methane and, in general, of volatile organic compounds
(VOCs). Deep oxidation of partially oxidized hydrocarbons and
oxygen-containing intermediates to carbon dioxide is crucial in
the total oxidation of VOCs. Consequently, the lack of selectivity
of the enzymelike active centers in zeolites in a standard catalytic
oxidation with molecular oxygen could be advantageous for
deep oxidation of even stable hydrocarbon molecules. About
80% of VOCs, which belong to the largest contributors to
photochemical smog in urban areas, are emitted from motor
vehicle exhaust.”*"*° The Cu and Fe clusters active in low-
temperature oxidation may be potentially exploited for reducing
hydrocarbon emissions from automobile traffic, where zeolites
with large adsorption capacities are employed to effectively
adsorb unburned heavier VOCs in the so-called “HC reformer
trap”.”*"?° The active centers in the zeolite could ensure
efficient conversion of adsorbed VOCs by deep oxidation when
the catalyst reaches the operating temperature. No adequate
solution has yet been found for effective catalytic elimination of
emissions of methane from natural-gas-fueled vehicles and
power generation systems by total oxidation, requiring high
temperatures (>400 °C),”’~*” often unattainable in an environ-
mentally and energy-efficient catalytic process. The elimination
of emissions of methane remains an important goal for
heterogeneous catalysis because of the 20 times larger global
warming potential of methane compared to carbon dioxide and
significant impact of methane emissions on global warming.*”*!

In this study, we attempted to design materials with high
concentrations of isolated Cu and Fe ions and their clusters with
various nuclearities and assessed their reactivity toward methane
oxidation. For this purpose, we employed Al-rich § (*BEA)
zeolites with very high contents of aluminum in the framework
(Si/Al ~ S), optimal for binding high concentrations of Fe and
Cu ionic species with a versatile redox state and an open
coordination sphere,”** which is important for efficient
adsorption and oxidation of VOCs.** We monitored the
formation of individual Cu and Fe ion species in an oxygen-
containing atmosphere and analyzed their reactivity toward
methane molecules using complementary UV—vis and
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Mossbauer spectroscopies. The objective was not to develop a
catalyst structure for a specific VOC elimination process or
analysis of the activity under the diverse, often complicated
conditions of different VOC elimination processes but rather to
evaluate the redox behavior of various Cu and Fe ion species
toward methane oxidation and relate them to the activity of Al-
rich Cu- and Fe-*BEA zeolites in model reactions. The study
shows that the di- and oligonuclear Fe or Cu ionic centers
effectively and selectively catalyze the oxidation of methane,
toluene, and ethanol as model VOCs in an O,-containing
atmosphere to form CO, and H,O and that their activities
exceed those of most of the supported metal-oxide catalysts.

2. EXPERIMENTAL SECTION

2.1. Preparation of Fe- and Cu-Zeolite Catalysts. The
Al-rich *BEA zeolite (Si/Al 4.6) used for the preparation of Fe
and Cu catalysts was synthesized by organic-template-free
hydrothermal synthesis using seeding with calcined *BEA
zeolite (TZB-212, Tricat) and silica (Cabosil) and sodium
aluminate as the sources of silicon and aluminum, respectively.
The Si-rich *BEA zeolite used for comparing the catalytic
properties was kindly provided by Zeolyst International
(CP814B-25, Si/Al 12). Characteristics of both zeolites are
depicted in Table 1, and details of synthesis and detailed
structural characterization of the parent samples are described
elsewhere.”>™* Fe was introduced into the zeolite by ion
exchange with an aqueous solution of ferrous sulfate under a
nitrogen atmosphere. A total of 1 g of zeolite was added to SO mL
of distilled water at 75 °C in a stirred flask bubbled with nitrogen,
with a reflux condenser. A FeSO, tablet was then added, and the
suspension was stirred at 80 °C for 14 h with nitrogen bubbling.
The suspension was filtered and washed with demineralized
water, and the Fe zeolite was dried under a stream of nitrogen.
Copper was introduced into the zeolite by impregnation,
followed by solid-phase ion exchange. The dried *BEA zeolite (2
g) was impregnated with 2.28 g of copper nitrate solution of
appropriate concentration to obtain Cu/Al ~ 0.5 and, after
drying, calcined in a stream of air at 450 °C for 2 h to form Cu
zeolites with dispersed copper oxide particles. The solid-phase
ion exchange was then carried out in a stream of ammonia at 340
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°C for 3.5 h, yielding Cu in the cationic sites.”*® Platinum was

introduced into the Al-rich *BEA zeolite by ion exchange of 1 g
of zeolite with 0.03 g of tetraammineplatinum(Il) nitrate
dissolved in 150 mL of H,O. After drying, the sample was
reduced in a stream of hydrogen at a temperature of 200 °C for 1
h. The compositions of the obtained Cu-, Fe-, and Pt-*BEA
zeolite samples are listed in Table 2.

2.2. Structural Analysis. The UV—vis—NIR reflectance
spectra of Fe- and Cu-*BEA catalysts in a dehydrated form and
heated under air or a methane atmosphere were recorded on a
UV—vis—NIR PerkinElmer Lambda 950 spectrometer equip-
ped with an integrating sphere for diffuse-reflectance measure-
ments. The reflectance was recalculated using the Schuster—
Kubelka—Munk function. The sample in the form of granules
(200—400 um) was introduced into a quartz U-tube reactor
connected with a quartz cuvette and heated to 500 °C under
vacuum, with a heating rate of 4.5 °C/min and a delay of 1 h,
following which air was introduced for 1 h. After cooling to 250
°C, the reactor was flushed for 1 min with N,, then CH, (3.5%
CH, in He, 80 mL/min) was introduced for 10 min, followed by
flushing with N, for 1 min. The spectrum was recorded at room
temperature (RT), after which the sample was treated in an air
flow at 300 °C for 30 min, flushed for 1 min with N,, and CH,
was then introduced for 10 min, followed by flushing for 1 min
with N,. The spectra were recorded after the pretreatment using
this procedure with a temperature step of 50 °C up to 500 °C.

The Mo0ssbauer spectra of Fe-*BEA catalysts in a dehydrated
form and heated under air or a methane atmosphere were
recorded with *’Co in a rhodium matrix as the source of y-rays,
where an a-Fe foil was used as a reference. Samples in the form
of self-supporting discs were directly transferred between the
reaction chamber and the measuring position. MossWinn
software was used for the spectral deconvolution into
Lorentzian-shaped components. Prior to measurements, the
sample was heated to 500 °C under vacuum with a heating rate
0f 4.5 °C/min and a delay of 1 h; air was then introduced for 1 h.
After cooling to 250 °C, the reactor was evacuated, after which
CH, was introduced for 10 min, followed by brief evacuation.
The spectrum was recorded at RT. The whole procedure was
repeated with the interaction of the sample with methane at 400
°C.

H,-TPR profiles of Cu- and Fe-*BEA zeolites were measured
with a Micromeritics AutoChem 2950 HP Chemisorption
analyzer. Each sample was first treated in a quartz reactor at 450
°C for 30 min under O, (with a flow rate of 10 mL/min),
followed by cooling down to 50 °C. After signal stabilization, the
samples were heated from 50 to 1000 °C with a heating rate of
10 °C min™" in a H,/Ar stream (10 vol % H,) with a flow rate of
20 mL min~". A JEOL JEM-2100Plus high-resolution trans-
mission electron microscope operated at 200 kV (LaBg cathode,
point resolution 1.9 A) was used to obtain high-resolution
transmission electron microscopy (HR-TEM) images for
analysis of Pt dispersion in an Al-rich Pt-*BEA catalyst (Figure
S1).

2.3. Computational Models and Methods. 2.3.1. Com-
putational Models. The calculations were carried out to model
structures whose general spectral features were observed during
spectroscopic analysis, to obtain more complete information
about their possible structures. Calculations were not performed
to determine all of the possible configurations of the Cu and Fe
species that could theoretically occur. The calculated metal-oxo
species were modeled as the mono(u-oxo)dicopper, bis(u-
oxo)dicopper, bis(u-oxo)diiron, (y-oxo)(u-peroxo)diiron, and
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additional Fe-oxo structures in the Al-rich *BEA zeolite sample
with the known Al distribution.”” The starting orthorhombic
structure was downloaded from the zeolite structural database:
http://www.iza-structure.org/databases/. Three models were
employed for the copper species and five models for the iron-oxo
cations. All eight models possess P1 symmetry and feature one
unit cell of the *BEA zeolite with 10 Al/Si substitutions (i.e., the
Si/Al ratio is 5.4). The Al distribution of the Al-rich *BEA
zeolite was determined in our previous study.’® The Al atoms
that do not balance iron-oxo or copper-oxo species are
compensated by protons located on one of the four O atoms
of the corresponding AlO,~ tetrahedra.

