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Abstract

Transition metal ion (TMI)-exchanged zeolites have shown excellent activity and
selectivity in the oxidation of methane (CH4) to methanol (CH3OH) at room temperature.
Therefore, a detailed understanding of the structure-activity-stability relationship for their use in
the reaction is required. In this thesis, newly developed (reported for the first time) TMI-based
Fe(I1)-, Co(ll)-, Ni(ll)-, and Mn(ll)-ferrierite (FER) along with Fe(ll)-mordenite (MOR) zeolite
catalysts are presented for molecular oxygen (O2) and nitrous oxide (N2O) splitting for the
selective oxidation of CH4 towards CH3OH. In addition, experimental and theoretical methods
were applied to investigate the O» and N2O activation over the presented metallozeolites. This
research has confirmed the formation of highly reactive species called alpha oxygen (a-O) and
their reactivity in CH4 oxidation. The theoretical study of O, activation was also extended to
Fe(ll)-beta (*BEA) and Fe(ll)-Linde Type A (LTA) zeolites.

The first part of this thesis focuses on explaining the methodology, which was based on a
combination of several techniques, such as in-situ Fourier-transform infrared spectroscopy (FTIR),
X-ray absorption near-edge structure, Mossbauer, ultraviolet-visible spectroscopy, mass
spectrometry, FTIR analysis in the gas phase, and density functional theory calculations used to
study the formation, stabilization, evolution, and reactivity of a-O from O> cleavage over Fe-FER,
and following treatment with CHa.

In the study, special attention was dedicated to analyzing the stabilization, siting, and
location of bare divalent cations of Fe, Co, Ni, and Mn in the extra-framework cationic positions
in the FER matrix. In addition, the unique type of active (binuclear) centers was investigated in
the TMI-based FERs, which is the crucial point for subsequent treatment with Oz or N2O and CHa.
Also, the potential of zeolites (MOR, *BEA, and LTA) other than the FER matrix was evaluated
in order to find an arrangement suitable for the formation of an optimal distance between two
divalent metal (M(I1)) ions (binuclear center formation), which could cooperate in O dissociation.
Additionally, the aluminum (Al) distribution was studied in MOR zeolite.

The following sections are devoted to the investigation of the potential for O2 activation
and the following CHjs selective oxidation over Co(ll), Ni(ll), and Mn(ll) in the FER matrix. The
formation of a-O, obtained by N>O decomposition and its activity toward CHs to CH3OH
oxidation, was studied over the binuclear centers of Fe(ll), Co(ll), and Ni(ll)-FERs. Finally, the
influence of zeolite topology on the catalytic performance in catalytic reduction (CRn20) and
selective catalytic reduction (SCRn20) reactions over Fe(ll)-FER and Fe(11)-MOR with similar

Fe(ll) loadings was investigated.



Abstrakt

Zeolity vyménénymi ionty piechodnych kovi (TMI) vykazuji vynikajici aktivitu a
selektivitu pfi selektivni oxidaci metanu (CHas) na metanol (CH3OH) jiz pii pokojové teploté. Pro
jejich pouziti v této reakci je vSak tfeba podrobné prozkoumat vztah mezi strukturou, aktivitou a
stabilitou. V této praci jsou prezentovany (poprvé uvedeny) nové vyvinuté zeolitové katalyzatory
na bazi ptechodovych iont Fe(Il)-, Co(Il)-, Ni(Il)- a Mn(ll)-ferrieritu (FER) a Fe(I1)-mordenitu
(MOR) pro §tépeni molekularniho kysliku (O2) a oxidu dusného (N2O) pro naslednou selektivni
oxidaci CHs na CHsOH. Kromé toho byla za pouziti experimentalnich a teoretickych metod
zkoumana aktivace O2 a N20O na prezentovanych metalozeolitech. Tento vyzkum potvrdil vznik
vysoce reaktivnich forem tzv. alfa kysliku (a-O) a jejich reaktivitu pii oxidaci CHas. Teoretické
studium aktivace Oz bylo rozsifeno 0 zeolity Fe(ll)-beta (*BEA) a Fe(ll)-Linde typ A (LTA).

Prvni ¢ast této prace se zaméfuje na vysvétleni metodiky, ktera zalozené na kombinaci
riznych technik, jako je in-situ infracervena spektroskopie s Fourierovou transformaci (FTIR),
rentgenova absorpéni spektroskopie, Mdossbauerova spektroskopie, ultrafialova a viditelna
spektroskopie, reakéni testy s vyuzitim hmotnostni spektrometriec a FTIR spektroskopie pro
analyzu plynné faze a DFT vypoctl, které se pouzivaji ke studiu vzniku, stabilizace, vyvoje a
reaktivity a-O pii $t€peni Oz na Fe-FER a po jeho interakci s CHa.

Zvlastni pozornost byla v této studii vénovana analyze stabilizace, umisténi a poloze
“holych* (bare) dvojmocnych kationtd Fe(Il), Co(Il), Ni(Il) a Mn(Il) v mimomiiZkovych
kationtovych pozicich v matrici ferrieritu. Dale byl zkouman jedinecny typ aktivnich
(binuklearnich) center ve FER na bazi ionta pfechodnych kovi, ktery je jedinecny pfti reakci s Oz
nebo N20 a CH4. Rovnéz byl vedle FER vyhodnocen potencial dalsich zeolitdt (MOR, *BEA a
LTA) s cilem nalézt uspofddani vhodné pro vytvofeni optimalni vzdalenosti mezi dvéma
dvojmocnymi ionty kovu (M(II)) pro tvorbu binuklearnich center, které by mohly spolupracovat
pii disociaci O2. Kromé toho bylo studovano i rozloZeni hliniku (Al) v mordenitu, jako klic¢ového
parametru pro stabilizaci binuklearniho centra.

Nasledujici ¢asti jsou vénovany zkoumani potencidlu aktivace Oz a néasledné selektivni
oxidaci CHs na Co(II), Ni(II) a Mn(II) v matrici FER. Tvorba a-O ziskaného rozkladem N>O a
jeho aktivita vici oxidaci CHs na CH30OH byla studovana na binuklearnich centrech Fe(ll)-,
Co(I)-, a Ni(1l)-FER. Za t¢elem analyzy vlivu topologie zeolitu na vykon katalyzatoru v reakcich
katalytické redukce a selektivni katalytické redukce oxidid dusiku byly pouZity katalyzitory
Fe(I1)-FER a Fe(11)-MOR s podobnym obsahem Fe(II).
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List of abbreviations and symbols

o alpha

a-0 alpha oxygen

B beta

Y gamma

AlOy4 aluminate tetrahedra

2TAl (3Q) aluminum triple quantum magic angle — spinning nuclear magnetic resonance
MAS-NMR

*BEA beta zeolite

CHA chabazite

CR catalytic reduction

DFT density functional theory
DR diffuse reflection

1D one-dimensional

2D two-dimensional

3D three-dimensional

FER ferrierite

FAU faujasite

FTIR Fourier-transform infrared
IS isomer shift

L ligand

LTA Linde type A zeolite
LTL Linde Type L zeolite
M(11) divalent metal cation
MAZ Mazzite zeolite

M/AI divalent metal-to-aluminum molar ratio
MFI Mobil-type five zeolite
MOR mordenite

MX metal-halogen

m/z mass to charge ratio
4-MR four-membered ring
6-MR six-membered ring
8-MR eight-membered ring

10-MR ten-membered ring



12-MR
pMMO
QS

RT

SCR
Si/Al

29Si MAS-
NMR
SiO4
Si-OH-Al
sMMO
T™MI
TMI/AI
T-O-T
UV-Vis
XANES
XRD
XRF

twelve-membered ring

monooxygenase enzymes contain the copper active site
quadrupole splitting

room temperature

selective catalytic reduction

silicon to aluminum molar ratio

silicon magic angle—spinning nuclear magnetic resonance

silicate tetrahedra

Bronsted acid sites

monooxygenase enzymes contain a di-iron bridged center

transition metal ion

transition metal ion to aluminum molar ratio

skeletal antisymmetric mode in FTIR spectral region (1350 — 850 cm™)
Ultraviolet-visible

X-ray absorption near edge structure

X-ray diffraction

X-ray fluorescence
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I Introduction

1.1 Transition metal ion extra-framework sites in the metallozeolites and
aluminum distribution

Zeolites represent one of the most important groups of heterogeneous industrial catalysts,
being widely applied in hydrocarbon processing (acid — base catalysis), selective hydrocarbon
oxidation, and the abatement of nitrogen oxides (NOx) (redox catalysis).l 2 The outstanding
catalytic properties of zeolite catalysts result from a unique combination of their chemical
composition and structure. Zeolites are crystalline microporous aluminosilicates built from silicate
(SiO4) and aluminate (AlO4) tetrahedra that share corners to form a regular channel/
cavity system.® The variety of pore architectures results in different pore sizes, different
dimensionalities of the channel system, from one- to three-dimensional (1D to 3D), and the
presence of cages and other structural features, which are reflected in the inner surfaces of zeolites
(250 — 1000 m?/g).*®

The isomorphous substitution of aluminum (Al) in the SiO4 framework induces a negative
framework charge, which can be balanced by two types of extra-framework cationic species — the
protons involved in Brensted acid sites (Si-OH-Al) represent active sites in acid-catalyzed
reactions, and bare cations and metal-oxo cationic species serve as the active sites in redox-
catalyzed processes.® ’ Thus, zeolite catalysts combine a shape selectivity function (concerning
substrates, products, and transition states) with ‘well-defined’ but tunable, active sites dispersed
across the large, internal zeolite surface. Moreover, zeolite catalysts are mechanically, thermally,
and chemically stable, and their manufacture on an industrial scale has been well demonstrated.®

Zeolites can be divided into two main categories depending on the amounts of silicon (Si)
and Al atoms in the framework.® The Si-rich zeolites, which are characterized as materials with a
Si/Al molar ratio > 5, include the pentasil zeolite family, which is a SiO4 structure composed of
pentagonal arrangements of atoms, as observed in ferrierite (FER), mordenite (MOR), Mobil-type
five (MFI), and beta (*BEA) zeolites.!® By contrast, because Al-rich zeolites are considered to
have a matrix with Si/Al < 5, the most common zeolites in this category are Lynde type A (LTA)*
or chabazite (CHA)? frameworks. Recently, attention has been focused on the Al-rich form of the
*BEA zeolite .13 14

The organization of Al atoms in the zeolites (also known as the Al distribution) represents
a key factor in the stabilization of catalytically active centers (both protons and transition metal
ion (TMI) centers) through Al atom concentrations, locations, and distances in the zeolite

matrix.*>*” From studies on Al distributions in zeolites, Al-O-Al sequences do not exist, according
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to Loewenstein’s rule on zeolites.'® In a pioneering study, Dedecek et al. described a new and
important parameter for catalysis — mutual Al atom arrangements in Si-rich zeolites.® They
developed a method for the complete analysis of the vicinity and location of Al atoms, and their
distribution between Al pairs and single Al atoms. This was based on a well-verified methodology
employing triple quantum 2’Al(3Q) and 2°Si magic angle-spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy and the UV-Vis spectroscopy of bare Co(ll) ions in dehydrated
Co-zeolites. It was experimentally proven that, in Si-rich FER, MFI, and MOR zeolites, Al atoms
can be organized as exclusively Al pairs (Al-O-(Si-O)2-Al) or single Al atoms. By contrast, in
Al-rich *BEA zeolites, except for single Al atoms and Al pairs, Al-O-Si-O-Al sequences, and
closed, unpaired Al atoms (Al-O-(Si-O)s-Al) can be observed (Fig. 1).1° In Al-rich LTA zeolites,
the Al-O-Si-O-Al sequences predominate.!!

A B C D
Al-O-(Si-0),-Al Al-O-(Si-0);-Al Single Al AISiAl

Al pairs Close Al sequences

A~ TT A ~ T T\ ~T Ve "Iw“‘,_
R L5l o S e :«Hruﬁ :: Gy &5

4 A 4 4 L8 o <
RoWod e e e e o Lot J OIS

A

Faitty. r.}. *I«,, A."‘r-\ o Lo AL %eid n &~ <D
| B NN s S =~ S U <

Fig. 1. As an example, schematic representations of: (A) Al pairs; (B) close unpaired Al atoms; (C) single Al
atoms; and (D) Al-O-Si-O-Al sequences, observed in *BEA structures. Al atoms are shown in red.

The organization of the Al atoms in zeolites plays a crucial role in the stabilization of
various types of ion/oxo species in metallozeolites. It has been confirmed that the introduction of
TMiIs to zeolites has led to the formation of several types of counter-metal (M)-ion/oxo species (as
schematically depicted in Fig. 2).1° Here, bare cations (balancing the negative zeolite charge) have
coordinated to four O atoms in the framework and to cation-oxo species, bi(poly) nuclear cation-

oxo species, metal-ion(oxo) clusters, and metal-oxide species.?® 2

Bare M(II) M(III) oxides

jf oA M@II1)-0,-M(III) 4%? ~

Brensted / t
site Y - ;g *{
Extra-framew ork
@ O e o o MO,
Si Al o M H M-AI-Si oligomers

Fig. 2. Schematic depiction of the possible types of TMI centers formed in metallozeolites. Adapted from
Sazama et al.?®
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The formation of various types of cation species in zeolites depends on the type of zeolite
structure, the preparation procedure used to introduce the metal (ion exchange or impregnation
methods are the most applicable),?? 2% and the type and concentration of cations used. It has been
shown that metallozeolite cations balance the negative charge of the zeolite and are located in rings
containing two Al atoms called cationic positions or cationic sites. However, the study reported
here was focused on an analysis of the formation, cooperation, and redox behavior of the bare
cations located in cationic positions in FER, MOR, *BEA, and LTA zeolites.

For the first time in the MOR topology, Wichterlova et al.?* spectroscopically (via
Ultraviolet-visible (UV-Vis) diffuse reflection (DR) and Fourier-transform infrared (FTIR)
spectroscopy) confirmed the existence of three cationic positions of bare Co(ll) ions (indicated by
alpha (o), beta (B) and gamma (y) in Fig. 3) that differed in their symmetry and location in the
zeolite matrix. They also identified the spectroscopic features of the cations in individual sites.
The divalent cations sitting in the o cationic positions of MOR zeolites are located above the center
of six-membered rings (6-MRs) and are coordinated to four oxygen (O) atoms from the same ring.
These are located on the wall of the main channel and are readily accessible. The [ cationic sites
in MOR zeolites are distinguished as the most populated fraction of all the cationic positions. The
divalent cations balanced in this position are coordinated to four O atoms of the eight-membered
ring (8-MR) in zeolite and exhibit a planar geometry. In the y cationic positions, divalent cations
are stabilized in a closed coordination sphere with pseudo-octahedral coordination. It has been

determined that this position is a less-occupied site.

Y @ : |

Fig. 3. Local framework structures of the a, B, and vy sites in MOR zeolites. Al atoms shown in red, Si atoms
in black, and O atoms in gray.

A few years later, Dalconi et al.?> confirmed the presence of the same three cationic
positions in FER zeolites using a spectroscopic method and X-ray diffraction. It should be noted
that, for metallozeolites with high metal loadings, except for divalent cations located in cationic

positions, various ion/oxo metal species, including oxides, can be formed.
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1.2 Zeolite topologies discussed in the thesis and their catalytic properties

The 3D FER zeolite structure, with a two-dimensional (2D) channel system consisting of
ten-membered ring (10-MR) and 8-MR channels,* and due to its high stability under thermal,
hydrothermal and chemical treatments, is known as having excellent heterogeneous catalyst
properties for isomerization, carbonylation, and cracking. TMI-containing FER zeolites exhibit
remarkable catalytic performance in redox catalysis, such as N>O abatement, selective catalytic
reduction (SCRn20), hydrocarbon oxidation, and oxidative dehydrogenation.?® 33 In these
processes, a metal center that can easily perform redox cycles plays a crucial role. It has been
suggested that these features have TMI cations located in cationic positions. In FER zeolites, the
presence of the three types of cationic sites (o, B, and v) (Fig. 4)2°2® have been confirmed through
a series of computational, spectroscopic, and diffraction experiments. The symmetry and location
of these three cationic positions in FER zeolites are similar to those described from above cationic

positions in MOR zeolites (Section 1.1)

Fig. 4. Local framework structures of the a, , and vy sites in FER zeolites. Al atoms shown in red, Si atoms
in black, and O atoms in gray.

Using UV-Vis spectroscopy, Kaucky et al.?° monitored the population of particular cationic
positions (a, B, and y) in high-Si (Si/Al 8.6) FER zeolites, using Co cations as the probe molecules.
The study revealed that the FER framework contained 66% Al in the form of Al pairs, while the
remaining 34% of the Al existed as isolated atoms. In addition, they showed that 6-MRs with Al
pairs in the B cationic site formed the predominant fraction, which accounted for 50% of all the
framework Al atoms. The remaining Al-pair sequences were located in the o site, which accounted
for 10% of all the framework Al atoms.

Recently, the investigation of the cationic positions in FER zeolites has been expanded
through DFT calculations, which have predicted the existence of two B cationic positions — -1
and B-2 — in Fe-FER zeolites.*® In both B positions, the Fe(II) ion is located in the plane of a
6-MR, coordinated to four oxygen atoms in the ring, with the O-Fe-O angle being 176° (p-1) and
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172° (B-2) (Fig. 5A and B). The DFT calculations also confirmed that, in the a cationic position,
the Fe(ll) was located above the center of the 6-MR, with two Al atoms and coordinated to four
oxygen atoms in the same ring (Fig. 5C). By combining the results from Mdossbauer with
2Al 3Q MAS-NMR and DFT calculations, it was revealed that the incorporation of M(ll) ions
was most effective in -2, less effective in -1, and least effective in the a site. The tendency of

M(II) ions to reside in cationic sites follows the trend o < B-1 < p-2.2°

Fig. 5. Local configuration of 6-MRs of a FER zeolite with the Fe(II) cation in the: (A) B-1 position; (B) p-2
position; and (C) a site. The top/bottom panels show the top/side views of the 6-MRs.

Another industry-important zeolite is the MOR zeolite, which is used in refining and
petrochemical catalytic processes.®> The TMlI-based MOR is known as a catalyst in
environmentally friendly processes, such as N.O decomposition® SCR,** oxidative
dehydrogenation, and catalytic reduction (CR).* The MOR is a large-pored pentasil-ring zeolite,
with Al in the framework and a 1D channel system formed by a twelve-membered ring
(12-MR) channels and side pockets that are accessible through 8-MRs.* However, in terms of the
Al distribution, this MOR zeolite structure has not been studied in detail. The determination of the
organization of Al atoms in commercially available MOR zeolites could significantly influence
the preparation of MOR zeolite catalysts with the desired cationic sites.

The other matrix that has been studied is that of the *BEA zeolite, which has been
demonstrated as industrially important in several reactions, including cracking,*> hydrocracking,®
alkylation,*” acylation,*® isomerization,> and biomass conversion.!” The *BEA zeolite matrix is
used in redox catalysis for the SCR of NOx.*’ The *BEA zeolite topology consists of two or three
polymorphs (A, B, and C) gathered from a four-membered ring (4-MR), a five-membered ring
(5-MR), and 6-MR forming an intersecting 3D channel structure with 12-MRs.!*#! The framework
of the *BEA zeolite has 3D intersecting channels of 6.6 A x 6.7 A size, providing advantageously
easy diffusion, even of voluminous organic molecules.*

The results of FTIR and UV-Vis spectroscopy studies of TMI-*BEA zeolites have
confirmed the presence of the three cationic sites (a, B, and y) (Fig. 6) for the A and B polymorphs
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and for Si-rich and Al-rich *BEA matrices.** ** The P site in a 6-MR containing two Al atoms

(Al pair) is the most populated cationic site for hosting divalent cations.*

Fig. 6. Cationic sites of bare, divalent TMIs in *BEA Polymorph A and B zeolites. Al atoms shown in red,
Si atoms in black, and O atoms in gray.

The LTA zeolite (Si/Al 1), classified as Al-rich, is one of the most widely studied and used
zeolite materials in industry, employed in adsorbing gas and gas purification.!"* *® The 3D LTA
zeolite has a cubic structure composed of secondary building units — eight alpha cages (super
cages) and eight beta cages (sodalite), as shown in Fig. 7.*-*® Compared with MOR, FER, and
*BEA zeolites, the LTA zeolite does not contain a channel system. Instead, it is built from cavities
connected by 8-MRs. The super cages are interconnected through an open window in the 8-MR,
while the sodalite cages are coupled by 4-MRs and attached to the super cages through 6-MRs. It
has been suggested that the TMI cations are located in cationic positions in TMI-LTA zeolites,
situated inside the sodalite cage in the 6- or 8-MRs.*”*8 However, from an energetic point of view,
the most likely site for the accommodation of bare M(II) cations is the 6-MR on the surface of the
sodalite cage. A recently reported thermodynamic study of TMI Mn(II)-, Co(Il)-, Cu(Il)-, and
Zn(Il)-exchanged LTA zeolites has shown that the interaction between the framework and the

different cations plays a crucial role in their stability.*’

Fig. 7. A and E — most common cationic positions of bare divalent TMI in LTA zeolite matrix. Al atoms
shown in red, Si atoms in black, and O atoms in gray.
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1.3 Methane: Its properties and utilization

From an economic and environmental perspective, there has been a great deal of interest
in the chemical utilization of CH4,> which is a potent greenhouse gas.>* However, CHa, being a
main component of natural gas, represents the cheapest and most abundant source of
hydrocarbons.>? The chemical features of CHa, such as its low electron and proton affinity, weak
acidity, low polarizability, high carbon-hydrogen (C-H) bond strength (439 kJ/mol), and high
ionization energy, make it highly resistant to chemical transformation. Nevertheless, it has been
shown that the transformation of CH4 to valuable products requires the presence of catalysts. The
role of the catalyst in the process of the formation of oxygenated from CHya is the activation of the
oxidant.>® The most promising way to transform CH. is via its direct oxidation to methanol
(CH30OH), which is a significant and valuable commodity//platform chemical in the chemical
industry and a potential energy carrier.>

Since the beginning of the 20" century, the selective oxidation of CH4 to CH3OH has been
performed using both homogeneous and heterogeneous catalysts.>* > In a homogeneous way,
Shilov et al.%® reported that when CHs was heated to 100°C in a sealed ampoule containing
platinum tetrachloride (PtCls) and deuterium oxide (D.O)/acetic acid (CH3COOD) mixture,
H/deuterium (D) exchange was observed to occur, indicating that CH4 activation could occur under
mild conditions. However, it has not been possible to bring the Shilov et al. system close to
commercial levels, due to the loss of the catalyst such that it cannot be reused. An important
breakthrough in CH4 conversion came in 1998, with the use of a ligand-modified Pt system in
fuming sulfuric acid (H2SOs) that oxidized CH4 to CH30OH, giving an overall selectivity of 81%.%

In a heterogeneous way, CH4 has been oxidized to CH3sOH over TMI oxides, such as
molybdenum oxide (MoQs), vanadium oxide (V20s), and Fe(I11)/silica (SiO2).%® > In the 1980s,
heterogeneous Mo materials were among the most active catalysts used for CH3OH production.>®
In 2008, impressive CHs conversion and CH3OH selectivity values (13.2% and 78.8%,
respectively) were reported over Fe(l11)/SiO2.>® From 1990 to the present, metal-containing
zeolites (e.g., Zn-ZSM-5) have been reported for the catalytic, selective partial oxidation of CHs
to CH3OH with Oz under flow conditions.®® ¢ The study demonstrated that CH3OH could be
formed selectively under the proper conditions. The selectivity of CH3OH reported by
Lyons et al.%* was 64% at 4.6% conversion, while Walsh et al.®° reported 20.6% selectivity at 5.5%
conversion.

The low-temperature selective oxidation of CH4 to CH3OH over metallozeolites has been
suggested as a promising way of CHj utilization. Thus, in the literature, four mechanisms for C-H

bond activation in CH4 have been suggested (Fig. 8).%2 In the first mechanism — oxidative addition
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— a low-valent metal reductively splits the C-H bond by donating two electrons to the C-H o*
antibonding orbital. In the mechanism of second — electrophilic activation, a C-H — bonding orbital
donates to a vacant metal d orbital, and this weakens and polarizes the C-H bond so that the CH4
can be deprotonated. In the third — sigma-bond metathesis — binding to the metal halogens (MX)
fragment plays a similar role in activating the C-H bond. In the final mechanism, highly
electrophilic reactive metal-O species with low-lying, unoccupied molecular orbitals are localized
on a metal-O fragment. These are activated as acceptor orbitals for H-atom abstraction, even from
the stable C-H bonding levels of CHa.

Low-temperature CH, activation with TMI
(A) Oxidative addition (B) Electrophilic activation (C) 6-bond metathesis (D) Reactive O-species
CH, + LM CH, + L,M™X CH, + L,M™X DO + L M™
+
K H ]+ k _H T+ &‘ CH, &‘
g LM -7 L M” 1
LM7 | S LS L M(™2*=0+D
“CH, x CH A
\ L M®D*0H + *CH,4
+
CX + L,M*CH. Ly M™ — CH,
LkM(“‘z)‘/ I 3 kl 3 CH,
CH, XH

Fig. 8. Schematic showing the four mechanisms of C-H bond activation in CHa: (A) oxidative addition; (B)
electrophilic activation; (C) sigma-bond metathesis; and (D) oxidation with a reactive metal-O species. L — ligand;
M — metal; X — halogen; D — deuterium; H — hydrogen; C — carbon; O — oxygen.®?

The reactive-O-species strategy is employed by nature and metallozeolites to activate
strong C-H bonds. The formation of isolated, highly reactive-O-species is a result of the activation
of an oxidant over the TMIs in zeolites. Subsequently, various oxidants can be employed
(e.g., N2O, NO, H20., O3, and H20) for CH4 oxidation. However, these oxidants cannot be
compared with the freely available atmospheric molecular oxygen. The following sections
(1.4 and 1.5) provide detailed descriptions of the oxidation properties of metallozeolites in the
selective oxidation of CH4 using N2O and O as oxidants.

1.4 Selective oxidation of CH4 over TMI-containing zeolites

The stabilization of TMI species within the zeolite matrix offers the potential for a range
of applications, including catalysts for processes such as the selective oxidation of CH4 to CH30H,
the selective reduction of NOx in exhaust gases, and the direct decomposition of NO and
N20.%3%¢ Over recent years, zeolites containing TMIs have been proposed as a chemical looping
approach for selective CH4 oxidation to CHsOH.%" In this process, CH4 is oxidized by small
molecules, such as O, and N0, that have been previously activated over TMI-containing zeolites.
However, in comparison to N20O, molecular Oz, due to its easy availability and eco-friendly

properties, represents the most desirable oxidant from both environmental and economic points of
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view.% % The CH30H produced from CHa oxidation has the dual potential of serving as both an
energy carrier and a key chemical raw material for obtaining value-added products
(e.g., formaldehyde or dimethyl ether). The current investigation into CHs oxidation over
metallozeolites is reported below through experimental and theoretical approaches.

The majority of the current research focusing on CH4 oxidation over metallozeolites has
been directed toward the behavior of Fe and Cu cations embedded in various zeolite topologies,
including ZSM-5, mazzite (MAZ), MFI, MOR, FER, *BEA, faujasite (FAU), and ZSM-13.5%-"2
Since the first report by Panov et al.”® in 1990 on the formation of highly reactive oxygen species
(0-O) upon CHs oxidation with N2O over Fe-ZSM-5 (stabilization of the Fe(II)/a-O sites)
[see Egs. (1) and (2)], numerous investigations have been conducted.>® 7477

Fe(Il) + N20 — N + [Fe(111)-0]? (1)
[Fe(I11)-O2* + CH4 — Fe(II) + CH3OH )

Other studies have confirmed the oxidation of CH4 to CH3OH by N2O over Fe-exchanged
into various zeolite topologies (ZSM-5, MOR, MFI, CHA, and *BEA).*° In addition, recently, it
has been shown that previously O»-treated Cu species in zeolites (e.g., MFI, MOR, MAZ, FER,
CHA, FAU, *BEA, Linde Type L (LTL)) oxidize CH4 to CHzOH.®8 707880 |t should be noted that
the main feature of a-O stabilized on metallozeolites is its ability to selectively oxidize CH4 to
CH3OH or benzene to phenol.” In 2005, Groothaert et al.8! first reported the selective oxidation
of CH4 to CH3zOH by O, over Cu-MOR zeolites. Later, in 2009, Woertink et al.®? determined the
geometric and electronic structure of Cu species in CH4 transformation present in Cu-MOR by
DFT calculation. In addition, Co-, Ni-, and Mn-based zeolites have been used for selective CH4
oxidation.®® *® However, the information available on their application is limited. Furthermore, it
has been shown that the reaction pathways of CH4 oxidation over metallozeolites strongly depend
on the type of active TMI species present in the zeolite. It should also be noted that data from the
literature indicate that CH4 oxidation over metallozeolites, regardless of the type of oxidant (O2 or
N20) requires the use of effluent to remove the oxidation products bonded on the surface of the
TMI-zeolite-based catalysts. Table 1 contains the results, including the reaction temperature and
catalytic performance obtained from the oxidation of CH4 to CH3OH over Fe-, Cu-, Co-, and Ni-
modified zeolites. Nevertheless, the selective oxidation of CH4 over zeolite-based catalysts still
suffers from several issues that need addressing in order to be able to develop more active and
selective catalysts for CH3OH production. These include working at low (RT) or medium
(< 250°C) reaction temperatures, exhibiting short redox cycles, or working in a continuous regime,

with catalyst regeneration occurring over a short time, and eliminating the usage of effluent for
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oxidation products extraction. In subsections 1.4.1 and 1.4.2, the critical overview from the

literature of CH4 oxidation by N2O or O over metallozeolites is described in detail.