The Fe, and Fep models feature one [Fe(II)]** cation
accommodated in the f cationic site balanced by two Al(T3)
atoms [i.e., Al(T3)—Si—Si—Al(T3) sequence] and one [Fe-
(II1)O]* species balanced by one Al(T2) and Al(T4) atom,
respectively. The difference between the Fe, and Fep models is
that the Al(T3) and Al(T2) atoms are separated by one Si atom
[i.e.,, AI(T3)—Si—Si—Al(T3)—Si—Al(T2)] and the Al(T3) and
Al(T4) atoms by two Si atoms [i.e., Al(T3)—Si—Si—Al(T3)—
Si—Si—Al(T4)].

The Fec, Fep, and Fep models possess two [Fe(III)OJ*
species, each balanced by one Al atom, forming an Al(T4)—
Si—Si—Si—Al(TS) sequence. The two [Fe(III)O]* species
either create bis(y-oxo)diiron species (Fec model) or include
one additional O atom to yield the (u-oxo)(u-peroxo)diiron
structure (Fep model) and (-oxo)diiron (Fey model) species
with two additional O atoms.

The Cuy, Cug, and Cuc models include two Cu cations, each
balanced by one Al atom, forming an Al(T4)—Si—Si—Si—
Al(TS) sequence. The two Cu cations form a (y-oxo)dicopper
structure in the Cu, model, bis(u-oxo)dicopper species in the
Cug model, and two Cu(I) cations in the Cuc model.

2.3.2. Electronic Structure Calculations. Periodic density
functional theory (DFT) calculations were carried out by
employin§ the Vienna Ab initio simulation package (VASP)
code.’’ ™" The spin state S (S = N/2; N is the number of
unpaired electrons) of the ground state for each computational
model was determined from the atomic composition of the
model and the oxidation state of the Cu and Fe atoms. The
number of unpaired electrons (i.e., the spin state) was fixed
during the molecular dynamics (MD) simulations and
optimizations. Moreover, for the most stable optimized
structure for all of the computational models, the spin state
used was verified that it really corresponds to the ground state.
The Kohn—Sham equations were solved variationally in a plane-
wave basis set using the projector-augmented wave (PAW)
method of Blochl,"" as adapted by Kresse and Joubert.*” The
exchange-correlation energy was described by the Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation
(GGA) functional.” Brillouin zone sampling was restricted to
the I point. A plane-wave cutoff of 600 eV and the dDsC
dispersion correction*”** were used for geometry optimizations,
and a smaller cutoff of 400 eV and the DET-D2 method*® were
used for the molecular dynamics simulations.

2.3.3. Molecular Dynamics. The molecular dynamics (MD)
simulations were carried out on all of the five Fe models and the
Cuy, Cug, and Cuc models. The lattice parameters were fixed at
their experimental values during the MD calculations for all of
the models. The MD computations used the exact Hellmann—
Feynman forces acting on atoms and applied the statistics of the
canonical ensemble to the motion of the atomic nuclei'” using
the Verlet velocity algorithm®®*’ to integrate Newton’s
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equations of motion. The time step for the integration of the
equations of motion was 1 fs. The simulations were run for
10 000 fs at 400 K. Visual inspection of the structures along the
MD trajectories showed that the duration of the MD simulations
was sufficient because it included both the rearrangements of the
local structures of the zeolite framework (up to ca. 3 000 fs) and
a long period (ca. 7 000 fs) when the system fluctuated around
equilibrium and “snapshots” were collected and optimized.
Similar time lengths were used for MD simulations of the
cationic sites in zeolites.””*°~>> The MD simulations served to
obtain the rearranged local structures (details are provided in
our prior studies®”>"). No physical quantity is derived from the
MD trajectories.

2.3.4. Geometry Optimizations. The structures of 20 distinct
snapshots collected at 500, 1000, 1500, ..., 10 000 fs of the MD
simulations were optimized for all of the computational models.
The most stable structure for each model is used. The atomic
positions were optimized at constant volume by employing a
conjugate-gradient algorithm minimization of energies and
forces, where the lattice parameters were fixed at their
experimental values.

2.3.5. Comparison of the Relative Stabilities of the
Computational Models. The relative stabilities of the models
were compared using the approach described in ref. 94.
Technical details are provided in the Supporting Information.

2.4. Analysis of Catalytic Activity. Activities in oxidation
of methane, toluene, and ethanol were measured in a quartz tube
gas-flow reactor with an amount of the granulated (200—400
um) sample of 140 mg, at a total gas flow rate of 75 mL/min at
atmospheric pressure corresponding to GHSV 20 000 h™". The
activity was measured after activation in air for 1 h at 450 °C.
Methane oxidation was measured in the reaction stream
containing 1 000 ppm methane and 21% oxygen in helium in
the temperature range from 450 °C gradually decreasing to 50
°C. The influence of external mass and heat transfer under the
reaction conditions of methane oxidation was excluded by
experiments that varied the total gas flow and the weight of the
catalyst at constant values of GHSV, in which the conversions of
methane were constant. The crystal sizes of the parent zeolites
~0.05—0.4 pm guaranteed the absence of intracrystalline
diffusion constraints, as shown in preceding studies for reactions
at temperatures below 500 °C. The influence of intragrain
diffusion constraints was excluded by the experiment with
catalyst grains whose dimensions were varied from 0.1 to 0.4
mm. For measurements of oxidation of ethanol (250 ppm) or
toluene (180 ppm), the flow of helium of 60 mL/min was
saturated with the vapors in a cooled saturator (—19 °C) and
mixed with a flow of oxygen of 15 mL/min. The reaction
products were analyzed by gas chromatography (GC Hewlett-
Packard 5890). Columns of an HP-Plot Q (30 m X 0.53 mm X
40 pm film thickness) and a molecular sieve 5 A (30 m X 0.53
mm X 25 pm film thickness) were used for the separation of N,,
0, CO, and CO, analyzed with a thermal conductivity
detector.”® Hydrocarbons were separated on an HP-Plot Q
(30 m X 0.53 mm X 40 pm film thickness) and monitored by a
flame ionization detector (FID).

3. RESULTS

3.1. Reducibility of Cu and Fe Sites. Figure 1 shows the
H,-TPR profiles of the Alrich Cu- and Fe-*BEA zeolites
pretreated in air at 500 °C. For the Fe zeolite, the TPR curve
contained a broad peak of hydrogen consumption at 200—450
°C and high-temperature reduction above 750 °C. The high-
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Figure 1. H,-TPR profiles of the Al-rich Cu- and Fe-*BEA zeolites
pretreated in air at 500 °C.

temperature peak reflects reduction of highly stabilized single
bare Fe?* ions coordinated to the zeolite framework, which can
be reduced above 600 °C.°”>* The broad peak of hydrogen
consumption at 200—450 °C is associated with the reduction of
isolated Fe**-oxo species and Fe**-oxo dimers and oligomers,
while single Fe(III) ions without a ligand cannot be coordinated
in the zeolitic channels due to the lack of the local negative
charge requiring three close Al atoms.”” The pattern of the broad
reduction peak reveals that it consists of several superimposed
peaks reflecting Fe®* species with a different reductivity. The
reduction with a shoulder appearing from 200 to 300 °C can be
associated with Fe(III)-oxo species of high reactivity previously
assigned to highly reactive oligomeric species partially charge-
balanced by the zeolite framework.”” The signal at 300—550 °C
reflects difficult-to-reduce Fe(IIl)-oxo species.

The H,-TPR profile of Al-rich Cu-*BEA shows two reduction
peaks at 180 and 210 °C, which reflect the reduction of Cu®* in
two steps from Cu** to Cu’ and Cu* to Cu’ present in
mononuclear Cu(Il) or more complex polynuclear Cu(II)
species charge-compensated by the zeolite framework.””" The
very low temperature for the reduction and the absence of a
significant reduction at 250—300 °C characteristic of supported
copper oxides’”®" indicate the presence of Cu** in a highly
dispersed form with high reactivity and versatile redox behavior.

3.2. UV-vis Analysis of the Reactivity of Cu and Fe
Sites with Methane. To analyze the reactivity of isolated and
dimeric and oligomeric Cu and Fe species toward methane
oxidation, the changes in speciation of Cu and Fe in the air-
activated Al-rich Cu- and Fe-*BEA samples after exposure to
methane at various temperatures were investigated by UV—vis—
NIR spectroscopy. Figure 2 shows the UV—vis—NIR spectrum
of the air-activated Al-rich Cu-*BEA catalyst and those after
subsequent exposure to flows of methane at temperatures of
250—500 °C. With Al-rich Cu-*BEA exposed to a stream of air,
intense absorption bands at 13400 cm™' due to the d—d
electronic transitions of Cu®** ions and at 40200 and 47 300
cm™ corresponding to O — Cu?*/Cu* charge transfer, along
with low intensity of the absorption bands at 22 500 and 28 700
cm™, attributed to a small number of dimeric Cu sites,'"** were
observed. A smaller amount of the dimeric Cu species compared
to Cu-MOR'>®* and Cu-ZSM-5'"** is typical of Cu-*BEA
zeolites.” The band at 28700 cm™' was assigned in the
literature to u-(17%:17*)peroxo dicopper(Il) ([Cu,(0,)]**),** %
while the band at 22 500 cm™ was attributed to a mono-(u-
oxo)dicopper(IT) complex ([Cu,(u-0)]1**)>" 10% or bis(u-oxo)
dicopper ([Cu,(u-0),]*").""* The precise specification of the
structure of the dimeric Cu species on a molecular level is the
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Figure 2. UV—vis—NIR spectra of the Al-rich Cu-*BEA zeolite
activated in an air flow at 500 °C and after interaction with CH, at 250—
500 °C. The dimeric copper species [Cu,-(u-O),]™" already interact
completely with CH, at 250 °C, while reduction of isolated Cu** ions
proceeds up to 500 °C.
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subject of unceasing discussions, but no

agreement has been reached. Determination of the exact
structure of the dimer Cu cores representing a small part in
the heterogeneous Cu system is not experimentally achievable;
therefore, we performed calculations showing possible stable Cu
structures in an Al-rich *BEA zeolite (see Section 3.4). The
addition of methane at 250 °C resulted in the disappearance of
the bands at 22 500 and 28 700 cm™ and in a decrease in the
intensity of the bands at 13 400, 40 200, and 47 300 cm™". The
disappearance of the bands at 22 500 and 28 700 cm™" and the
decrease in the spectral intensity at 13400 cm™" indicate the
reaction of dimeric Cu sites with methane and the reduction of
participating divalent Cu** ions. The formed Cu" ions have a
fully occupied d shell (3d"°) and do not provide any d—d
transitions. These findings are in agreement with the observation
of high reactivity of Cu cores in Cu-ZSM-5,' %> Cu-MOR,' >
and Cu-SSZ-13." The exposure of the Cu-*BEA catalyst to
methane at higher temperatures resulted in a progressive
decrease in the intensity of the bands at 13400 cm™ and at
40200 and 47300 cm™}, indicating the reduction of isolated
Cu’" ions present in the cationic sites of the zeolite. While the
different spectra clearly indicate a completed reaction of all of
the oxygen-bearing Cu dimers with a methane molecule already
at 250 °C, isolated Cu?" ions at the cationic positions of the
zeolite may react with methane at 300—500 °C, while some of
these ions do not interact with methane even at 500 °C. Isolated
Cu’" ions are located in the plane or slightly above the plane of
the framework oxygens in six-membered rings®****’ with
geometry and redox properties affected by the presence of one
or two Al atoms in the close vicinity®*~® in dehydrated zeolites.
Our previous study on an Al-rich Cu-*BEA catalyst’” indicated
the presence of two groups of isolated Cu** cations: (i) strongly
stabilized bare Cu®" coordinated only to framework oxygens
bound in the cationic sites and balanced mostly by the charge of
two Al atoms in the framework in Al—O—(Si—0),—Al
sequences and (ii) Cu’* ions capable of fast conversion between
Cu’* and Cu’, compensated by the charge from one aluminum
atom from the Al-O—(Si—O)—Al sequence crossing the wall
between two neighboring 12-ring channels. The later Cu** ions,
partially charge-balanced by the framework and another ligand,

3988

such as the OH group, can provide higher redox activity
compared to bare Cu®* cations.””’® The results of UV—vis
analysis clearly show the heterogeneity of the Cu species and
their different redox behaviors. The most active Cu sites bearing
an active oxygen are represented by dimeric Cu clusters followed
by reducible isolated Cu*" ions partially charge-compensated by
the negative charge of the zeolite framework. Part of the Cu®*
ions remain highly stabilized in the cationic sites and do not
react with methane even at 500 °C.

Figure 3 depicts the UV—vis—NIR spectra of the Al-rich Fe-
*BEA zeolite after activation in air at 500 °C and after
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Figure 3. UV—vis—NIR spectra of the Al-rich Fe-*BEA zeolite
activated in an air flow at 500 °C and after interaction with CH, at 250—
500 °C. The dimeric and oligomeric Fe,O, species interact with CH, at
much lower temperatures compared to isolated Feg;, and Fe3; ions.

subsequent interaction with methane at 250—500 °C. The
spectrum of the activated Fe zeolite is characterized by wide
absorption bands ranging from near infra-red (NIR) to UV,
showing the heterogeneity of the Fe** species, as also indicated
by the H,-TPR results; this is typical of zeolites with higher iron
loading.”””" The very low intensity of the absorption edge at
18000 cm™" corresponding to Fe oxides’””* and very high
intensity of the bands in the UV region characteristic of charge-
transfer transitions (O — Fe®") in oligonuclear and isolated Fe**
species”"”’*”* indicate the presence of a large amount of well-
dispersed Fe without any significant presence of iron oxides. The
absorption bands from 20 000 to 33 000 cm ™" can be assigned to
various Fe,O, oligomers with a frequency reflecting their local
coordination” and nuclearity.”"”*”> An increasing number of
Fe—O bonds with increasing nuclearity in the Fe**-oxo
oligomers can result in a shift in the energy of the CT transition
to lower values.”> The absorptions at about 28 000—33 000
cm™ were assigned in the literature to dinuclear Fe’*-oxo
complexes; however, the absorptions at 20 000 to 33 000 cm™
can also reflect other defined polynuclear Fe**-oxo complexes,
where the lower-energy bands at about <25 000 cm™! indicate
the presence of larger Fe**-oxo oligomers.”””"">’*7 The
isolated iron ions are manifested in the absorption bands at
37000 and 47 800 cm™!, characteristic of the octahedral and
tetrahedral coordination of Fe**-oxo, respectively.”””*”°

The characteristic absorption peak of dimeric/oligomeric Fe-
oxo species at 28 000—33 000 cm ™' decreased in intensity after
the catalyst was exposed to methane at 250 °C, indicating
reduction of the Fe®* ions and interaction of the oxygen in the
dimeric/oligomeric species with methane. When the temper-
ature was increased to 400 °C, a further decrease in the intensity
of the band of the dimeric/oligomeric Fe-oxo species at 28 000—
33000 cm ™" and a concomitant decrease in the intensity of the
absorption at 37 000 cm ™" of isolated octahedral Fe**-oxo were
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Figure 4. Mossbauer spectra of the Al-rich Fe-*BEA zeolite activated in (a) air at S00 °C followed by interaction with methane at (b) 250 and (c) 400

°C; Fe®* components are in gray, and Fe?* components are in red.

observed. When the temperature was raised to 500 °C, the
absorption band at 47 800 cm™, characteristic of tetrahedral
coordination of Fe**-oxo, also began to decrease in intensity.
The observed spectral changes in the Fe®* moieties after
interaction with methane at the different temperatures show that
the nuclearity and coordination of Fe®* ions in the zeolite
channels dramatically affect their redox behavior. Dinuclear/
oligonuclear Fe**-oxo complexes are the most active sites with
the ability to react with methane at temperatures as low as 250
°C.In contrast, the isolated octahedral Fe**-oxo partially charge-
balanced by the charge of the zeolite framework are much less
reactive, interacting with methane at temperatures of about 400
°C. The tetrahedral coordination of isolated Fe**-oxo ions to the
zeolite framework greatly stabilizes their redox state and allows
the reaction at a temperature of about 500 °C. This is consistent
with the results of H,-TPR analysis, which showed both easily
reducible Fe** bearing an oxygen ligand with the ability to also
react with hydrogen at low temperatures and difficult-to-reduce
Fe**-oxo species.