Table 1. CH4 oxidation by N2O or O2 over metal-containing zeolites: Selected experimental results.

Catalyst Oxidant Temperature Methanol Methanol Productivity
selectivity yield

°C % mmol/geaqy  MmMOl/molmetal
Fe-ZSM-5% NO) RT 80 5.0 =
Fe-ZSM-58 N0 160 76 160 —
Fe-ZSM-5% N,O 25 94 23 —
Fe-SSZ-13%  N,O RT — 26.8 661
Cu-ZSM-5%! N,O 175 98 8.2 —
Cu-ZSM-5%! N,O RT — 0.81 —
Cu-MOR?®! N,O 175 — 11.3 —
Cu-MORY’ N,O 150 — 97 <300
Cu-SSZ-13% N0 260 27 19(1h) —
Fe-FER”! 0, RT — 75 —
Cu-ZSM-5*! 0> 175 98 8.2 —
Cu-ZSM-5% 0, RT — 0.81 —
Cu-ZSM-5% 0, 200 — 16 30
Cu-ZSM-5 0, 200 — 9 14.3
Cu-ZSM-5! 0, 210 71 1.81(1h) 5.2
Co-MOR®! 0, 175 — 11.3 —
Co-MOR® 0, 200 — 31.0 40
Co-MOR* 0, 200 — 31.2 43.8
Co-MOR?’ 0> 150 — 67 <250
Co-MOR” 0, 200 80 160 —
Co-MOR” 0, 200 90 170 470
Co-MOR™ 0, 200 95 118.5 180
Co-MOR” 0, 200 — 56.2 —
Cu-MAZ% 0» 200 — 200 —
Cu-SSZ-13% 0, 200 — 31.0 60
Cu-SSZ-13% (o} 200 — 30.0 424
Cu-SSZ-13” (o} 200 — 125.0 200
Cu-SSZ-16% (o} 200 — 39.0 50
Cu-SSZ-39% (o} 200 — 36.0 90
Co-ZSM-5% 0, 150 40-100 0.3-0.4 —
Ni-ZSM-5% 0, 175 40 - 100 5.1 —

&__ the information is missed in the literature.
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1.4.1 Activation of N2O over TMI-modified zeolites

As mentioned above, the Fe-ZSM-5 zeolite has a long history of being used as a catalyst
for CH4 oxidation by N2O, as evidenced by numerous studies.’? 19319 panov et al.”> "8 reported
that Fe-ZSM-5, previously activated at 900°C, efficiently decomposed N.O at temperatures
of <300°C. As aresult of this interaction, the highly reactive a-O, presented as FeO* bound to the
zeolite surface, is formed. In addition, it has been shown that only a small fraction of the Fe species
present in the studied Fe-ZSM-5 was catalytically active in the N>O activation. In order to
distinguish the Fe active fraction in Fe-ZSM-5 from the spectators, the authors used in-situ
spectroscopic methods and a theoretical approach. It has been previously assumed that the active
precursor associated with the decomposition of N2O was a binuclear Fe species, analogous to those
observed in CHs monooxygenase (SMMO) enzymes that provide CH4 oxidation.!'” However,
subsequent studies have demonstrated that the Fe site is a mononuclear Fe(ll) species formed via
the irreversible auto-reduction of impregnated Fe(lll) species upon thermal treatment, which is
evidenced by Mdssbauer spectroscopy.’? In addition, the oxidation properties of a-O originating
from N.O decomposition and stabilized on Fe-ZSM-5 were confirmed in the CH4 transformation.®*

Jisa et al.1% experimentally confirmed the structure of a-O by splitting N2O over Fe-FER,
Fe-MFI, and Fe-BEA zeolites. Their multi-spectroscopic results and DFT calculations produced
structural models in which two cooperating Fe(II) cations, located in two adjacent 3 cationic sites
of FER zeolites, formed the active site responsible for the N.O decomposition and stabilization of
a-O (Fig. 9).
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Fig. 9. Energies and barriers in the adsorption of N,O on Fe(ll) accommodated in two adjacent collaborating
B sites in a FER zeolite and the reaction steps then leading to FeO(ad) and No.

They proposed a local structure with two adjacent P sites, Fe---Fe distanced in 7.5 A in
FER zeolite topology, which cooperated in splitting N2O to N2 and forming a-O [Eqg. (1)], and
which subsequently provided a decomposition of other N2O molecules [Eq. (3)], obtaining a
reduced form of Fe that could start a new redox cycle. Moreover, their findings revealed that
Fe-FER exhibited significantly higher catalytic activity (due to the collaboration of two Fe sites)

than Fe-*BEA and Fe-MFI despite comparable Fe(ll) content in the cationic positions.
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[Fe(111)-O7?" + N2O — Fe(Il) + N2 + O2 (3)

The next experimental study of a-O formation and CH4 oxidation was performed by Snyder
et al.1° and Bols et al.® on Fe-*BEA and Fe-SSZ-13 matrices, respectively (Fig. 10). Snyder et
al. reported that the Fe active centers performing o-O from N2O were a mononuclear, high-spin
species within the square planar Fe(ll) coordination environment. Further, DFT studies have
suggested that the Fe(II) exhibited a square planar environment residing within a f-6MR with two
Al atoms. The reactive intermediate a-O formed after N2O splitting is a mononuclear, high-spin
Fe(IV)=0 species that contains an Fe(I\VV)=0 center, adopting a square pyramidal geometry within
the same B-6MR. Its exceptional reactivity derives from a constrained coordination geometry. The
Fe(IV)=0 bond has been predicted to be short (1.59 A) and highly covalent, due to the absence of

a trans-axial ligand.

+0 atom

y w, ]
Fig. 10. Structure of the a-O in a *BEA zeolite. Copyright 2016 Nature Publishing Group.*

It should be noted that, in the literature, isolated mononuclear” and binuclear’? 1°2 species
have been proposed as Fe-active centers for N2O activation. Thus, the nature of the Fe active site
in N2O processing is still a subject of debate. However, analysis of the Fe active centers in terms
of its stabilization in zeolites with known Al atom organization, in particular zeolite topologies,
could significantly extend our understanding of the rules that guide the formation of Fe active
centers controlled by the distribution of Al atoms and zeolite topology.

The theoretical approach presented by Géltl et al.”” included a discussion on the pathway
of the mechanism of CHs oxidation by a-O (from N2O splitting), stabilized in Fe-zeolites
(Fig. 11). The structure of the a-O has an unusually strong Fe-O bond in [Fe(1V)=0]%", which
results from a constrained coordination geometry enforced by the zeolite lattice. These a-O species
are responsible for the removal of H from CH4 to form hydroxy [Fe(l11)-O-H] species and the
*CHzs radical. It was then suggested that the *CHs radical reacted with a distant a-O to form
Fe(l11)-O-CHs, which can be extracted by hydrolysis or can “rebound” to form related
Fe(11)-O(H)-CHs, which subsequently desorbs as CHs-OH formation (Fig. 11).7"8

Kinetic isotope experiments have indicated that the initial cleavage of the C-H bond
represents the rate-limiting step in this process. Furthermore, FTIR spectroscopy has evidenced

the abstraction of the H atom from CH4 by a-O. The employment of spectroscopic and theoretical
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studies, in which the results support each other, has confirmed that the mechanism of CH4
oxidation occurs by H abstraction by a-O from CHs. The C-H cleavage is performed via a radical
mechanism, with the Fe(1VV)=0 species elongating and gaining significant radical character in the
transition state, becoming closer to the Fe(111)-O" species. Both Fe(111)-O" and [Fe(IV)=0]?* have
been analyzed by Malykhin et al.1% and their close electronic structures have been discussed by
Rosa et al.!% based on quantum chemical calculations. Thus, the notations Fe(l111)-O" and
[Fe(1V)=0]%*" are commonly used to describe the a-O species.

Fig 11. Structures and the most important intermediates during the interaction of a-O stabilized on Fe with
CHa: (A) CH4 adsorption; (B) transition states (abstraction transition state); (C) rebound transition state along the
reaction pathway of selective CH,4 oxidation to CH3OH over the a-O site; and (D) CH;OH formation on Fe centers.
Si atoms shown in yellow, O atoms in red, Al atoms in blue-grey; Fe atoms in gold, H atoms in white, and C atoms in
brown. The black numbers represent distances in A and angles in degrees. The blue numbers in Panel (B) show the
optimized RPA geometry. Adapted from ref. 77. Copyright 2016 American Chemical Society.””

Despite several attempts, to date, the production of CH3sOH over Fe-zeolites has occurred
only in redox cycles that include the process of oxidation by N2O, with the formation of a-O, and
a reduction step, in which CHjs is oxidized by a-O, resulting in the formation of oxygenates, such
as CH3OH, and a reduced form of Fe(ll) that can perform the next redox cycle (N2O/CH.)
[Egs. 1 and 2]. However, the performance of CH4 to CH3OH oxidation over Fe-zeolites in a
continuous catalytic regime has not yet been successfully developed.'® Methanol has been
observed with very low selectivity (~1%), while CO has been observed as the major product.
Furthermore, the selective oxidation of CH4 by the a-O on Fe-zeolites is terminated after the
formation of methoxy groups strongly bound to the catalyst. Subsequently, extraction of the
methoxy groups by a water or water-organic medium is necessary to desorb the oxidation products

from the Fe-zeolite catalysts.
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Materials containing Cu species represent another zeolite-based catalyst for N2O
dissociation and subsequent CHs-to-CH3OH oxidation.X% 197 The reaction pathways for N2O
decomposition over Cu-zeolites have been reported elsewhere. The nature of the studied active
Cu sites in zeolites is presented in Fig. 12.2% It has been reported that isolated Cu(ll) sites are
inactive in N2O dissociation over Cu-exchanged zeolites (e.g., MFI, MOR, FER, *BEA, FAU).1%
However, for the high-Cu-loaded MFI zeolite, isolated Cu(l) ions have been reported as active
sites for N2O decomposition. As indicated in the literature, the reaction rate is highly dependent
on the distance between the Cu atoms at the sites where the N.O dissociation occurs.

2+ 2+

2+ 2+ O
0 0—o0 0 ~c
5 PN
ICU“O-"‘\CU Cu/ \CU Cu Cu Cu“D\ /
A. Cu,(p-0),%* B. Cu,(p-0,)%* C. Cu,(p-0)%* D. Cu,(p-0),2*

Fig. 12. Cu-oxo complexes have been proposed as the active sites for CH. activation in Cu-based zeolites.%®

Catalytic processes based on Cu-based zeolite catalysts present several challenges. These
include the need for high-low temperature cycles and the water or water—organic—medium
extraction of methoxy groups strongly bound to the catalyst, the low yields in the catalytic regime,
and the catalyst destruction after several catalytic cycles—the main disadvantage.8' 8’

Besides these, Co-containing zeolites with MFI, MOR, *BEA, ZSM-11, and Zeolite Y
(Faujasite type) topologies have exhibited excellent catalytic performance in N20
decomposition.!'® The studies of catalytic NoO decomposition have confirmed that Co-ZSM-5,
Co-*BEA, and Co-ZSM-11 are the most active structures. By contrast, the Co introduced into
Y-zeolites has exhibited very low catalytic activity in N2O abatement reactions. Data presented in
the literature has confirmed that the nature and amount of Co species in the zeolites are crucial
factors in determining their catalytic activities. It is understood that Co species can be introduced
into the zeolites as various extra-framework Co(II) ions at the exchange sites (a, B, and y) in
Co-oxo clusters in the zeolite channels or as Co3O4 nanoparticles outside the zeolite channels.
Recent work by Hao et al.!1% has shown that Co atoms present as oxide species contribute little
to no N2O decomposition, while isolated Co(ll) ions are more active in this reaction. Isolated
Co(ll) ions have been identified as the active sites in MOR, ZSM-5, and ZSM-11 topologies.

Zhang et al.*? observed that Co(Il) ions sited in o and B cationic positions in ZSM-5,
*BEA, and MOR zeolites were the active centers in NoO decomposition. It has been shown that
Co(II) in the a site in the ZSM-5 structure is the most active site in NoO decomposition. However,
Co(II) in the B site of Co-*BEA and Co-MOR zeolites is responsible for this reaction. The study
revealed that the location of the individual Co ions embedded in various structures in ZSM-5,

*BEA, and MOR zeolites controlled their chemical coordination, and the distances between the
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Co(Il) cations had a significant impact on their catalytic activity. Moreover, a special type of active
center in Co-MOR was determined as being two distinctive, adjacent B-Co ions (Co-Co pairs)
cooperating in N2O splitting.

Recently, DFT studies!? dealing with the use of Co-ZSM-5 as a catalyst in selective CHy4
oxidation by N20O over Co-ZSM-5 have confirmed that a similar reaction mechanism has been
observed for Fe(ll), as proposed by Goltl et al. (see Fig. 11).”” Additionally, those authors revealed
that the preparation methods for Co-ZSM-5 have an impact on CH3OH production. It was shown
that Co-ZSM-5 prepared via incipient wetness impregnation contained a large fraction of surface
Co oxide species that were responsible for an increase in the selectivity to CHzOH. Conversely,
Co-ZSM-5, prepared via ion exchange and containing a higher concentration of Co(ll) species
within the zeolite channel system, led to formaldehyde formation. Furthermore, the addition of
dioxygen to the reaction mixture significantly improved the CH3OH yield (up to 80%) in an
N,O/CHys reaction carried out over mesoporous Co-ZSM-5.113

In the literature, there is limited information about the behavior of Ni-containing zeolites
in the decomposition of N.O. Li and Armor'!* discovered a reduction in NOx on Ni-modified
ZSM-5, MOR, and FER zeolites with CHa. The research performed by Mihaylov et al.'*® focused
on the reactivity of Ni-ZSM-5 and Ni-Y in CH4 oxidation by N2O via monodentate nitrate
formation. This study revealed the lower catalytic activity of monodentate nitrates in Ni-Y zeolites
compared to Ni-ZSM-5. The authors proposed that the high coordinative unsaturation of the Ni(ll)
cations was crucial for CH4 oxidation by N2O. The selectivity and CH3OH yield numbers of the
studied Ni-zeolites have not been reported.

The Mn-containing zeolites have not been widely studied in terms of N2O decomposition.
Recently, the Weckhuysen group has reported the presence of the a-O site in Mn-ZSM-5 after N2O
interaction.!'® The formation of a-O was confirmed by the presence of an absorption band in the
UV-Vis spectrum at 18500 cm™. However, no reactivity of a-O toward hydrocarbon oxidation has
been reported in Mn-ZSM-5.