3.3. Méssbauer Analysis of the Reactivity of Fe Sites
with Methane. Mossbauer spectroscopy was used as a
complementary technique for analysis of the valence state and
structure of Fe species in the Al-rich Fe-*BEA zeolite and
changes in the oxidation state and coordination of the Fe species
after their interaction with methane at 250 and 400 °C. The
Mossbauer spectra are depicted in Figure 4, and the isomer shift
(IS) and quadrupole splitting (QS) parameters reflecting the
oxidation state and coordination are presented in Table 3. The
components characterized by IS values from 0.1 to 0.6 mm-s™"
were assigned to Fe®" ions and components with IS values higher
than 0.7 mm-s™" were ascribed to Fe** ions in accordance with
the previously reported data on Fe zeolites.”””’~*> The best
fitting parameters were obtained when the spectrum of the
oxidized Al-rich Fe-*BEA zeolite was deconvoluted using four
components A—D, describing Fe** with different coordinations.
Component A is characterized by IS 0.32—0.36 mm-s~", which is
between typical IS values for tetrahedral (IS < 0.3 mm-s™") and
for octahedral or five-coordinated Fe** ions (IS > 0.3),”” and by
QS ~ 1 mm-s~', which indicates symmetry distortion in the
ligand field of the Fe** ion. Dubkov et al.”” assigned components
with IS ~ 0.4 and QS ~ 0.8—1 mm-s™" to dinuclear Fe’* species
formed after oxidative treatment of Fe-ZSM-5 zeolites. The IS
and QS parameters similar to those of com}gonent A were found
for u-hydroxo di-bridged Fe’* species.”® The predominant

3989

Table 3. Analysis of Fe Species in Al-Rich Fe-*BEA by
Mossbauer Spectroscopy. Isomer Shift (IS), Quadrupole
Splitting (QS), and Spectral Contribution after Oxidation
with O2 and Interaction with Methane at Different
Temperatures

IS S
(mm-s™')  (mm-s!)  rel. (%)
treatment component Fe species
air at 500 °C A 0.34 0.97 62 Fe** Td/
Oh
B 0.12 1.80 6 Fe** Td
C 0.55 2.05 6 Fe** Oh
D 0.33 1.89 26  Fe¥* Oh
+ CH, at A 0.36 1.01 S4  Fe*Td/
250 °C Oh
B 0.12 1.67 7 Fe** Td
C 0.56 2.16 6 Fe** Oh
D 0.35 1.81 26 Fe** Oh
E 0.81 235 7 Fe** Oh
+ CH, at A 0.32 0.96 40 Fe**Td/
400 °C Oh
B 0.12 1.77 14 Fe** Td
C 0.56 2.13 10 Fe** Oh
D 0.37 1.71 21 Fe** Oh
E 0.93 1.99 15 Fe?* Oh

presence of component A (62%) in the spectrum of the Al-rich
Fe-*BEA zeolite is consistent with the observation of the
formation of Fe dimers in Fe zeolites of various structures with
higher Fe loadings®”~*” and easy formation of the binuclear Fe
clusters previously described in Si-rich Fe-*BEA zeolites.”
However, it should be noted that this component may include a
number of similar Fe3* species, depending on the position and
spatial arrangement in the zeolite channel and the particular
arrangement of O and OH ligands, as the theoretical calculations
(see Section 3.4) and the broad adsorption bands in the UV—vis
spectra (Figure 3) suggest the possibility of the formation of a
wide variety of local configurations for the dimeric Fe** ions.
The IS and QS parameters of component B are consistent with
those of the tetrahedrally coordinated Fe3* ion, also observed as
minor fractions in UV—vis spectra as the absorption band at
47800 cm™'. Components C and D can be assigned to
extraframework Fe* species with octahedral oxygen ligancy and
a low symmetry. The presence of these octahedral coordinated
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Figure S. Possible structures of Cu and Cu-oxo species located in accessible 12-ring channels and charge-compensated by a typical Al(T4)—Si—Si—
Si—AI(TS) sequence in the Al-rich *BEA. The optimized structures after the DFT molecular dynamics simulations for (a) Cu, model of (u-
oxo)dicopper ([Cu,(u-0)1**), (b) Cug model of bis(u-oxo)dicopper ([Cu,(u-0),]*), and (c) Cuc model of Cu ions coordinated exclusively to the
framework oxygens. The distances are in A. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow, and copper atoms in green. The

spin state is denoted S.

Fe** ions is reflected in an intense absorption band at about
37000 cm ™" in the UV—vis spectra.

A new component E with IS 0.81 characteristic of Fe?" ions
appeared in the Mossbauer spectra after interaction with
methane at 250 °C. A simultaneous decrease in the relative
proportion of component A indicates that interaction with
methane led to the partial reduction of Fe*" in dimeric species to
Fe®* and that an active oxygen ligand reacted with the methane
molecule. No changes were observed in the intensity of the B—D
components representing other forms of Fe** at 250 °C within
the accuracy of the method. An increase in the temperature to
400 °C resulted in an increase in the intensity of component E to
15%, a significant decrease in component A, and a decrease in
component D. The observed changes in the spectrum are
consistent with the continued reaction of methane with oxygen
ligands/bridges in Fe®* dimers and a new interaction of
octahedrally coordinated Fe®* resulting in their reduction to
Fe®*. Minor differences in the IS and QS parameters of the E
component resulting from the reaction at 250 and 400 °C
indicate the formation of Fe?" ions with some differences in their
local arrangement due to the differences in the local arrange-
ment of the original Fe®" sites. A slight increase in the intensity of
components B and C after the interaction with methane at 400
°C could be explained by changes in the coordination of one of
the Fe’" in the dimer after interaction with methane.
Analogously, Kim et al.”® showed by in situ spectroscopic
analysis that some of the Fe—O—Fe species in Fe-*BEA
underwent a reversible structural transformation of dimeric and
isolated Fe*" upon heating and interaction with a reducing agent
under SCR conditions. The results of the Mossbauer analyses
complement and support the results of the UV—vis analysis and
together show that some of the hydroxo/oxo-di/bridged Fe®*
and Fe** Oh ions are capable of redox interaction with a
methane molecule at ~250 and ~400 °C, respectively, while
isolated Fe** Td do not undergo redox changes.