1.4.2 Activation of Oz over TMI-containing zeolites

The most extensive studies of Oz activation and subsequent CH4 to CH3OH oxidation have
been performed over Cu-zeolite.®® 897 |t was assumed that the difference in activity may have
been associated with the nature of active sites (Fig. 12) present in Cu-exchanged zeolites of various
structural types.!'’ The oxidation of CH4 by O, over Cu-zeolites is performed in the cycle, and
comprises two steps: i) the activation of Cu-zeolites in an O flow; and ii) the reaction of O»-
activated Cu-zeolite with CHa. The products of CH4 oxidation over Cu-zeolites are attached to the
zeolite surface, and to remove them, effluent is needed.!®
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Schoonheydt et al. showed that O»-activated Cu-ZSM-5 and Cu-MOR zeolites can oxidize
CHs to CH30OH.82 19 They characterized the Cu active centers for CH4 transformation as
structurally similar to activating cores built from binuclear bis(u-0x0)diCu species present in the
methane monooxygenase (pPMMO) enzyme. Later, the authors modified the structure of the
proposed Cu activating core for CHs transformation to a mono(pu-oxo)dicopper(ll) species. Other
authors, based on theoretical and extended X-ray absorption fine structure (EXAFS) analyses,
assigned the catalytic activity to trinuclear Cu-oxo cluster in Cu-ZSM-5.%2 The nature of the
exposed bridging O ligands in trinuclear [Cus(u-O)s]** clusters was similar to that in the peroxo-
bridged complex.

In Cu-MOR-based catalysts, Vanelderen et al.® identified two distinct [Cu-O-Cu]?* sites
that were active in the oxidation of CHas. They reported that MOR zeolite micropores provided a
limited environment for the highly selective stabilization of trinuclear Cu-oxo clusters,
[Cus(u-0)3]?*. They suggested that two different locations of Cu active sites were possible — one
at the intersection of the side pocket with the 12-MR channel and another at the intersection of the
side pocket with the 8-MR channel. However, Tomkins et al.*® concluded, based on the in-situ
EXAFS study, that, in Cu-MOR zeolites, the active sites were small clusters of Cu oxides that did
not necessarily need to be di- or tri-Cu sites.

In the last decade, van Bokhoven et al. have published numerous studies on the selective
oxidation of CH4 by O2 over Cu-containing zeolites.®*®® 118 The majority of their investigations
were conducted on Cu-MOR and Cu-ZSM-5 zeolites. They confirmed that the use of high-pressure
CHs (< 40 bar) provided a higher production of CH3OH over Oz-activated Cu-zeolites. In their
study, they proposed that the optimal Cu-containing-zeolite-based catalysts could efficiently work
under isothermal conditions and under high CH4 pressure, and should fulfill the following
requirements: (i) oxidation of CH4 to a surface-bound stable CH3OH precursor; (ii) be stable in
H-O at the given reaction temperature; (iii) active centers should regenerate under reaction
conditions; and (iv) it should have a high concentration of Cu active centers.

The other class of catalysts represents the Co-exchanged zeolites. Beznis et al.,% have
shown that Co-ZSM-5 zeolite can be used as a catalyst for CH4 oxidation by O at low temperature.
Significantly, by employing distinct preparation techniques, it is possible to modulate the catalytic
activity and selectivity of the catalytic system. Thus, in the Co-ZSM-5 prepared by ion exchange
at RT, the majority of Co was found to be in ion exchange positions. This sample exhibited the
highest selectivity toward formaldehyde formation. In contrast, impregnated Co-ZSM-5, which
contain primarily cobalt oxide species (CoO and Co0304), showed greater selectivity toward
CH3OH formation.
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The presence of Ni in zeolites can activate O2 and selectively oxidize CH4. The Ni-ZSM-5
zeolite, activated in an Oz flow, has already been used to selectively oxidize CHs to CH3OH at
150°C.%° However, the oxidation products required product extraction into the liquid from the
catalyst. Several Ni-oxo species in ZSM-5 zeolites after O, treatment have been proposed by DFT
calculations, including [NiO]?*, [Ni2(nO)]?*, [Ni2(n0)2]%*, and [Niz(nO)s]?* (Fig. 13).5% 12 The
[Ni2(nO)]?* center was suggested as the active site for CH4 oxidation based on the low value of its
activation energy (ranging between 15 and 20 kcal/mol abstraction of H atoms from CHa).

The DFT calculations defined the structure of the [Niz(nO)2]?**active site in the ground
state, as an open-shell singlet state, where the unpaired electrons from one Ni(lll) center are
antiferromagnetically coupled with those from another Ni(lll) center.'?® The CH4 molecule is
adsorbed on the active site ([Ni2(nO)2]?*) with an adsorption energy of -4.9 kcal/mol and is then
activated via a radical-like transition state (TS1) where one of the H atoms is abstracted to form
an OH moiety and a methyl radical with an activation energy (15.3 kcal/mol) similar to that
calculated for [Cuz(uO)]** in the ZSM-5 zeolite matrix. As a spectroscopic benchmark for
Ni-ZSM-5 activated in an Oz flow, Shan et al. proposed the band at 22 800 cm™ in the UV-Vis
spectrum at 600°C.%° The highest yield and best selectivity for the production of CHzOH from CHs

oxidation by Ni-ZSM-5 were achieved at a reaction temperature of 175°C.
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Fig. 13. Optimized ground state structures of [NiO]?*, [Ni2(nO)]**, [Ni2(uO)2]**, and [Ni3(nO);3]*" in an MFI
zeolite. Copyright 2018 Royal Society of Chemistry.'2°

1.5 O, activation over binuclear cationic centers in FER zeolites

Recently, Tabor et al.”* reported a new feature of Fe-zeolites that revealed the cooperation
of two (binuclear) Fe(ll) centers in O activation. In addition, the stabilized oxygen species (a-O)
formed after O splitting selectively oxidized CH4 to CH3OH at RT. The binuclear Fe(Il) species
(Fig. 14A), in contrast to the isolated Fe(ll) ions in zeolites, take part in the four-electron reactions
process, resulting in O2 splitting. The binuclear Fe(ll) centers are constituted of two Fe(ll) cations
located in B cationic positions, with two Al atoms in the 6-MR of a FER zeolite, distant at about
7.5 A. The previous study of Sklenak et al.?® focused on analyzing the organization of Al atoms in
FER (Si/Al 8.6) zeolites, demonstrating that the concentration of Al pairs in the 3 site was high
(50% of the total Al atoms), indicating that approximately 94% of the 6-MRs of the B site could
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accommodate bare divalent cations. Therefore, at least 88% of the B sites are capable of forming
binuclear Fe(ll) structures. Conversely, the investigation demonstrated that the concentration of
Al pairs in the a site is relatively low (10% of all the Al atoms), indicating that only a minimal
proportion of the a sites can form binuclear Fe(II) structures.

Periodic DFT calculations and spectroscopic studies have confirmed the ability of the
binuclear Fe(ll) sites in the FER matrix (Fig. 14) to split O2."* The binuclear Fe(ll) structures
cleaved the O=0 double bond and formed a pair of a-O atoms on the two Fe(ll) cations (Fig. 14C).
Furthermore, the splitting of O. over the binuclear Fe(ll) centers in the FER zeolite and the
formation of a-O has been confirmed by in-situ FTIR and Mdssbauer analysis at RT. Both methods
provided a spectroscopic fingerprint of the a-O, which is clearly visible in the FTIR spectra as a
newly formed band at 890 cm™ after O; treatment and in the Mdssbauer study as parameters —
isomer shift (IS) = 0.29 and quadrupole splitting (QS) = 0.78 mm/s. Additionally, the FTIR
spectroscopy confirmed the stability of the previously formed a-O up to 200°C.

A B C

4

Fig. 14. Model showing O, splitting over Fe(ll) binuclear centers in FER zeolite after molecular dynamics
simulations: (A) Fe(ll) binuclear centers; (B) [Fe-O-O-Fe] transition state; and (C) [Fe=O O=Fe] product. The
distances are in A. Si atoms shown in gray, O atoms in red, Al atoms in yellow, and Fe atoms in blue.

In order to check the oxidation properties of a-O stabilized on Fe(ll) after O splitting, CH4
was used as a probe molecule. The mass spectrometry results confirmed the formation of CHzOH
with a significantly higher yield of CH30H (75 umol/gcat per cycle) in the gas flow in comparison
to the previously reported data over TMI-zeolites.2%% It should be noted that no water or any
organic solvent was needed here to extract the oxidation products from the zeolite surface.

In general, Fe-FER-containing binuclear Fe(ll) sites in FER zeolites performed CHs
oxidation by molecular O, similarly to the previously studied Cu-oxo species in zeolites.
Furthermore, Tabor et al.”* showed that employing Fe-FER catalysts could have a large practical
impact as a catalyst for CH4 utilization due to the reversible Fe(l1)/Fe(IV) cycle, the stable active
Fe centers under the reaction conditions, and the release of oxidation products to the gas phase
without the necessity of water or water-organic medium extraction.

In conclusion, there is still much to be achieved in CHs-activation research, but zeolites

that incorporate TMIs are expected to play a significant role in addressing this challenging issue.
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11 Aims of the work

This dissertation thesis discusses the determination of the possibility of the formation of
distant binuclear structures in zeolite matrices and their reactivity toward small molecules

activation.
The following questions were posed:

1. How to analyze the O activation and following CH4 oxidation over Fe-FER using spectroscopic
techniques?

2. Do TMI ions other than Fe(ll) ions form binuclear centers in FER for O2/N20 cleavage?

3. Could zeolites of topologies other than FER stabilize Fe(ll) binuclear active centers for O
splitting?

4. Does the a-O originating from N2O and O splitting stabilized on the binuclear centers of Co(ll),
Ni(l1), Fe(Il) and Mn(l1) in FER zeolites react with CH4 at low temperatures?

5. How is the cation speciation in FER and MOR zeolites reflected in the catalytic performance of
Fe-zeolites in the CRn20 and SCRn20 of N20O by CH4?

To address these queries, the subsequent steps were realized:

1. Developing a methodology based on the spectroscopic methods for analyzing a-O formation
over Fe-FER.

2. Potential to form binuclear centers of Co(ll), Ni(ll), and Mn(ll) in FER, their speciation, and
the effect of metal loading using FTIR spectroscopy.

3. Study of the possibility of forming binuclear centers in MOR, *BEA, and LTA zeolites,
including determining Al distribution in MOR zeolite.

4. Monitoring of the process of N2O/O: splitting toward a-O formation and its stabilization on
Co(I1), Ni(lI1), Fe(I), or Mn(l1) in FER for the following CH4 oxidation.

5. Realization of catalytic tests over Fe-FER and Fe-MOR under conditions of CRn20 and SCRn20
of N2O reduction by CHa.

The researcher results of this Ph.D. thesis were reported in the six scientific publications,
available as Appendices 7.1 — 7.6 (Publication I — VI):
1. Mariia_Lemishka (as a first and corresponding author), Jiri Dedecek, Kinga Mlekodaj,

Zdenek Sobalik, Stepan Sklenak, Edyta Tabor. Speciation and siting of divalent transition metal
ions in silicon-rich zeolites. An FTIR study. Pure and Applied Chemistry. 2019, 91(11), 1721
173.
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2. Edyta Tabor, Mariia_Lemishka, Zdenek Sobalik, Kinga Mlekodaj, Prokopis C.
Andrikopoulous, Jiri Dedecek, Stepan Sklenak. Low-temperature selective oxidation of methane

over distant binuclear cationic centers in zeolites. Communications Chemistry. 2019, 2, 71.

3. Kinga Mlekodaj, Mariia Lemishka, Stepan Sklenak, Jiri Dedecek, Edyta Tabor. Dioxygen

splitting at room temperature over distant binuclear transition metal centers in zeolites for direct

oxidation of methane to methanol. Chemical Communication. 2021, 57, 3472—-3475.

4. Edyta Tabor, Mariia Lemishka, Joanna E. Olszowka, Kinga Mlekodaj, Jiri Dedecek, Prokopis

C. Andrikopoulos, and Stepan Sklenak. Splitting Dioxygen over Distant Binuclear Fe Sites in
Zeolites. Effect of the Local Arrangement and Framework Topology. ACS Catalysis. 2021, 11, 4,
2340-2355.

5. Kinga Mlekodaj, Mariia Lemishka (as a first author), Agnieszka Kornas, Dominik K.

Wierzbicki, Joanna E. Olszowka, Hana Jirglova, Jiri Dedecek, and Edyta Tabor. Evolution of
Active Oxygen Species Originating from O, Cleavage over Fe-FER for Application in Methane
Oxidation. ACS Catalysis. 2023, 13, 3345-3355.

6. Maria Cristina Campa, Daniela Pietrogiacomi, Carlotta Catracchia, Simone Morpurgo, Joanna
Olszowka, Kinga Mlekodaj, Mariia Lemishka, Jiri Dedecek, Agnieszka Kornas, Edyta Tabor.
Fe-MOR, and Fe-FER as catalysts for abatement of N2O with CHa: in situ UV-vis DRS and
operando FTIR study. Applied Catalysis B: Environmental. 2024, 342, 123360.
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111 Results and discussion

Spectroscopic studies of a-O formation by the dissociation of O and N.O over
metallozeolites were performed, and the reactivity of a-O toward CH4 oxidation was investigated.
As catalysts for Oz and N2O activation, the following zeolite topologies were used: FER containing
Co(I1), Ni(I1), Mn(lI), Fe(ll) cations, and Fe(11)-MOR. The catalytic activity of a-O was tested in
a CH4 to methanol transformation. The experimental data obtained from O, and N2O activation
over FER (Co(Il), Ni(l1), Mn(ll), Fe(ll)), and Fe(I1)-MOR were supported by a theoretical study,
including computational modeling, electronic structure calculations, molecular dynamics, and
geometry optimizations. The theoretical study was also extended to Fe(Il)-*BEA and Fe(Il)-LTA
zeolites.

As discussed above, TMI zeolite-based catalysts were prepared using commercially
available FER and MOR zeolites (Tosoh Corporation, Japan) and Si/Al 8.6 and 9.2, respectively.
To determine the framework features of the zeolites and their redox behaviors, a combination of
spectroscopic and structural methods was used. The chemical compositions of the parent materials
(FER and MOR) and the TMI-containing FER and Fe-MOR zeolites were determined using X-ray
fluorescence (XRF). The XRF and low-temperature nitrogen (N2) adsorption results confirmed
that the studied material exhibited FER and MOR topologies and the presence of micropores. The
magic-angle spinning nuclear magnetic resonance (MAS-NMR) method was applied to control
the location of Al atoms in the framework and as a supporting method for describing the
organization of the Al atoms in the parent FER and MOR zeolites. The organization of Al atoms
in the MOR zeolite was established using a well-proven method based on Co-ligation in zeolites
evaluated by UV-Vis spectroscopy. FTIR spectroscopy was employed to analyze the progress of
the cation exchange of the MOR and FER by TMI, referring to the spectra in the region of the OH
and T-O-T vibrations. The concentration of divalent cations in the studied metallozeolites was
determined by FTIR spectroscopy using nitric oxide (NO) and carbon monoxide (CO) as the probe
molecules. To analyze the redox cycle over the metal centers in the zeolites, occurring during O>
or N20 oxidation and subsequent CH4 reduction, the following methods were employed under in-
situ conditions: FTIR, UV-Vis, Mdossbauer, and X-ray absorption near edge structure (XANES)
spectroscopy. The reaction products of CH4 oxidation by O or N2O were identified using in-situ
FTIR analysis in the gas phase and mass spectrometry techniques. Gas chromatography was
applied to analyze the catalytic reduction products of N2O with CHa in the absence or presence of
O2 and H20 over Fe-MOR and Fe-FER catalysts.