3.4. Computational Models of the Structure of
Dinuclear Cu and Fe Sites. The great complexity and
versatility of Cu and Fe structures lead to uncertainties on the
nuclearity and structure of the active core even in the case of
methane monooxygenase.gl_93 An unambiguous structural
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characterization of the dimeric Cu and Fe species is even
more difficult to achieve for Fe/Cu-zeolitic catalysts due to the
heterogeneity of the sites with different nuclearities and
versatilities in the redox state under the different conditions.
Experimental spectral methods that could accurately describe
the structure are not applicable in the presence of several similar
Fe or Cu moieties in unspecified proportions. Therefore, we
used periodic DFT calculations with extensive MD simulations
that can indicate the possible structure of dimeric species
accommodated in the Al-rich *BEA zeolite. Calculated dimeric
species were coordinated to the framework rings with the known
Al distribution in the Al-rich *BEA zeolite sample determined in
our previous study,” which indicated the predominant
occurrence of close unpaired Al atoms (66%) linked with an
Al-Si—Si—Si—Al sequence.”* The Al—Si—Si—Si—Al sequence
located on a wall of the 12-ring channel was chosen to
accommodate a dimeric site accessible for reactants. The
calculated structures of possible dimeric metal-oxo species were
modeled on the basis of previous studies of related Fe- and Cu-
zeolite systems. The activation of molecular oxygen over Cu
zeolites was attributed in the literature to the dinuclear mono(u-
oxo)dicopper core ([Cuy-(u-0)1**)*=""="° and the bis(u-
oxo)dicopper core ([Cu,-(u-0),]**).">"*7'° These models
were employed for the calculation. The calculations of the
mono(u-oxo)dicopper (Cu, model, Figure Sa) and bis(u-
oxo)dicopper (Cug model, Figure Sb) species indicated the
distance between the two Cu atoms to be 3.401 and 2.966 A,
respectively. The ground states were computed to be S = 2/2
and 4/2, respectively, and the Cu oxidation states were 2 and 3,
respectively. Similarly, as for the bis(u-oxo)diiron structure,
there is no “a oxygen-like” atom in the structure. The bridging
oxygen atoms could be responsible for the oxidative properties
of the system. All our attempts to optimize the structure of the
(u-peroxo)dicopper species analogous to complex 6 in ref6S
failed. The optimizations yielded structures identical to those of
the Cug model. Therefore, we assumed that the (u-peroxo)-
dicopper structure does not correspond to a minimum on the
potential energy surface. This result is consistent with the fact
that complex 6 in ref65 is not thermally stable.
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Figure 6. Possible structures of Fe-oxo species located in accessible 12-ring channels. The optimized structures after the DFT molecular dynamics
simulations for (a) Fe, model charge-compensated by an Al(T3)—Si—Si—Al(T3) sequence and Al(T2), (b) Fey model balanced by an Al(T3)—Si—
Si—AI(T3) sequence and Al(T4), (c) Fec model, (d) Fep, model, and (e) Feg model, with all of the three models (c—e) charge-compensated by
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The spin state is denoted S.

Our calculations of the relative stabilities (Table S1) show
that the mono(u-oxo)dicopper site (the Cu, model) is more
stable by 29 kcal/mol than the bis(y-oxo)dicopper cluster (the
Cug model) in the Al-rich *BEA zeolite similarly as in the ZSM-
S zeolite, while the opposite is found for mordenite.”*”> Both
the mono(u-oxo)dicopper and the bis(u-oxo)dicopper clusters
are more stable than the unoxidized Cu(I) cations (the Cuc
model) by 41 and 12 kcal/mol, respectively, indicating the
tendency of Cu(I) cations exchanged in the Al-rich *BEA zeolite
to form oxidized bridges.

As the partial oxidation of methane over Fe-exchanged
zeolites was associated with various di-iron core structures,”' %!
five models for the dinuclear iron cations with u-oxo and p-
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peroxo ligands were calculated. The Fe, model (Figure 6a)
yielded a structure in which the Fel atom features two oxygen
atoms forming double bonds to Fel (the calculated bond
lengths are 1.603 and 1.609 A). These two O atoms resemble the
a oxygen atom,””**?**7 and it is probable that they could be
responsible for the oxidative properties of the system. The
distance between the two Fe atoms is 3.494 A and therefore they
are connected by a i-oxo bridge. The ground state is calculated
to correspond to S = 7/2. The formal oxidation states of Fel and
Fe2 are 6 and 3, respectively. Therefore, the Fel atom
corresponds to the Fe atom of ferrate(VI) (Fe''0,>7).”®

The computational results regarding the Fey model (Figure
6b) indicate a structure in which the Fel atom possesses one
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oxygen atom forming double bonds to Fel (the calculated bond
length is 1.634 A). In addition, this O atom resembles the a
oxygen atom””**’*”” and could be linked to the oxidative
properties of the system. The Fel and Fe2 atoms are connected
by a pi-peroxo bridge due to a larger distance between the two Fe
atoms (4.481 A). The ground state is computed to be related to
S =9/2. The formal oxidation states of Fel and Fe2 are 4 and 3,
respectively.

Comparison of [Fe(VI)(=0),0Fe(III)]** (the Fe, model)
and [Fe(IV)(=0)O—0Fe(III) ]** (the Feg model) reveals that
the former is slightly more stable by 4 kcal/mol that the latter.
However, it should be noted that the Al distribution and the Al
siting, and not solely thermodynamics, determine which
structure is formed. The [Fe(VI)(=0),0Fe(III)]** structure
cannot be formed when the AI(T3)—Si—Si—Al(T3) sequence
and the Al(T4) atom compensate the [Fe,0;]** species due to a
larger distance between the two Fe atoms (4.481 vs 3.494 A;
Figure 6).

By employing DFT calculations, Li et al. found that two close
[FeO]" species readily form one bis(u-oxo)diiron structure in
ZSM-5." This structure was calculated employing the Fec
model (Figure 6c). The two Fe atoms are calculated to be
2.634 A from each other. The formal oxidation state of the two
Fe atoms is 3. The spin state S = 8/2 was calculated to be the
ground state and is more stable by 7.0 kcal-mol™" than the state
with S = 10/2. Therefore, the bis(u-oxo)diiron structure in the
studied *BEA zeolite was calculated to be an intermediate-spin
species. There is no @ oxygen like O atom in the structure and
therefore the bridging O atoms could be responsible for the
oxidative properties of the system.

The (u-oxo)(u-peroxo)diiron structure (Fep, model; Figure
6d) was calculated to be the precursor of the (u-oxo)diiron (Fey
model; Figure 6e) species featuring two oxygen atoms forming
double bonds to the two Fe atoms (the calculated bond lengths
are 1.633 and 1.630 A). These two O atoms resemble the a
oxygen atom,””**°*?” and they could be responsible for the
oxidative properties of the system. The distances between the
two Fe atoms were calculated to be equal to 3.234 and 3.432 A
for the Fep and Fep models, respectively. The calculations
indicated that the ground state is connected with S = 8/2 for
both the models. The formal oxidation state of the two Fe atoms
is 4. These computational results indicate that these copper-oxo
and iron-oxo species could exist in the investigated *BEA zeolite
and lead to indications of their reactivity. The calculations of the
relative stabilities (Table S1) also reveal that [Fe(IV)(=
0)O(=0)Fe(IV)]** (the Fey model) is more stable than
[Fe(IV)(O)O—OFe(IV)]** (the Fep model) and [Fe(III)-
O,Fe(11)]** (the Fec model) by 4 and 13 kcal/mol,
respectively.

The mono(u-oxo)dicopper and bis(u-oxo)dicopper struc-
tures considered in this study were extensively investigated as
species able to catalyze the oxidation of methane to methanol.
Palagin et al.”* studied [CuOCu]*" and [Cu,0,]** (x =2, 3, 4,
and 5) in mordenite and showed that [CuO,Cul]*" was
calculated to be more stable in mordenite than [CuOCu]*,
while the opposite is found for ZSM-5"° and the Al-rich *BEA
zeolite of this study (Table S1). Moreover, the *BEA zeolite
lacks 8-rings; therefore, [Cu;05]*" species formed in 8-rings of
mordenite are not likely to be created in the *BEA zeolite.
Kulkarni et al.'”’ compared the ability of various [M—0]'"**,
[M_OH] 1+,2+’ [M_O_M]B) [M(ﬂO)ZM]ZJrf [MS(/"O)S]2+7
and [CugO,]** motifs (transition-metal cations: Fe, Co, Ni,
and Cu; zeolite topologies: AEI, AFX, CHA, MAZ, MOR, MFI,
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TON, FAU as well as binding sites in 6-, 8-, 10-, and 12-rings) to
activate the C—H bond in the selective oxidation of methane to
methanol. Arvidsson et al.'’' studied the direct conversion of
methane into methanol over the [M—O—M]** (M = Cu, Nj, Co,
Fe, Ag, and Au) motif in the ZSM-$ structure and showed that
the motif is a relevant candidate for the active site in ZSM-$
especially for Cu (the activity of[M—O—M]*" is calculated to be
in the order of Cu > Ni > Co > Fe) cations, while Ag and Au are
rather inactive. Sushkevich et al.'”” investigated the direct
functionalization of methane to yield methanol over Cu-
exchanged mordenite. They employed DFT calculations to
show that the conversion of methane into methanol can be
catalyzed by the [Cu—O—Cu]*" species in the 8-ring of
mordenite.