All of the steps involved the preparation of M(I1)-FERs and Fe(l1)-MORs, optimization of
the preparation conditions, and the characterization of the nature of the formed M(II) active sites,
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including the coordination and siting of the cation in the zeolite matrix, as well as its accessibility.
These were of crucial importance for understanding, predicting, and finally tailoring their
properties to the requirements of the catalytic reactions. The spectroscopic studies of a-O
formation from N2O and molecular O dissociation, its reactivity with CHs toward CH3OH
production, and the catalytic tests under catalytic reduction of N2O with CH4 in the absence or
presence of O2 (CRn20 and SCRn20) conditions are discussed separately in the following sections
(3.1 —3.5), with each section serving as the answer to a question posed as an aim of the study.

3.1 How to analyze the O activation and following CH4 oxidation over Fe-FER
using spectroscopic techniques? Developing a methodology based on the
spectroscopic methods for analyzing a-O formation over Fe-FER

The study of the formation, stabilization, and evolution of a-O from Oz and N20
dissociation over metallozeolites, as presented in this thesis, was possible thanks to the careful
choice of a combination of several characterization techniques. In order to analyze the activation
of molecular Oz over TMI-containing zeolites, we developed a methodology based on several
techniques (gathered together in Table 2), the combined results giving a holistic picture of the
behavior of both the nature of the active centers and their structural changes during O activation.
The best method for the detection of the binuclear center’s ability for splitting Oz or N2O to result
in a-O formation is the reaction test with CHs. The main feature of a-O is its high oxidation
potential to transform CHs into CH3OH. It should be mentioned that most of the characterization
methods employed would have been insufficient used alone to obtain a complete picture of the
redox behavior of the TMI centers in the zeolites. However, their combination, along with
theoretical predictions, produced credible results for the characterization of the nature of the active
centers in zeolite-based catalysts.

Previously, the formation of a-O from O over Fe binuclear centers in FER had been
confirmed at RT under ex-situ conditions.” The studied Fe-FER had to be activated after the redox
cycle (O2/CHg) in order to perform the splitting of the Oz and the CH4 oxidation. Thus, to extend
the application of Fe-FER as a catalyst for CH4 oxidation by O, we focused on performing the
study at an elevated temperature under isothermal conditions so as to exclude the catalyst
activation step after the redox cycle (O2/CHas). To analyze the oxidation properties of the a-O
formed by O: splitting, we used a combination of in-situ XANES, Mossbauer, FTIR spectroscopy,
and mass spectrometry to monitor its interaction with the CHs. Most of the measurements and
examinations of the a-O formation were conducted at 220°C, and this temperature is based on
previous results concerning the thermal stability and optimal conditions for O> splitting over
Fe-FER.™
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Table 2. Characteristics of a-O obtained using various spectroscopic techniques.

Technique Type of information Advantages Limitations
FTIR Content and nature (valency Simple, rapid, easily Surface technique
spectroscopy and symmetry) of TMI available, high selectivity,
centers in zeolites, good sensitivity, fast
monitoring of the behavior of detection, and convenient
TMI under redox conditions  operation, working under in-
situ and ex-situ conditions
Maéssbauer  Information on the oxidation Easily available (for our Only for Fe, time-
spectroscopy  state and symmetry group), working under in-situ  consuming measurement
exclusively in the Fe centers and ex-situ conditions, high and data evaluation
in the zeolites, analysis of the sensitivity, exclusively for Fe (spectra have to be fitted
formation and reactivity of a- centers using dedicated software
@) designed exclusively for
Mossbauer
spectroscopy)
XANES Monitoring of changes in the In-situ detection, rapid, high High cost, not available
spectroscopy  TMI oxidation state, sensitivity locally, preparation of
symmetry, and speciation, proposal needed for
monitoring of the redox cycle measurement, complex
(O2/N20 and CHy) and sophisticated
equipment, time-
demanding and labor-
intensive
UV-Vis Determination of Al Easily available and Complex analysis of the
spectroscopy  distribution in  zeolites, convenient operation, in-situ results, time-consuming
reactivity of TMI embedded detection process of  sample
in zeolites toward N,O or O, preparation before
dissociation and CH, measurement
oxidation, stability of the
M(I11) oxo species under CH4
treatment
FTIR analysis Analysis of the oxidation High sensitivity, fast Difficulties with the
in the gas products of CH,4 oxidation by detection, and analysis under spectral analysis due to
phase N2O or O, in-situ conditions the overlapping of the
bands of the reactants
and products
Mass Detection of products of CHs  Easily available, high Time-consuming
spectrometry  oxidation by O or N,O sensitivity, —and  simple analysis of the products,
product detection including the calibration
process
DFT Prediction of possible zeolite Good support for all Time-consuming,
calculations  topologies, with ~ TMIs experimental methods computationally

performing O splitting and
o-O formation, determination
of the reaction barriers of the
N.O or O, dissociation, and
the following CH4 treatment
over M(I1)-zeolites

intensive
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Below, the choice of the particular methods used for determining the redox properties of
Fe(I1) active centers in FER are discussed. The Fe-FER was selected as the model catalytic system
due to its previously well-documented activity in splitting O2 and interacting with CHa.

Maossbauer spectroscopy was used to analyze the oxidation state and the coordination of
the Fe species in the >’Fe-FER sample with Fe/Al 0.04, which was prepared intentionally for this
study (see Publication V). The Méssbauer spectrum of the evacuated >’Fe-FER (Fig. 15A) was
deconvoluted into three components (D1-D3), the IS value confirming the exclusive presence of
divalent Fe species.”" 8 Based on data from the literature, the Components D1 (IS = 0.98 and
QS =0.78 mm/s) and D2 (IS =0.98 and QS = 0.46 mm/s) were both attributed to Fe(ll) coordinated
to four O atoms in the FER framework in a planar B cationic position.”" ! Component D3, with
an IS value of 1.03 mm/s, was characteristic of Fe(ll), but the higher value of QS (2.07 mm/s)
indicated a lower symmetry around the Fe sites. This observation allowed us to assign D3 to Fe(ll)
in the o cationic position, in which the Fe species were situated above the zeolite ring.'?* 122

The Mbssbauer spectrum of *’Fe-FER, recorded after O interaction, was deconvoluted
into three components — D2, D4, and D5 (Fig. 15B). Analysis of the values of the Mdssbauer
parameters (see Publication V) revealed that 41% of the Fe assigned to components D2 and D4
had been not oxidized by O2. Moreover, in the Mdssbauer spectrum of the O»-oxidized Fe-FER, a
new component, D5 (IS = 0.29 and QS = 0.78 mm/s), was formed. The hyperfine parameters of
component D5 were similar to those characteristic for the a-O species stabilized on Fe
[Fe(1V)=0]?" after interaction with N2O. This result confirmed the splitting of O, over the Fe(ll)

centers located in the 3 cationic position and the stabilization of the active Oz form (a-O).
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Fig. 15. Mossbauer spectra of >’Fe-FER (recorded under vacuum), together with their fits, collected after the
following treatments: (A) 3h evacuation at 450°C under dynamic vacuum; (B) interaction with O, for 40 min at 220°C;
and (C) interaction with CH,4 for 30 min at 220°C.

To check the oxidation properties of [Fe(IV)=0]%*, the Mdssbauer spectrum of Fe-FER

was recorded after O, oxidation and subsequent interaction with CH4. The spectrum, together with
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its deconvolution into three components (D1-D3), is depicted in Fig. 15C. The received
Massbauer hyperfine parameters (see Publication V) are close to those observed for evacuated
S"Fe-FER, and reveal the presence of exclusively Fe(ll) species. Component D5, describing the
a-O formed after oxidation, was absent. This observation clearly indicates that the previously
formed (a-O) [Fe(1V)=0]?* species was again reduced after CH, treatment to Fe(11).”

Similarly to the Mdssbauer study, an analysis by time-resolved in-situ XANES
spectroscopy under the O2/CHj4 treatment of Fe-FER was performed. Fig. 16 depicts the XANES
spectra of Fe-FER (Fe/Al 0.04) collected after activation of the sample in He stream at 450°C (in
beige), after O, oxidation (in green), and following the interaction with CHa (in pink). The XANES
spectrum of FeO (Fig. 16, in red) was used to confirm the presence of Fe(ll), and the spectra of
ferric oxide (Fe203) (Fig. 16 in black) and nitric oxide (NO)/O: (Fig. 16 in blue) were used as a
reference for the Fe(lll). Importantly, the XANES spectrum recorded after evacuation of the
Fe-FER (Fig. 16) indicated that a major fraction of the Fe species in the Fe-FER was present as

Fe(Il), as reflected by a shift in the absorption edge toward lower energies (see Publication V).
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Fig. 16. XANES spectra of Fe-FER recorded under He activation at 450°C (in beige), Oz at 220°C (in green),
and CHg at 220°C (in pink) treatments. For reference, FeO (in red), Fe2Os (in black), and NO/O; (in blue).

The shoulder arising at the absorption edge at ca. 7120 eV, forming due to a 1s—4p
transition, confirmed the square planar symmetry of the Fe(ll),2 typical for Fe(II) in B cationic
positions. The interaction of Fe-FER with O (Fig. 16 in green) resulted in the oxidation of the
Fe(Il) species present in the activated Fe-FER to Fe(l1l). Moreover, the absorption edge after O>
treatment was shifted to higher energies, and a pre-edge feature occurred at approximately
7114.4 eV increased this, indicating the formation of a five-fold coordination of the Fe ion.

The XANES spectrum of previously Oz-oxidized Fe-FER treated by CHys is presented in
Fig. 16 (in pink). The interaction of the CH4 with the O»-oxidized sample led to the reduction of

36



all the Fe(l11) to Fe(ll), as can be seen in Fig. 16 by the shifting of the spectrum to the position
typical for Fe(ll) as observed in the activated sample (Fig. 16 in beige). The XANES spectra
recorded under NO/O> showed a deeper oxidation of the Fe species compared to the O2, which
suggests that some Fe species were resistant to oxidation by O, and a stronger oxidizing agent
may be required.

In-situ FTIR spectroscopy was used as the third method in developing the complex
methodology for monitoring a-O over Fe-FER. To illustrate this approach, the in-situ FTIR spectra
(see Fig. 17) of the Fe-FER activated at 450°C (in red) are presented after interaction with O>
(in blue) and CHg4 (in green). The spectra were analyzed in the region of the OH (Fig. 17A) and
T-O-T (Fig. 17B) vibrations.?" 12! The positions of the silanol groups (3742 cm™) and Brensted
acid sites (Si-OH-AI) (3588 cm™) observed in the evacuated samples did not change in either the
O2 or CH4 treatment.'?* This indicates that the OH groups of the Fe-FER did not participate in the
O2/CHa redox cycle. The presence of a band at 907 cm™ (Fig. 17B) confirmed the location of Fe(lI)
in the B cationic position of the FER structure.!? Interaction with O led to the formation of a new
band at 897 cm™*. Based on data from the literature, this was identified as a spectral fingerprint of
a-O [Fe(IV):O]Z“.”' 73,117
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Fig. 17. FTIR spectra of Fe-FER in the range of (A) OH and (B) T-O-T. Activation over 3 h at 450°C in He
(in red), 1 h of O, interaction at 220°C (in blue), and CH4 treatment at 220°C (in green).

To investigate the oxidation properties of [Fe(1V)=0]?*, the FTIR spectrum was recorded
after CHs treatment at 220°C (Fig. 17B). Following the interaction of CH4 with the O»-pre-
oxidized Fe-FER, the intensity of the band at 897 cm™ decreased significantly, and the band at

907 cm™, which is characteristic of Fe(Il) in P sites, reappeared. These results show, for the first
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time, that cooperating Fe(Il) species are also effective in a-O formation from O at elevated

temperatures. Moreover, this indicates that the possible reaction products do not interact with the

acid centers of the zeolite, 87 101,126

The results presented above confirm the formation of the a-O over Fe-FER, but they do

not describe the kinetics of its formation, which is a crucial point in catalytic studies. For this
purpose, FTIR spectroscopy was applied to monitor the behavior of the Fe sites interacting with

O2 under in-situ conditions at 220°C. Analysis of the FTIR spectra (Fig. 18) in the region of the
T-O-T vibrations showed that, within an interaction time of 0 — 60 min, the intensity of the band
at 907 cm, assigned to Fe(Il) in the B cationic position, decreased with the increasing intensity of
the band characteristic for the a-O at 897 cm™ (Fig. 18A). This correlation between the decreasing
concentration of P sites (band at 907 cm™), estimated from the FTIR spectra, and the formation of
the band at 897 cm™ is depicted in Fig. 18B. It was confirmed by an in-situ FTIR study that, to
oxidize all the Fe(II) in the [ sites and to reach the highest intensity of the band typical for a-O, a

time of 60 min was required.
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Fig. 18. (A) FTIR spectra of the kinetics of a-O formation over Fe-FER for 1h at 220°C; and (B) temperature
dependence of the evolution of the bands characteristic for a-O and Fe(II) in 3 sites.

In the next step, the thermal stability of the a-O over Fe-FER was investigated using FTIR
spectroscopy under in-situ conditions. The a-O previously formed at 220°C after the interaction
of Fe-FER with Oz was monitored every 20°C up to 380°C (Fig. 19). It can be seen that the
intensity of the band at 897 cm™, assigned to the 0-O, remained the same up to 260°C, above
which, the band intensity decreased in a stepwise manner. Simultaneously, a stepwise
reconstruction of the band typical for Fe(ll) can be seen (shift in the bands from 897 to 907 cm™,
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marked by the gray arrow in Fig. 19A). These findings indicate that the a-O was stable up to

260°C, but decomposed above this temperature, presumably via the recombination of two a-0."
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Fig. 19. FTIR spectra of the thermal stability of a-O in the temperature range 220 — 380°C over Fe-FER (A)
and temperature dependence of the intensity of the band characterizing a-O (B). The solid violet line indicates a
temperature of 280°C.

To determine the oxidation products, an FTIR analysis of the gaseous products of the
interaction of the a-O stabilized on the Fe-FER with CH4 at 220°C (Fig. 20) was performed. The
presence of bands with low intensity at 2926 and 2830 cm™, characteristic of the vibrations of
methoxy species, indicated methanol formation.” The bands at 2360 and 2338 cm™ corresponded
to carbon dioxide (CO2) stretching vibrations.*?” The appearance of CO, among the reaction
products, together with the presence of a band in the region of the OH vibrations at 3214 cm™,
typical for OH vibrations in H20, suggest the overoxidation of CH4 and/or the products initially
formed during CH4 oxidation. Similar conclusions have been reported by Sushkevich et al., based
on an FTIR product analysis, in which both CO and CO2 were found after a CH4 oxidation reaction
over Cu-MOR.*?

Mass spectrometry was used as an additional method to analyze the products of CHs
oxidation by the a-O previously formed on the Fe(ll) species in the FER by O> splitting at 220°C
(see Publication V). The Fe-FER sample was activated at 450°C, cooled down to 220°C, and at
this temperature, oxidized by O and subsequently interacted with CH4. Three consecutive cycles
of the interaction of the Fe-FER with Oz and CH4 were performed. The mass spectrum exhibited
signals with m/z = 31 (methanol) and m/z = 44 (CO>) (Fig. 21).
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Fig. 20. FTIR spectra of the gas phase acquired during the reaction of the Fe-FER with O, and CHa.

The CH3OH productivity obtained at 220°C varied over the three subsequent redox cycles
between 0.20 and 0.38 umol/geat. The obtained results reveal that the oxidation products of CH4
formed by Oz were detected in the gas stream, which proves their spontaneous release at 220°C
from the active Fe sites and from the zeolite channel system to the gas phase without the need for
effluent usage. The FTIR spectroscopy and mass spectrometry results confirmed the formation of
the same products of CH4 oxidation by the a-O stabilized on the Fe-FER.
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Fig. 21. Time dependence of signal intensity (ion currents) reflecting the products of CH4 oxidation by the
a-O formed on the Fe-FER at 220°C, monitored by mass spectrometry over three consecutive redox cycles. The
signals with m/z = 31 and 44 relate to methanol (in black) and CO; (in red), respectively. The values in the upper right
corner correspond to the productivity of methanol and CO..
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The spectroscopic results from the in-situ Mossbauer, XANES, and FTIR spectroscopy
confirmed that the characterization methodology developed for monitoring the O interaction over
the Fe-FER can be successfully used for analysis of the formation, kinetics, and oxidation
properties of a-O. By including the results from the mass spectrometry and FTIR analysis in the
gas phase, it was also possible to detect the oxidation products. The results indicate that two Fe(ll)
centers with planar geometry embedded in the FER worked together in the redox cycle. When the
Fe-FER interacts with O, [Fe(IV)=0]?" is produced, which is then reduced by CHa to the Fe(ll)
centers. It was found that the a-O formed under throughflow conditions was stable up to 260°C
and exhibited oxidation properties in CHs4 to methanol oxidation. Methanol production was
recorded in the gas phase through the use of FTIR and mass spectrometry. Combining the
methodologies of in-situ Mdssbauer, XANES, and FTIR spectroscopy, mass spectrometry, and
FTIR analysis in the gas phase can be used as a tool for the determination of potential TMI-

containing zeolites for O activation and CH4 oxidation.

3.2 Do TMI ions other than Fe(ll) ions form binuclear centers in FER for
02/N20 cleavage? Potential to form binuclear centers of Co(ll), Ni(ll), and
Mn(I1) in FER, their speciation, and the effect of metal loading using FTIR
spectroscopy

In this section, special attention is given to the analysis of the siting and location of bare
divalent cations of Co(ll), Ni(ll), and Mn(ll) in the extra-framework cationic sites in the FER
matrix (Si/Al 8.6, M/AI 0.04 — 0.33) (see Publication I). The introduction of cations of Co, Ni, or
Mn to the FER was performed by ion exchange or impregnation methods. The ion-exchange
method was used to prepare a whole concentration range of Co-FER (Co/Al 0.04 — 0.33) zeolites
and low-loaded samples with Ni and Mn/Al (0.04 — 0.16 M/AI). For the Ni- and Mn-FER samples
(0.16 — 0.38 M/AI), it was necessary to use the impregnation method. These two preparation
methods were used because of difficulties associated with the preparation of high-loaded samples
in the ion exchange procedure. The study required samples with high TMI loading, as this
guarantees the formation of high-fraction catalytically active binuclear centers in the zeolite
framework. The sizes of the metal atom radii, types of precursors, preparation conditions, pH of
the solution, the concentration of TMIs, temperature, and contact time between the zeolite and the
precursor were all considered to be the most probable factors influencing the introduction of
cations into the FER structure.

Analysis of the FTIR spectra of the Co-, Ni-, and Mn-FER?’ with M/AI 0.16 in the region
of the T-O-T vibrations (Fig. 22) revealed the presence of M(II) bare cations in a, 3, and y cationic

positions.?” In all the studied samples, the majority (70% — 75%) of M(II) cations were located in
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[ positions, which is regarded as a precondition for the formation of binuclear centers. The rest of

the M(II) cations were in the o (15% — 20%) and y (10%) sites (see Publication I).
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Fig. 22. FTIR spectra of the perturbed T-O-T antisymmetric mode of dehydrated H-, Mn-, Co-, and Ni-FER.

In order to analyze the M(II) siting in the zeolite, FTIR and XRF data were used, with a
quantitative evaluation based on the extinction coefficients for Co, Ni, and Mn in the FER. The
liner function of the integrated area of M(I1) bands in the FTIR spectra in the T-O-T region as a
dependence of M/AI provided the values of the extinction coefficient for particular cations
(Table 3). These extinction coefficients for the individual cations (Co, Ni, and Mn) embedded in
the FER structure were used to evaluate the fraction of M(Il) species in cationic positions in the
studied zeolites.*?® As previously shown, due to the specific Al distribution in the FER sample, the
upper limit for the accommodation of any bare divalent cation was about M/Al 0.33.2° By
employing the FTIR and XRF data, and the values of the established extinction coefficients for
Co, Ni, and Mn in the FER, it was found that, in all the M(Il)-FERs with M/AI < 0.16, the bare

cations were highly prevalent.

Table 3. Wavenumbers of the T-O-T vibrations reflecting cations in the a, B, and y sites for Mn-, Co-, and
Ni-FERs. The extinction coefficient of Mn-, Co-, and Ni-FERs.

a B v Extinction coefficient
(cm™) (cm pmol™)
Mn 953 928 902 30.4
Co 942 918 885 38.5
Ni 940 918 879 35.8
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Contrastingly, in more concentrated samples (M-FERs with M/Al > 0.16 up to a limit of
M/AI 0.33), the occupation of cationic positions by bare cations depended on the specific cation
and was approximately as follows: Mn(11) — 80%, Ni(ll) — 55%, and Co(Il) — 98%. As also shown,
the share of occupation of the a and B positions strongly depended on the individual cations.

In general, all the prepared Co-, Ni-, and Mn-FERs were close to the maximum loading of
bare divalent cations (M/AI 0.33). Analysis of the obtained data indicated that, for the M-FER
samples with M/Al > 0.22, at least 50% of the M(II) cations were located in  cationic positions
that could form the binuclear centers that can perform O2/N20 activation. The results showed that
the TMIs (Co, Ni, and Mn) had been introduced and had stabilized as M(I1) species over the FER
topology, as confirmed by in-situ FTIR spectroscopy of the region of the perturbed T-O-T
vibrations. By using a series of M-FERs with different metal loadings (M/Al 0.04 — 0.16), it was
possible to establish an extinction coefficient of bare M(Il) (Co, Ni, and Mn) located in the FER
matrix. This data allowed us to determine the fraction of bare cations located in the B cationic
position, which is crucial for the formation of binuclear centers. Those M-FERs with high loadings
of bare M(II) in cationic sites were successfully prepared, and a unique type of active site —

binuclear structure was formed.

3.3 Could zeolites of topologies other than FER stabilize Fe(ll) binuclear active
centers for O splitting? Study of the possibility of forming binuclear centers in
MOR, *BEA, and LTA zeolites, including determining Al distribution in MOR
zeolite

The DFT method was used to understand the role of zeolitic matrices for the stabilization
of Fe(ll) sites forming binuclear centers in FERs that are active in O splitting. It has been
confirmed that the FER structure offers two arrangements of Al atoms in 6-MR, which results in
the stabilization of Fe(Il) binuclear centers. As previously shown, the major share of the binuclear
centers in FERs in one of the possible locations of the two Al atoms in the 6-MR performed O
splitting.”* In this study, it was showed another arrangement of Al atoms in the 6-MR in the FER
was participating in Oz cleavage. This confirmed that the position of the two Al atoms in the
6-MR did not have an effect on the ability of the Fe(ll) binuclear sites in the FER to split molecular
O.. This opened up the possibility of studying the reactivity of the binuclear sites in other zeolite
matrices and the relationship between the arrangement of the binuclear site and its reactivity
toward O splitting. Thus, DFT calculations were used to analyze the possibility of O splitting
over Fe(ll) embedded in MOR, *BEA, and LTA zeolites (see Publication V). In this study, we
focused on evaluating the potential of zeolites with topologies other than that of FER to find an

arrangement suitable for the formation of an optimal distance between two Fe(ll) ions so it could
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cooperate in O dissociation. For this purpose, 2’Al MAS-NMR and UV-Vis spectroscopy were
employed to determine the organization of Al atoms in MOR zeolites used as catalysts for CRn20
and SCRn2o reactions (the catalytic study is discussed in Section 3.5) (see Publication V1I).

As previously established, the formation of binuclear Fe(ll) centers in FER with the
potential for splitting O is controlled by certain structural and geometrical requirements,
including: 1) the presence of Al atoms in pairs that stabilize the Fe(ll) ions; ii) a parallel
arrangement of the two zeolite rings containing the Fe(ll) cations; and iii) an optimal distance
between two Fe ions of about 7 -9 A."

Accordingly, the DFT calculations (see Publication 1V) were employed to interrogate the
structural properties of MOR, *BEA, and LTA zeolites in fulfillment of these structural demands
(i.e., having Fe(Il) in their binuclear centers and their potential for splitting O2). The calculated
geometrical positions of the two cationic sites and the resulting Fe---Fe distance in MOR, *BEA,
and LTA zeolite frameworks with actual Al distribution are summarized in Table 4, along with the

calculated barriers for O splitting.

Table 4. Selected mutual geometrical positions of the two cationic sites.

Fe-zeolite Fe...Fe Facing Parallel Ring-ring Eacri®
distance distances * (keal/mol)
FER 7.41 yes yes 7.4 24.9
*BEA 7.61 yes yes 9.5 31.2
LTA 7.33 yes no 7.6 61.6
MOR 7.26 yes yes 7.5 15.0

aDistance between two rings in the empty zeolite.

® Calculated barrier of the cleaved O,.

The calculation predicted variation in the potentials of the studied *BEA, LTA, and MOR
zeolites for the formation of an optimal arrangement of binuclear Fe(ll) centers and their O>
splitting abilities. This opened the possibility for the development of highly active and selective
catalytic systems based on alternative zeolite structures and their utilization in the direct oxidation
of CHa to methanol, and/or other organic compounds to valuable oxidation products.

The DFT calculation predicted the geometrical distance between the two 8 cationic sites in
the *BEA zeolite without a divalent cation as 9.5 A. After the introduction of Fe(ll) cations, the
Fe---Fe distance in the binuclear center was significantly shortened to 7.6 A (Table 4).

Furthermore, theoretical calculations have shown that O, can be split over binuclear Fe centers in
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*BEA with the energy barrier of O splitting (see Publication V). Thus, this result confirmed that
the splitting of Oz is not unique to FER topology. It has been pointed out that, recently, the ability
of binuclear Fe(ll) sites in FER in Oz splitting has been confirmed experimentally.

The DFT analysis of the LTA zeolite matrix showed that the Fe(ll) cations were ligated to
three O atoms of two AlO4 tetrahedra and one O atom of a SiO4 tetrahedron. The two closest
6-MRs across the LTA super cage could create two adjacent rings with cationic sites facing each
other, albeit they would not be in an optimal parallel arrangement. The distance between the
Fe---Fe in such binuclear centers is 7.33 A, but the location of the two Fe centers is not parallel.
DFT calculations clearly showed that such an arrangement of Fe sites in LTA zeolite is far from
optimal and thus incapable of O splitting. Accordingly, the corresponding barrier for O splitting
was calculated to be 61.6 kcal/mol (Table 4). In comparison with other studied zeolite structures,
this value is very high. The presented result clearly shows that for O splitting over the binuclear
center, the curtail is their parallel arrangement.

The periodic DFT calculation (see Publication 1V) indicated that the structure of the MOR
zeolite was suitable for the accommodation of Fe(l1) cations and the formation of binuclear centers
across the zeolite channel with a distance of 7.63 A. It was also shown that the Fe(Il) ions in
[ cationic positions are located at the bottom of the MOR pockets, and thus they are accessible
through the 8-MRs main channels. The calculated energy barrier of the Oz splitting is 15.0 kcal/mol
(Table 4), indicating that a MOR with Fe(lIl) binuclear centers could split O2 via a mechanism
similar to that observed for the Fe in the FER matrix.

Accordingly, the study focused on the evaluation of Fe-active centers in MOR for the
CRn20 and SCRn2o reactions (see Publication V). As previously shown, the organization of Al
atoms in the zeolite matrix plays a crucial role in the stabilization of the Fe active sites.® Thus, we
started our study by determining the distribution of the Al atoms in the commercially available
MOR (Si/Al 9.2). It is worth noting that, until our study, there had been no investigation of Al
atom organization in MOR. The Al atom organization in the MOR zeolite was investigated using
a combination of 2’Al MAS-NMR and UV-Vis spectroscopy. The 2’Al MAS-NMR spectrum of
hydrated MOR confirmed that the Al atoms were exclusively located in the framework positions
of the MOR. The determination of the distribution of Al atoms in the MOR matrix was based on
the application of Co(ll) ions as probes monitored by UV-Vis spectroscopy supported by
quantitative data from chemical analysis. The results obtained from the UV-Vis and XRF methods
showed that the MOR matrix contained the majority (72%) of the Al atoms forming Al pairs. This
type of Al distribution is crucial for stabilizing divalent cations. The rest (28%) of the Al atoms in

the MOR zeolite were present as single atoms (see Publications V1).
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The results of the DFT calculations presented above suggested that the binuclear Fe(ll)
sites with suitable parameters could be accommodated in topologies other than the FER topology
in MOR, *BEA, and LTA zeolites. The calculations showed that the potential for the splitting of
O2 over Fe-zeolites strongly depended not only on cation distance but also on their mutual
orientation. It has been found that the axial arrangement of the Fe(ll) centers in MOR and *BEA
zeolites enabled the splitting of O, and the formation of a-O. Conversely, the non-parallel
orientation of Fe(ll) binuclear centers in the LTA zeolite precludes O activation. The results of
this study have revealed that the ability for O2 cleavage represents a general property of distant
binuclear Fe(ll) centers optimally stabilized in zeolites, thus suggesting the possibility of

developing various Fe zeolite-based systems for O activation for direct hydrocarbon oxidations.