Various iron-oxo species were considered to be responsible
for the catalytic activity of iron-exchanged zeolites in the
selective oxidation of methane by H,0,'%*7'%¢ and
N,0.>10779619771%% Hammond et al.'”*~'* employed cop-
per-promoted Fe-ZSM-5 to convert methane into methanol.
They found that the Fe,[(u,-OH),(OH),(H,0),]*" structure
was the closest match between their EXAFS experiment and
theoretical modeling. The authors concluded that this species
corresponds to the resting state of the active site in ZSM-S. This
structure is the protonated and hydrated analogue of the bis(u-
oxo)diiron species (Fec model). Pannov et al.” proposed the a
oxygen created from N,O, whose structure was determined by
Snyder et al.'” to selectively oxidize methane to methanol. The
Fe,, Feg, and Feg models (Figure 6a,b,e, respectively) possess
oxygen atoms, which resemble the @ oxygen atom, forming
double bonds to Fe. However, the structure and relative stability
of the investigated [ Cu,0,]*" and [Fe,0,]*"** species in zeolites
depend on the topology of the zeolite, the Al distribution, and Al
siting in the framework of that zeolite forming various Al—Si,—
Al sequences balancing the positive charge of the [M,O,]™
species. Moreover, various computational methods (i.e., cluster
model vs periodic DFT, various DFT functionals) were
employed to study the [M,O,]"" species. These variabilities in
terms of the zeolite topology, the Al siting, and the Al
distribution and the computational method used make
comparison of the results of these studies very difficult.

3.5. Structure and Nature of Cu and Fe Sites. 3.5.1. Cu
Species in Al-Rich Cu-*BEA. The UV—vis spectra of the air-
activated Al-rich Cu-*BEA (Figure 2) were consistent with the
prevailing presence of various isolated Cu’** ions and a small
number of dimeric Cu core species. The observed changes after
exposure to methane at various temperatures confirmed the high
reactivity of the dinuclear Cu®* species and showed different
redox behavior of the isolated Cu*" ions depending on the local
environment influenced by the charge of the zeolite framework.
Bare Cu’' ions coordinated exclusively to framework oxygens
and balanced mostly by the charge from two Al atoms in the
framework are highly stabilized and do not interact with
methane molecules even at 500 °C. On the other hand, isolated
Cu’" ions partially charge-balanced by the charge from one
aluminum atom are less stabilized and can be reduced in a
methane atmosphere at intermediate temperatures of ~400 °C.
Dimeric Cu clusters with an active oxygen exhibited redox
behavior, enabling a redox reaction with methane at much lower
temperatures of ~250 °C. The UV—vis absorption bands at
22500 and 28 700 cm™' are consistent with the presence of
some (y-oxo)dicopper (Cu, model, Figure Sa) or bis(u-
oxo)dicopper (Cuy model, Figure 5b), and the theoretical
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Figure 7. Oxidation of methane over Cu-, Fe-, and Pt-*BEA catalysts. (a) Conversion of methane into CO, and Arrhenius plots for (b) Cu and (c) Fe

zeolites.

calculations confirmed that these species with active bridging O
atoms could be formed in the Al-rich *BEA zeolite.

3.5.2. Fe Species in Al-Rich Fe-*BEA. The presence of
intensive characteristic spectral bands of isolated Fe**-oxo in
octahedral and tetrahedral coordinations, dimeric and oligo-
meric Fe-oxo moieties, and a very small intensity for bulk oxides
in the complementary UV—vis (Figure 2) and Maossbauer
(Figure 4) spectra indicated the heterogeneity of the Fe species
in the Alrich Fe-*BEA. The TPR-H, measurements and
analysis of the absorption bands characteristic of isolated Fe*'-
oxo and dimeric/oligomeric Fe-oxo species after interaction
with methane at various temperatures of 250—500 °C clearly
showed that the redox properties are controlled by the structure,
nuclearity, and coordination of the Fe** species in the zeolite.
The tetrahedral coordination of isolated Fe**-oxo species to the
oxygens in the zeolite framework stabilizes their redox state in a
methane atmosphere even at high temperatures. Consequently,
the tetrahedrally coordinated isolated Fe**-oxo species can
hardly participate in a redox process with methane at <500 °C.
Isolated octahedral Fe*"-oxo species undergo redox trans-
formation with methane with the participation of its oxygen
ligand at ~400 °C and could be involved in a redox catalytic
reaction at intermediate temperatures. The reduction of the Fe**
ions and interaction of the oxygen in the dimeric/oligomeric
species with methane already occur at 250 °C. Theoretical
calculations and the broad spectral features indicate the possible
presence of a variety of p-oxo, bis(u-oxo), and (u-oxo)(u-
peroxo)diiron species (Figure 6). The DFT model structures
indicate the presence of oxygen-resembling “a-oxygen”-like
atoms in the structures as well as reactive bridging O atoms
potentially responsible for the oxidative properties of the system.

3.6. Activity of Cu- and Fe-*BEA Zeolites in Oxidation
of Hydrocarbons. 3.6.1. Oxidation of Methane by Molecular
Oxygen. Conversion of methane into CO, in excess oxygen as a
function of temperature over the Cu-, Fe-, and Pt -*BEA
catalysts is shown in Figure 7a. The oxidation was selective for
CO,, whereas CH;OH and CO were not detected in the
products. The catalysts exhibited low conversions (<1%) at very
low temperatures of ~200 °C; however, higher temperatures
were needed for greater conversions (e.g., conversions of 43, 22,
and 12% were observed at 400 °C for Al-rich Cu-, Pt-, and Fe-
*BEA, respectively). A low reaction rate at temperatures of
about 200—250 °C was also reported for the selective formation
of methanol in a pseudocatalytic cyclic process in oxidation of a
methane molecule by the activated oxygen bound in Cu active
sites.” The significantly higher conversions obtained on Al-rich
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compared to those on Si-rich catalysts are consistent with the
presence of a very large amount of the Cu- and Fe-ion species
with versatile redox behavior, as observed in the UV—vis
(Figures 2 and 3) and Mossbauer (Figure 4 and Table 3) spectra
and TPR profiles (Figure 1) and shown in previous
studies.”>**"' A very important finding is that Cu species in
Al-rich *BEA zeolites can provide higher activity than the Pt-
based catalyst.

The Arrhenius plots of methane oxidation over the Cu- and
Fe-*BEA catalysts (Figure 7b,c) clearly showed two linear
dependences with different slopes in the low- and high-
temperature regions. The activation energies ranged from ca.
50 to 60 k] mol ™" at 225—325 °C and from 80 to 90 kJ mol ™" at
350—450 °C. The activation energies correspond to a reaction
step involving breaking of the strong C—H bond in the methane
molecule, which is the rate-determining step.''” Subsequent
reactions of the activated molecule have much lower energy
barriers and inexorably lead to the formation of H,0 and CO,
from a desorbed partially oxidized intermediate in the presence
of molecular oxygen. Two different activation energies for the
low and high temperature can be attributed to the participation
of different structures of the active sites in breaking the C—H
bond. A stronger hydrogen affinity and lower activation barriers
of C—H activation were reported for various dimeric Cu active
sites compared to isolated Cu. The energy barriers for methane
activation over the [Cu—O—Cu]** entities in ZSM-5 (65 kJ
mol™)"" and MOR (46 kJ and 61 kJ mol™")*” zeolites were
obtained experimentally. However, the theoretical studies using
density functional theory (DFT) calculations indicated that the
various locations, coordinations, and hydroxylations of the
[Cu—O—Cu]*" entities in the zeolitic channels could slightly
alter the activation energy associated with methane oxidation.""
The UV—vis spectra of the Al-rich Cu-*BEA zeolite (Figure 2)
showed high reactivity of the dinuclear [Cu,(u-O),]** toward
the interaction with a methane molecule. The low-temperature
kinetic region is thus clearly associated with the oxidation of
methane over the dinuclear Cu sites. This is also consistent with
the similar observed activation energy for oxidation of CH, to
CO, and the published activation energy for activation of the
C—H bond over the dinuclear Cusites.' "> The activation of the
methane molecule proceeds via C—H bond cleavage and the
subsequent rebound reaction mechanism, resulting in methanol
and a reduced Cu cluster.” The reaction of the formed methanol
with an oxygen atom from the reoxidated site or a nearby active
center in the Al-rich Cu-*BEA leads to complete oxidation to
CO, in excess oxygen even at low temperatures. The lower
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Table 4. Complete Oxidation of Methane. Comparison of the Activities of Al-Rich Cu-*BEA and Reported Metal/Metal/Oxo