3.4 Does the a-O originating from N2O and O: splitting stabilized on the
binuclear centers of Co(Il), Ni(ll), Fe(I1) and Mn(ll) in FER zeolites react with
CHs at low temperatures? Monitoring of the process of NoO/O: splitting toward
a-O formation and its stabilization on Co(ll), Ni(lIl), Fe(ll), or Mn(l1) in FER
for the following CH. oxidation

The exceptional activity of Fe(ll) binuclear centers embedded in Fe-FER in the formation
of a-O from Oz has been presented in previous sections. This section contains a report on the study
of the potential for O activation and the following CHas selective oxidation over ions other than
Fe(Il) binuclear ions — that is, the use of Co, Ni, or Mn in the FER matrix (see Section 3.4.1). The
formation of o-O obtained by N2O decomposition and its activity toward CH4 to methanol

oxidation was studied over the binuclear centers of Fe-, Co-, and Ni-FERs (see Section 3.4.2).

3.4.1 O2 splitting and subsequent CHa interaction at low temperature

Herein, the investigations of the dissociation of O2 over binuclear centers formed by Ni(ll),
Co(I), and Mn(Il) in FERs (see Publication I11) will be shown. The interaction of O2 with
Ni(I)-, Co(ll)-, and Mn(Il)-FERs at RT was monitored by FTIR spectroscopy. Analysis of the
FTIR spectra of the M-FERs (where M = Ni, Co or Mn) in the T-O-T vibration region revealed
that, for all the studied zeolites, after exposure to O, the band in the region attributed to the
accommodation of bare M(II) cations located in the B cationic position (see Fig. 23) disappeared,
a new band being formed at around 870 cm™ (see Fig. 23).”* This new band remained stable after
the gas-phase O2 had desorbed at RT. As previously indicated, the vanishing of the band at about
920 cm™?, characteristic for bare M(II) cations accommodated in the B site in M(II)-FERs, and the
simultaneous formation of the new band at lower frequencies (870 cm™) due to stronger

perturbation in the zeolite ring, indicates that the M(Il) was oxidized by the O, to [M(IV)=0]*
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(a-0). The band at around 870 cm™ was established as an FTIR characteristic of the a-O.™" 73
These results indicated that, over all three FER samples, the O2 molecule was cleaved over the
distant binuclear Ni(Il), Co(Il), and Mn(Il) centers present in the FERS, and a pair of distant a-O
atoms were formed, (i.e., analogous to the Fe-FER).”* These findings are the first evidence of the
splitting of O2 and the formation of the a-O on binuclear sites other than Fe in FERs at RT.

All three M(11)-FER samples, featuring pairs of the distant a-O atoms originating from the
O2 cleavage, subsequently interacted with CH4 (Fig. 23). This interaction led to the disappearance
of the band at 870 cm™ and the appearance of the band at 920 cm™, corresponding to the bare M(11)
cations accommodated in the B cationic sites. The regeneration of the band at 920 cm™ indicates

that the CH4 interacted with the [M(1V)=0]%* (formed after O treatment) to form volatile products.
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Fig. 23. FTIR spectra of (A) Ni-FER, (B) Co-FER, and (C) Mn-FER samples in the T-O-T vibration region
recorded at RT after the following treatments: evacuation at 450°C for 3 h (in green), with the a, B, and y cationic
positions marked (grey lines); (B) 1 h of interaction with O, at RT (in red); and (C) consecutive interaction with CH,4
forl h at RT (in blue).

To detect the volatile products of CH4 oxidation by [M(IV)=0]?*, mass spectrometry was
applied (see Publication I11). The M(Il)-FER samples were oxidized by O, and subsequently
interacted with CH4 at RT, respectively. The mass spectrum revealed the presence of a signal with
m/z = 31 that confirmed the formation of methanol in the gas phase. These results proved that the
a-O atoms from the O splitting over all the studied M(11)-FER samples could directly oxidize CH4
to methanol. The yields of methanol produced per gram of zeolite were 20 pmol/gcat for Co-FER,
42 umol/geat for Mn-FER, and 116 umol/gcat for Ni-FER per cycle. These methanol yields indicate
that the Ni-FER had the best performance in the direct oxidation of CH4 to methanol. Because the
methanol was detected in the gas stream, it can obviously be released from the active sites and

zeolite channel system to the gas stream without the need for an effluent.
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In summary, a-O species are formed by O> cleavage over distant binuclear (Ni(11), Mn(l1),
and Co(ll)) cationic centers stabilized in the FER matrix. The presence of methanol in the gas
stream after the interaction of the M(I1)-FERs with the O./CHg is clear evidence of the engagement
of a-O in CH4 oxidation. In contrast to other zeolitic systems, the methanol produced over the
distant binuclear cationic structures can be released to the gas phase from the M(I1)-FER samples
without using an effluent. The stability of cationic active centers makes systems based on Ni(ll),
Mn(I1), or Co(ll)-FER attractive for use as potential catalysts in CH4 to methanol oxidation at the

industrial level.

3.4.2 N2O decomposition and subsequent CH4 treatment at low temperature

The DFT study was used to determine the ability of binuclear M(11) (where M = Co or Fe)
cations to cleave N2O and stabilize a-O over binuclear centers of Co(ll) and Fe(Il) cations in FER
(see Publication I1). The calculations were performed for a theoretical model, in which two M(1I)
cations formed binuclear centers across a FER channel and cooperated in N2O splitting. Here, the
DFT results from the N2O activation of Co(ll)-FER are discussed. (The DFT study on Fe-FER
interacting with N2O has been presented previously).

The reaction pathway for N.O decomposition over binuclear centers in a Co(ll)-FER
(Fig. 24A) occurs via N2O adsorption on the Co(ll) by the terminal N atom (calculated adsorption
energy = -15.4 kcal/mol), forming a [Co...NNO Co] complex (Fig. 24B). The O atom in N20 is
well positioned to attack the second Co(ll) cation in the binuclear centers located across FER

channels.
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Fig. 24. DFT model of binuclear Co centers in a FER and their interaction with N2O: (A) binuclear centers
in Co-FER; (B) Co...NNO Co complex; (C) transition state formed over binuclear centers; (D) Co...NN O=Co
intermediate formed over the binuclear centers; (E) the Co O=Co product (formation of the a-O); and (F) schematic
energy profile during N»O activation over the Co(ll) binuclear centers. Si atoms in gray, O atoms in red, Al atoms in
yellow, Co atoms in violet, and N atoms in blue. Schematic energy profile (in kcal/mol).
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Consequently, the N-O bond is cleaved, and the bare Co(II) cation in the [ site is oxidized
to yield a [Co...NN O=Co] intermediate (Fig. 24D) via the [Co-NNO-Co] transition state (energy
barrier = 9.6 kcal/mol) (Fig. 24C). Subsequently, the N> desorbs (energy cost = 11.5 kcal/mol) and
the [Co O=Co] product (Fig. 24E), featuring the a-O, is formed. Our calculations also revealed
that N2O does not adsorb on Co(ll) via the O atom, as had previously been suggested for isolated
Co(II) cations. These results confirm that a-O can be created on binuclear Co(ll) centers. The
schematic energy profile during N2O activation over the binuclear centers is presented in Fig. 24F.

In order to assess the redox behavior of binuclear Fe, Ni, and Co in FERs (Fig. 25), the
interaction of N2O (Fig. 26) and CH4 was analyzed by FTIR (Fig. 27) and mass spectrometry (Fig.
28). The FTIR results from the interaction of N.O with the M-FERs (M = Fe(l1), Ni(ll) or Co(ll))
(Fig. 26) at RT clearly showed that the bands of the M(II) cations located in the 3 cationic positions
disappeared, with two new bands being formed at approximately 950 and 880 cm™ (Fig. 26). The
band at 880 cm* was attributed to the [M(IV)=0]?* complex, featuring the o-O, similarly to in the
Fe-FER.™ The weak band at 950 cm™ was assigned to the ligand complex M(II) with N2O (see
Publication I1).
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Fig. 25. FTIR spectra of (A) Fe-FER, (B) Ni-FER, and (C) Co-FER samples in the T-O-T vibration region,
recorded at RT after evacuation at 450°C for 3 h, with the a, B, and y cationic positions marked (grey lines).

The oxidation properties of the a-O formed on the Co-, Ni-, and Fe-FER samples were
investigated through the selective oxidation of CH4, monitored by in-situ FTIR spectroscopy. The
FTIR spectra of the M-FERs recorded after interaction with the previously N2O-oxidized M-FERs
with CH4 (Fig. 27) indicated that the band at 880 cm™, which corresponded to the a-O, had
disappeared completely, while the band at around 920 cm™, characterizing the bare M(ll) cations
accommodated in the B site, had reappeared (Fig. 27).2" "* The emergence of the band at about
920 cm™, which characterized the bare divalent cations located in the B site, suggests the

protonation of methoxy groups.
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Fig. 26. FTIR spectra of (A) Fe-FER, (B) Ni-FER, and (C) Co-FER samples in the T-O—T vibration region,
recorded at RT after evacuation at 450°C for 3 h and subsequent interaction with N,O for 4 — 14 min (in black). FTIR
spectra after desorption of N2O for 5 min at 200°C (in red).
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Fig. 27. FTIR spectra of (A) Fe-FER, (B) Ni-FER, and (C) Co-FER samples in the T-O—T vibration region,
recorded at RT after the following treatments: evacuation at 450°C for 3 h, 14 min interaction with N,O; and
consecutive interaction with CH,4 for 25 min at 200°C (in black). FTIR spectra after desorption of CH4 for 5 min at
200°C (in blue).

Analysis of the FTIR spectra (Fig. 28) in the region of the C-H stretching vibrations
(3000 — 2830 cm™) revealed the presence of a band at 2960 cm* corresponding to formate species
bound to the Fe cation, a band at 2853 cm™ attributed to CH3-OH, and a band at 2920 cm™*, which
was assigned to the methoxy group bound to the Fe cation. Bands in the region of methyl group
(8CHs), carboxyl group (3COH), and vCO vibrations (1800 — 1290 cm™) appeared at 1666 and
1355 cm™* and were assigned to formate anions bound to the Fe cation, and at 1642 cm?, attributed
to formaldehyde adsorbed on the Fe cation.®® 12° The presence of bands characterizing methanol,
formaldehyde, and formate suggests the protonation of methoxy groups in the M(I1)-FERs with
binuclear M(I1) species. The higher protonation activity of all three M-FER samples resulted in

the creation of protonated oxidation products that is, methanol, formaldehyde, and formic acid.
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Fig. 28. FTIR spectra of the M-FER samples: (A) Co-FER; (B) Ni-FER; (C) Fe-FER; (D) Co-FER; (E) Ni-
FER; and (F) Fe-FER. The spectra were recorded after the interaction of the M-FER samples with N2O for 14 min
and the subsequent interaction with CH,4 for 25 min at 200°C, respectively.

The oxidation products of CH4 over N.O-oxidized M-FER (M = Co, Ni or Fe) were also
monitored using mass spectrometry in order to confirm the protonation of the methoxy groups and

to determine the composition of the oxidation products (Fig. 29).
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Fig. 29. Mass spectrometry results of methanol formation (m/z = 31) over the Ni-FER, Co-FER, and Fe-FER.
Methanol was detected after oxidation of the samples by N,O at 200°C, and then the formed o-O was titrated by CHa
at the same temperature.

The previously N20O-oxidized M-FERs interacted with CH4, and the products of the
oxidation were detected by mass spectrometry. The mass spectrometry results confirmed the

formation of methanol (m/z = 31) and small amounts of other oxidation products, such as
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formaldehyde, formic acid, dimethyl ether, and CO,. The yields of methanol produced per gram
of zeolite were 200 umol/gcat for Co-FER, 290 umol/gcat for Ni-FER, and 32 umol/gcat for Fe-FER
per cycle. These results confirm that the active sites for the formation of the a-O and methane
oxidation involved two cooperating M(II) cations.

In all three M(I1)-FER samples, the a-O was generated by pairs of M(I1) cations abstracting
the O atom from the N2O. The a-O already selectively oxidized CH4 to methanol at RT. Notably,
the methoxy groups were protonated to methanol and other oxidation products without the use of
water vapor, which distinguishes this system from previously reported zeolite-based systems.
Additionally, it should be mentioned that the formation of the a-O only occurred in binuclear
Co(Il)...Co(ll) and Ni(II)...Ni(Il) centers, and not in isolated Co(Il) or Ni(ll) cations.

3.5 How is the cation speciation in FER and MOR zeolites reflected in the
catalytic performance of Fe-zeolites in the CRn20 and SCRn20 of N2O by CH4?
Realization of catalytic tests over Fe-FER and Fe-MOR under conditions of
CRn20 and SCRn20 of N2O reduction by CH4

In order to analyze the influence of zeolite topology on the catalytic performance in CR n20
and SCR n20 reactions, Fe-FER and Fe-MOR with similar Fe loadings were used
(see Publication VI). The Fe was introduced to both the FER (Si/Al 8.6) and MOR (Si/Al 9.2)
matrices via impregnation in acetylacetone. The compositions of the four samples are presented in
Table 1 (see Publication V1). To determine the role of various Fe species in the CRn20 and SCRnz20
processes, we intentionally prepared the samples to contain low (below 0.8 wt.%) and high (above
1.5 wt.%) Fe loadings that differed in the type of Fe sites. The studied samples were marked
Fe-FER-32, Fe-FER-70, Fe-MOR-23, and Fe-MOR-95, where the number represented the
3Fe3*/Al ratio.

3.5.1 Detections of Fe(ll) in studied Fe-zeolites

Carbon monoxide and NO were used as probe molecules for the detection of Fe(ll) in
Samples Fe-FER-32, Fe-FER-70, Fe-MOR-23, and Fe-MOR-95 (Fig. 30).

Analysis of the FTIR spectra after CO adsorption verified that, in all the samples, a band
at 2200 cm™* typical for Fe(l1)-CO was formed (Fig. 31A and C).**° This confirmed the presence
of the Fe(11) species in all the studied Fe-zeolites. The adsorption of CO on the evacuated Fe-FERS
confirmed the formation of a carbonyl band at 2196 cm™, which corresponded to the Fe(11)-CO
species. A comparison of the spectra for Fe-FER-32 and Fe-FER-70 showed that the intensity of
the Fe(I1)-CO band did not increase with Fe loading. This suggests that, in the FER matrix, the

saturation of specific cationic positions by Fe(ll) was reached at a low Fe loading.
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In the Fe-MOR samples, the intensity of the Fe(I1)-CO bands significantly increased with
increasing Fe loading, indicating that, in the MOR matrix, the specific cationic positions accessible
to Fe(l1) were gradually populated at increasing Fe concentrations.

The NO adsorption was used to better evaluate the speciation of Fe(ll) due to the strong
NO affinity toward Fe(ll), which results in the formation of stable nitrosyl species.'®! In
Fe-zeolites, several types of active Fe(ll) species can be identified - the intense band at 1877 cm™
was assigned to an Fe(l1)-NO species, the band at 1760 cm™ corresponded to the low-frequency
mode of the Fe(l1)-(NO). species, and the bands at 1825 and 1805 cm™ coupled with the shoulder
at 1920 cm™ to represent an Fe(l1)-(NO)s species.