Catalysts
catalyst Ty, (°C) Ts, (°C) Too (°C) GHSV (h™) methane inlet (ppm) ref
Al-rich Cu-*BEA 340 407 455 20000 1000 this study
Supported and Oxidelike Cu Catalysts
Cu—Mg—Al-oxide 442 527 568 VHSV 20 000 1 vol % 114
CuO/CeO, 388 483 583 27000 1 vol % 113
CuO/Cr,0, 400 52§ 630 14000 mL/g h 1% 115
CuO/ZrO, 410 490 568 30000 1.4% 116
CuO/MgALO, 455 525 615 15000—-25 000 1 vol % 117
Cu—Ce—Mg—Al-oxide 376 442 520 16 000 1 vol %
Cu(5%)Zn—Al-oxide 462 536 624 20000 1 vol % 123
LaSrCuO, 660 50000 mL/g h 2% 120
Supported and Oxidelike Ce, Co, Fe, and Mn Catalysts
3%CeqsTbo s0,/MgO 486 586 696 32000 mL/g h 2.5% 121
meso-Co;0,/10%La-CeO, 325 420 460 WHSV 180 000 1000 122
Ce(11%) Mg—Al-oxide 450 561 637 VHSV 16 000 1 vol % 123
LaSrCuO, 660 50000 mL/g h 2% 120
LagStoMnO; 370 482 705 50000 2 vol % 124
Lag,¢Sto,MnO; 437 566 661 30000 2% 125
Ca(MngTig4)O5 467 585 664 30000 mL/g h 3% 126
meso-LaCoO3 330 475 580 60 000 0.8% 127
LaFeAl,,0,, 450 555 640 48000 1 vol % 128
La, Sro;NiAIOg 379 501 603 48000 2 vol % 129
LaSrCuO, 660 50000 mL/g h 2% 120
3DOM-m La,,Ce(;Co0O; 479 5SS 30000 mL/g h 2 vol % 130
NiO/LaNiO, 35S 480 565 6000 mL/g h 6.7 vol % 131
10Co/ZrO, 475 520 40 000 1 vol % 132
7Fe,05/Cey1C00401 1 390 490 560 32000 2.5% 133
15Mn/AL, O, 453 467 510 40000 mL/g h 20% 134
Pd, Pt, and Au Catalysts
0.1 Pd/H-*BEA Si/Al, 738 287 359 402 335000 2000 135
1 Pd/Na-MOR 338 378 70 000 1 vol % 136
1 Pd/SSZ-13 Si/Al 52 230 311 378 13 600 0.0S vol % 137
0.1 Pd/H-ZSM-5 Si/Al,=1100 297 377 407 335000 2000 135
1 Pd/ZSM-5 277 335 374 36 000 2000 138
2 Pd/AL O, 270 325 370 15000 1 vol % 139
2 Pd/TiO,-Al, 0,4 300 352 395 33000 mL/h g 1% 140
1Pt/Cr,0, 320 350 39§ 30000 mL/h g 0.2 vol % 141
2Au-2Pt/Co;0, 295 332 10 000 1 vol % 142
Au/Co;0, 270 364 450 WHSV 60 000 0.3 vol % 143
activation energy and the interaction of methane with the spectra, along with the performed calculations, suggest that the
dimeric p-oxo Cu sites in the low-temperature region and the most reactive oxygen species may be formed on the iron dimers/
higher activation energy and the interaction of methane with oligomers. Unlike the atomic oxygen that is formed from N,O,
isolated divalent copper cations in the cationic zeolite positions these activated oxygen atoms are capable of the activation and
in the high-temperature region are consistent with low- and complete oxidation of methane at much higher temperatures.
high-temperature mechanisms over dimeric Cu** and isolated Conventional methane oxidation catalysts are based on mixed
Cu®", respectively. The higher pre-exponential factors obtained oxides or on precious metals, in particular palladium. Table 4
from the Arrhenius plots for the Al-rich Cu-*BEA compared to compares the activities of the most active Al-rich Cu-*BEA with
those of the Si-rich Cu-*BEA sample are consistent with higher supported and oxidelike Cu catalysts, Ce-, Co-, Fe-, and Mn-
concentrations of the active sites. based catalysts of various structures and compositions, and
The activity of Al-rich Fe-*BEA was significantly lower supported Pd catalysts found in the literature. The Ty, value for
compared to that of the Al-rich Cu-*BEA. It was well the Al-rich Cu-*BEA is 407 °C, while for the supported and
documented in the literature that well-dispersed Fe** ions in mixed Cu-oxo catalyst, it is typically in the 450—550 °C'"*~"*°
Fe-ZSM-5""" and Fe-CHA''? can form after interaction with range. The supported and mixed Cu-oxo catalysts generally
N,O an active oxygen capable of oxidizing methane at ambient exhibit lower activity than the Al-rich Cu-*BEA. For
temperatures. The interaction of N,O and Fe®* ions mostly comparison, the data reported for Ce, Co, Fe, and Mn catalysts
compensated by the charge from framework Al pairs''* yields a- optimized and designed for total oxidation of methane are also
O atomic oxygen, which is capable of breaking a strong C—H included (Table 4). The coordination and the arrangement of
bond at close to room temperature. For the molecular oxygen the Cu ions in the Al-rich *BEA zeolites provide significantly
used as an oxidant in this study, both the UV—vis and Mssbauer higher activity compared to most conventional supported or
3994 https://dx.doi.org/10.1021/acscatal.9b05431
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Figure 8. Oxidation of (a) toluene and (b) ethanol over Cu-, Fe-, and Pt-*BEA catalysts as a function of temperature.

Table S. Complete Oxidation of Toluene. Comparison of the Activities of Al-Rich Cu- and Fe-*BEA and Reported Metal/Metal/

Oxo Catalysts

catalyst Ty, (°C) Tos (°C) GHSV (h7™') toluene inlet (ppm) ref
Al-rich Cu-*BEA 264 325 20 000 200 this study
Al-rich Fe-*BEA 295 376 20 000 200
Supported and Oxidelike Cu and Fe Catalysts
7Fe/SBA-1S 313 404 20000 mL/g h 1000 144
5Cu/Fe,03+Na-X 292 30000 mL/gh 145
Fe/montmorillonite 285 380 36 000 146
9.5Fe,0;/clinoptilolite 333 not reached 15000 1000 147
41.6Fe/pillared montmorillonite 202 375 ~6000 4000 148
9.5CuO/HCLT 330 545 15000 1000 147
20Cu/H (halloysite) 320 385 149
9Cu/SBA-15 312 432 WHSV of 1.2 h~! 150
9Cu/SBA-16 337 442 WHSV of 1.2 h7" 150
Supported and Oxidelike Ce, Co, and Mn Catalysts
LaCoO; 244 395 1700 158
La0.75r0.3C00.8Fe0.20; (+ 5% Co) 203 280 15000 mL/gh 500 159
MnFe,0, 282 60000 mL/g h 1700 160
Co/Mg—Al(hydrotalcite) 320 355 20000 mL/g h 2700 161
MnCuAl hydrotalcite 258 298 75000 mL/g h 800 162
MgAIMnO, 264 340 30000 430 163
CoAl hydrotalcite 271 277 60000 mL/g h 1000 164
Mn;0, 225 265 19100 1000 165
C0;0,MnO, (Mn:Co = 1:2) 225 245 30000 mL/g h 1000 166
20Ce/alumina 265 290 54000 mL/g h 1400 167
9.5MnO,/a-Al,04 213 332 15000 1000 168
Fe-Mn/cordierite 180 400 10 000 1000 169
Pt Catalysts

1Pt/*BEA 186 195 60 000 1000 152
1Pt/KBeta-SDS 142 150 60 000 1000 153
1Pt/KBeta-TEA 157 160 60000 1000 153
0.5Pt/Meso-KZSM-§ 172 175 60 000 1000 154
0.5Pt/KZSM-5-100 (Si/Al 100) 162 169 60 000 1000 155
1Pt/HPMOR 175 200 60 000 1000 156

mixed catalysts.'>'~"** This emphasizes the unique activity of
the Cu sites coordinated in the Al-rich *BEA zeolites. To
confirm the stability of the catalytic activity of the Al-rich Cu-
*BEA zeolite, the conversion and selectivity of methane
oxidation were analyzed as a function of time on stream. The
methane conversion and also the complete selectivity for CO,
were stable at 420 °C in time on stream of 24 h. Comparisons of
the published values of Ty, Tso, and Ty, for precious metal
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catalysts (Table 4),">™'* especially palladium catalysts, and
those obtained for the Al-rich Cu-*BEA zeolite show that a
temperature of about 50 °C higher has to be used when using the
zeolite catalyst to achieve similar conversions

3.6.2. Activity in the Total Oxidation of Toluene and
Ethanol. Toluene and ethanol were used as model compounds
representing aromatic and oxygenated VOCs, respectively.
Figure 8a shows the conversion of toluene into CO, as a
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Table 6. Complete Oxidation of Ethanol. Comparison of the Activities of Al-Rich Cu- and Fe-*BEA and Reported Metal/Metal/

Oxo Catalysts

catalyst Ty (°C) Tos (°C)
Al-rich Fe-*BEA 201 283
Al-rich Cu-*BEA 216 281
0.5Pt/BEA 101 132
0.34Pt/MOR 80 126
MnCu mixed oxide 180 204
CuO-CeO, 210 225
Cu—Mn/AlO4 188 223
LaFey,Niy, 05 247 282
Mn;Oyq 205 238

GHSV (h™!) ethanol inlet (ppm) ref
20 000 250 this study
20 000 250 this study
30000 mL/g h 1000 157
30000 mL/gh 1000 157
20000 rnL/g h 1% 170
50 000 1600 171
20000 800 172
60000 mL/g h 1% 173
53050 930 174

function of the reaction temperature over Al-rich Cu- and Fe-
*BEA catalysts and for comparison over Al-rich Pt-*BEA and Si-
rich Cu- and Fe-*BEA zeolites. The temperatures for 50 and
90% conversions are given in Table 2. With the Al-rich Cu-*BEA
catalyst, the conversion first started to increase at a temperature
of approximately 150 °C and reached complete conversion at
approximately 350 °C. The high activity of Al-rich Cu-*BEA
facilitated a shift in the operational temperature window by ca.
60 °C compared to the Si-rich Cu-*BEA analogue. The reaction
of toluene in an excess of molecular oxygen over the Al-rich Cu-
*BEA zeolite was CO,-selective without observation of any
byproduct within the sensitivity of the measurement (>0.1
ppm). The Al-rich Fe-*BEA zeolite exhibited slightly lower
activity compared to the Cu zeolite, as reflected in the T’ values
0f 295 and 264 °C for the Fe and Cu zeolite, respectively. At low
temperatures, detectable concentrations of benzene (<1 ppm)
were observed in the reaction product over the Fe zeolites. This
indicates that the active oxygen in the Fe sites primarily attacks
the methyl group in the toluene molecule. Other byproducts
were not observed and the reaction was CO,-selective at higher
temperatures of >275 °C. The values of T, and Tog conversion
for Al-rich Cu-*BEA indicate higher catalytic activity compared
to most Fe and Cu oxides supported on silicalike materials
(SBA-1S5, SBA-16) or aluminosilicates (montmorillonite,
clinoptilolite, halloysite) (Table 5)."**~'*° While the Al-rich
Cu-*BEA catalyst was more active than platinum in the
oxidation of methane, the reaction rates for Al-rich Cu-*BEA
in the toluene oxidation were approximately 2 times lower
compared to those for the platinum-based Al-rich Pt-*BEA
catalyst. The different order of the activities is most probably due
to the different mechanisms of the oxidation of toluene
proceeding via a surface dissociative adsorption of oxygen on
Pt as the rate-determining step.'*" In contrast, the C—H bond
activation is a rate-determining step in the methane oxidation
proceeding via a homolytic C—H bond cleavage facilitated by
the interaction with a formally radical-anionic extraframework
oxygen.” Platinum-based catalysts can yield a comparable
conversion to that of a zeolite at a temperature about 100 °C
lower (Table 5).'**7'" Comparisons with selected catalysts
based on various transition metals show that, in particular,
cobalt- and manganese-based catalysts can also provide slightly
higher activity than Al-rich Cu- and Fe-*BEA catalysts (Table
5) 158169

Figure 8b shows the total oxidation of ethanol over the Cu-,
Fe-, and Pt-*BEA samples, and Table 2 summarizes the obtained
results. The dependence of the conversion as a function of
temperature shows that temperatures for the oxidation of
ethanol to CO, are about 200 °C lower than for methane. The
much lower temperatures for total oxidation of ethanol
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compared to those for methane are a result of the lower strength
of the H-C bonds, much higher polarity/basicity, and
adsorption energy of ethanol compared to those of the
tetrahedrally coordinated methane molecule with four equiv-
alent strong C—H bonds. Comparison of the values for T, and
Tog for the Fe- and Cu-*BEA zeolites and a variety of Cu, Mn,
Fe, and Pt catalysts (Table 6) shows that the reactive ethanol
molecule can be oxidized by both activated oxygen at Cu and Fe
sites in the zeolite but even more effectively by an active oxygen
on the metal oxides'’*~""* or dissociated oxygen at platinum.

The result clearly demonstrated that Fe and Cu sites stabilized
in the matrix of *BEA catalysts in an oxygen-containing
atmosphere generate active oxygens capable of total oxidation
of toluene and ethanol as a typical model aromatic and alcohol,
respectively. The advantage of the Al-rich Fe- and Cu-*BEA
catalysts is that the oxidation of intermediate products is
practically barrierless compared to the activation of the original
reactant molecules and therefore CO,-selective. Among
reported catalysts for total oxidation of toluene, the activities
of the Al-rich Fe- and Cu-*BEA are comparable with those of the
most active 7p—t?;pe Mn, Fe, and Cu metal oxides with optimized
structures.>~"” The Al-rich Fe- and Cu-*BEA catalysts are
unique in the oxidation of molecules with strong C—H bonds
such as methane or toluene, while the highly reactive ethanol
molecule can be more readily oxidized on many conventional
oxide catalysts.

4. CONCLUSIONS

This study demonstrated the following characteristic features of
the oxidation of methane, toluene, and ethanol by molecular
oxygen over Cu- and Fe-*BEA zeolite catalysts:

(1) Three groups of Cu sites differing in their local
coordination, nuclearity, and activity in the oxidation
reactions are present in the Al-rich Cu-*BEA zeolite: (i)
Dimeric Cu sites in the form of the (u-oxo)dicopper or
bis(y-oxo)dicopper with active bridging O atoms, which
enable oxidation of methane at low temperatures of ~250
°C, (ii) isolated Cu?* ions partially charge-balanced by the
framework, which catalyze the oxidation of methane at
higher temperatures of >350 °C, and (iii) highly
stabilized bare Cu®* ions coordinated exclusively to
framework oxygens and balanced by the charge of the
framework, which do not contribute to the activity.

The redox properties and activity of Fe species in Al-rich
Fe-*BEA are governed by their structure, nuclearity, and
coordination. Active oxygen atoms in the dimeric/
oligomeric species with a variety of possible f-oxo,
bis(p-0x0), and (p-oxo) (p-peroxo) structures are respon-
sible for the oxidation of methane in the low-temperature

()

https://dx.doi.org/10.1021/acscatal.9b05431
ACS Catal. 2020, 10, 3984—4002


pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.9b05431?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

region. Isolated Fe*'-oxo ions in the octahedral
coordination contribute to the oxidation reactions at
higher temperatures of >350 °C, whereas isolated Fe3*-
oxo tetrahedrally coordinated to the framework oxygen
does not exhibit redox properties in the methane
oxidation.

The Fe and Cu ionic species with a versatile redox state in
the Al-rich *BEA zeolite effectively catalyze the oxidation
of methane, toluene, and ethanol. The oxidation is
nonspecific with a barrierless reaction of intermediate
products and fully CO,-selective in an excess of oxygen.
The coordination and the unique arrangement of the Cu
and Fe ions in the dinuclear sites with the active bridging
oxygen and active isolated sites exhibit higher activity in
the oxidation of hydrocarbon molecules with strong C—H
bonds like methane and toluene compared to those of
supported and mixed metal/metal-oxo catalysts.
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