In the studied Fe-FERs, only one type of Fe(ll)-NO species was revealed at around
1820 cm™, as indicated by the symmetrical shape of the corresponding band. This indicates that
the active Fe(ll) species capable of adsorbing only one NO molecule was introduced into the FER
matrix at low Fe loading, while the active Fe(ll) species adsorbing two or three NO molecules
were introduced at higher Fe loading. This evidence confirmed that the FER matrix strongly
stabilizes peculiar Fe(ll) sites (i.e., able to adsorb only one NO molecule) that were already highly

populated at low Fe loadings.
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Fig. 30. In-situ FTIR spectra of (A and C) CO and (B and D) NO adsorbed at RT on activated (A and B) Fe-
MOR and (C and D) Fe-FER catalysts at different Fe loadings. Experiments on samples pre-reduced by CO at 320°C
are also reported (dotted-lines). The samples were heated in CO from RT up to 320°C, kept for 5 min at 320°C, then
cooled back to RT before recording the spectra in the presence of CO or NO. In (B), the band at about 1800 cm™ is
not to scale.

In the NO adsorption over the Fe-MOR samples, the nitrosyl region showed an intense
band at 1880 cm™ with a shoulder at about 1910 cm™, indicating two types of Fe(l)-NO mono
nitrosyl species. A weak band at 1760 cm™ was ascribed to Fe-(NO), dinitrosyls, and bands at

53



1820 and 1925 cm™ were typical for Fe-(NO)s trinitrosyl species.’®? Based on this, at least three
types of Fe(ll) species were inferred, in different positions of MOR cavities - two species able to
adsorb a maximum of one molecule of NO, and a third species filling its coordination sphere with
two or three NO molecules. At increasing Fe loading in the MOR matrix, the intensity of all the
nitrosyl bands increased, indicating that the amount of active Fe(ll) species increased (in
agreement with the CO adsorption results). Therefore, a comparison of the NO adsorption results
obtained from the Fe-FER and Fe-MOR samples with similar Fe loadings highlighted the role of
the matrix topology in controlling the active Fe(ll) speciation in terms of the coordinative
unsaturation and symmetry of the stabilized Fe(ll) sites.

3.5.2 Role of zeolite topology in CRn20 and SCRnzo reactions over Fe-FER and Fe-MOR:
Catalytic and operando study

All the studied Fe-FER and Fe-MOR catalysts were highly active in the reduction of N.O
by CH4 (CRn20) (Fig. 31A and 31C). Under laboratory conditions, the N2O conversion reached
100% in the range 350 — 400°C, during which the CH4 conversion reached its maximum value
(about 30%), remaining constant at higher temperatures (Fig. 31A and 31C). With increasing Fe

content in the zeolite, the activity increased nearly proportionally over the Fe-FER catalysts, but
was less over the Fe-MOR catalysts.
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Fig. 31. (A and C) CRn20 and (B and D) SCRn2o reactions on (A and B) Fe-MOR and (C and D) Fe-FER
catalysts at different Fe loadings. The %N,O and %CH. conversion are presented as a function of temperature.
Reactant concentrations: [N2O]=[CH4] = 0.4% and [O2] = 0% or 2% (total flow rate = 50 cm® STP/min, with He as

balance).

When excess O, was added to the N2O+CHas mixture (SCRn20), both the Fe-MOR and
Fe-FER systems were still highly active for N.O reduction with CH4 (Fig. 31B and D). Again, by
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increasing the Fe loading, the N2O conversion increased over the Fe-FER catalysts but was less
over the Fe-MOR catalysts.

A comparison between the catalytic activity of the Fe-MOR and Fe-FER catalysts showed
that N2O abatement under conditions of CRn2o action only negligibly depended on the zeolite
matrix used (see Publication V1), suggesting the presence of similar amounts of Fe(ll) working
sites in both zeolites at similar Fe loading. Contrastingly, the N2O abatement in the SCRn20 process
was higher on the Fe-FER than on the Fe-MOR catalyst.

To verify if the Fe-MOR and Fe-FER systems were stable under real feeds, the activity,
stability, and reversibility of the catalytic activity for SCRn2o after the addition of H2O vapor were
investigated. After the addition of HO, the activity slightly decreased in both the Fe-MOR-95 and
Fe-FER-70 catalysts across the whole temperature range (Fig. 32A and C). In particular, at the
temperature at which the N2O conversion in the dry feed was about 70% (350°C for Fe-MOR-95
and 315°C for Fe-FER-70), the conversion decreased to about 50% after the addition of H20, but

it remained stable for both zeolites as a function of time on stream (Fig. 32B and D).
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Fig. 32. (A and B) SCRn,o0 reaction on Fe-MOR-95 and (C and D) Fe-FER-70 in the presence or absence of
H-0 vapor in the reactant mixture. (A and C) %N-0O conversion as a function of temperature and (B and D) of time
on stream at set temperatures, as indicated. Reactant concentration: [N2O]=[CH4] = 0.4%, [O2] = 2%, and [H.0] = 0%
or 2% (total flow rate = 50 cm® STP/min, with He as balance).

These results suggested that only a fraction of the Fe active sites were poisoned. On both
catalysts, the activity was fully restored when the H>O was switched off from the feed, suggesting
that the deactivation by H>O was probably due to reversible poisoning (H2.O adsorption
/desorption).

Operando FTIR experiments were performed to obtain information on the pathways of the

CRn20 and SCRn20 and the key intermediates stabilized on the active Fe centers involved in these
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processes. To analyze the FTIR operando study, low-loaded Fe-zeolites (Fe-MOR-32 and
Fe-FER-23) were selected (see Publication VI). It should be stressed that, regardless of the
concentration of the Fe in the studied MOR or FER, the general trend in the interaction with the
CRn20 and SCRn2o detected under operando conditions was the same. The spectra of the Fe-MOR
and Fe-FER catalysts under a N2O+CHjy feed (Fig. 33), recorded at increasing temperatures in the
range 250 — 400°C, showed absorption bands in the range 1700 — 1300 cm™ that were typical for
the presence of the reaction products (i.e., CHxOy species). The newly formed bands were assigned
to formaldehyde (1620 cm™), formate (1590 — 1560 and 1390 cm™), and methoxy (1475 —
1435 cm™) species.®® 12% 133 The CHO, species were better defined in the experiments over
Fe-FER, which probably indicates the lower heterogeneity of these surface species. This finding
clearly suggests that the topology influenced the type of intermediate species. However, over
Fe-MOR-23, the CHxOy species were more abundant than over Fe-FER-32, although both
Fe-MOR-23 and Fe-FER-32 exhibited rather similar catalytic activity. These differences in the
population of CHxOy and the catalytic activity of the studied Fe-zeolites can be tentatively assigned
to the presence of a higher fraction of spectator species in the case of Fe-MOR-23 compared to
Fe-FER-32.
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Fig. 33. Operando FTIR spectra of surface species during CRn2o reaction at temperatures increasing up to
500°C on: (A) Fe-MOR-23; and (B) Fe-FER-32 catalysts. The insets show the corresponding reactant conversions as
a function of temperature and magnifications of the O-H and C-H stretching regions.

Analysis of the operando FTIR results during SCRn2o revealed the formation of
formaldehyde and formate species (Fig. 34). Compared with the CR conditions, the FTIR spectra
for Fe-FER-32 and Fe-MOR-23 under SCRn20 conditions were free from methoxy species. These
findings indicate that the addition of O2 to the reaction mixture blocked the formation (or
accumulation) of methoxy species on the surface. A similar amount of CHxOy (formaldehyde and
formate species) was observed on the Fe-FER-32 sample in both the CRn20 and SCRn2o reactions.

However, in the Fe-MOR-23 sample, the fraction of CHxOy that appeared in the SCRn20 was lower

56



than in the CRn20. These results confirmed that the addition of Oz to the reaction mixture prevented

the formation (accumulation) of C-containing species, including spectators, on the catalyst surface.
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Fig. 34. Operando FTIR spectra of surface species during SCRnz0 reaction at temperatures increasing up to
500°C on: (A) Fe-MOR-23; and (B) Fe-FER-32 catalysts. The insets show the corresponding reactant conversions as
a function of temperature and magnifications of the O-H and C-H stretching regions.

The results presented above clearly show that the FER and MOR matrices, with comparable
amounts of Al pairs, influenced the formation of individual Fe(ll) sites with different redox
properties. Accordingly, the differences in zeolite topology affected the formation of various types
of Fe species with different valencies. The Fe-FER zeolite contained a higher fraction of well-
defined Fe(ll) than its Fe-MOR analog, with similar Fe loading. It was confirmed that the Fe-FER
was more active than the Fe-MOR in the reduction of N2O in the presence of O2 (SCRn20), whereas
both systems were similarly active for CRn2o. It was also shown that the conditions of the catalytic
reactions were strongly influenced by the redox properties of the studied zeolites. A combination
of structural characteristics of the Fe-MOR and Fe-FER samples, with their catalytic performance,
revealed that, in the CRn20o reaction, the active centers were Fe(ll) located in cationic positions. In
the case of SCRn20, the reaction conditions influenced the redox properties of the Fe species
present in the Fe-FER and Fe-MOR samples. However, a higher fraction of Fe(ll) species
performing the redox cycle was observed in Fe-FER, as reflected in its higher catalytic activity.

In both systems, the addition of H.O to the SCRn2o feed caused a slight and reversible
deactivation due to adsorption/desorption phenomena. However, the limited extent of the
interaction with H2O allowed both the Fe-FER and Fe-MOR systems to be potentially effective
catalysts for No.O abatement with CH4 under real conditions (i.e., with Oz and H>O vapor present
in the feed) Fe-FER being more efficient due to its better resistance to the presence of O in the

reaction feed.
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IV General conclusions

The conclusions of the study are presented as answers to the questions posed in the aims
of the thesis.

1. How to analyze the O activation and following CH4 oxidation over Fe-FER using
spectroscopic techniques? The methodology used to explore the formation of a-O from O
splitting over Fe-FER was developed using in-situ Mossbauer, XANES, and FTIR spectroscopy.
The structural and valence changes in Fe(I)—Fe(III) occurring over the B site in the Fe-FER were
revealed by in-situ Mossbauer and XANES spectroscopy before and after O interaction. Thus, the
in-situ Mossbauer spectral benchmark of the a-O originating from O, stabilized on Fe in the FER
was established. It was shown that the formation, kinetics, and oxidation properties of a-O can be
analyzed using the in-situ FTIR technique in the region of the OH and T-O-T vibrations. The
FTIR spectral characteristic for a-O was also established. Methane was used as a probe molecule
to analyze the oxidation properties of a-O, and it was confirmed that the CH4 was oxidized by
a-O to methanol. The products of the interaction of O,/CH4 with Fe-FER monitored by FTIR and
mass spectrometry confirmed methanol formation. The application of the developed methodology
(combined in-situ Mossbauer, XANES, and FTIR spectroscopy, mass spectrometry, and FTIR
analysis in the gas phase) could be used as a tool for determining the potential of TMI-containing

zeolites for O, activation and CHg4 oxidation.

2. Do other than Fe(11) TMI ions form binuclear centers in FER for O2/N20O cleavage?
The outcomes of FTIR spectroscopy investigations, as well as the DFT modeling, confirmed that
the FER topology is an optimal candidate for stabilizing a significant fraction of divalent TMI
cations in P cationic positions, which can form binuclear centers. It was further demonstrated that
preparing Co-, Ni-, and Mn-FERs with the high level of loading of bare divalent cations is feasible
for all of these cations. Moreover, for the first time, the values of the FTIR extinction coefficients
of the individual bare M(Il) cations (M = Co, Ni, and Mn) located in the FER matrix were
established. This data allows us to determine the fraction of bare cations located in particular

cationic positions, which is crucial for forming binuclear centers.

3. Could zeolites of topologies other than FER stabilize Fe binuclear active centers for
O2 splitting? The results of the DFT calculations indicated that the binuclear Fe(l1) sites could be
accommodated in topologies other than FER (e.g., MOR, *BEA, and LTA). However, the DFT
calculations also showed that the splitting of O2 over Fe(ll) zeolites was significantly influenced
by the location of the Fe centers and their mutual orientations. The optimal parallel orientation of
Fe(ll) centers in the MOR and *BEA zeolites enabled the splitting of O, and the formation of

a-0, whereas the non-parallel orientation of Fe binuclear centers in the LTA zeolite precluded O>
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cleavage. The results of this study have confirmed that the capability for Oz splitting represents a
general property of the binuclear Fe(ll) centers stabilized in zeolites. This suggests the possibility
of developing further optimizing the O activation in direct hydrocarbon oxidations based on

Fe cations in other zeolites.

4. Does the a-O originating from N20O and O: splitting stabilized on the binuclear centers
of Co(ll), Ni(Il), Fe(ll), and Mn(l1) in FER zeolites react with CH4 at low temperatures? The
findings obtained from FTIR and mass spectrometry analysis confirmed that the a-O species was
formed by O2/N.O cleavage over the binuclear Ni(ll), Mn(ll), Fe(ll), and Co(ll) in the FER
reacting with CHgs, oxidizing it to methanol at RT. In contrast to other zeolitic systems, the
methanol produced over distant binuclear cationic structures in FER zeolites was released to the
gas phase without using an effluent. The yields of methanol produced by N-O dissociation over
M-FERs were twice as high as the yields of methanol produced by O splitting. In comparison to
the Fe-FER, other cations [Ni(ll), Mn(Il), and Co(ll)] exhibited higher chemical stability, thus
making these systems more attractive for use as potential catalysts in CHs to methanol oxidation
at the industrial level.

5. How is the cation speciation in FER and MOR zeolites reflected in the catalytic
performance of Fe-zeolites in the CRn20 and SCRn2o of N2O by CH4? Our findings showed that
FER and MOR matrices with a comparable amount of Al pairs (for the MOR zeolites, the Al
distribution was determined in this work) stabilized the Fe sites with different redox properties. In
addition, we confirmed that the topology of the zeolites affected the formation of various types of
Fe species with different valencies. Namely, Fe-FER zeolite contained a higher fraction of well-
defined Fe(ll) than its Fe-MOR analog with similar Fe loading. The Fe-FER zeolite was also a
more active catalyst than the Fe-MOR in the selective catalytic reduction of N2O by CH4 (SCRn20),
whereas both systems were similarly active for CRnzo. It further confirmed that the conditions of
the catalytic reactions strongly influenced the redox properties of the studied zeolites. A
combination of the structural characteristics of the Fe-MOR and Fe-FER zeolites with their
catalytic performance revealed that, in the CRn20 reaction, the active centers were Fe(ll) located
in cationic positions. In the case of the SCRnz0, the reaction conditions influenced the redox
properties of the Fe species present in both the Fe-FER and Fe-MOR zeolites. Nevertheless, a
higher fraction of Fe species performing the redox cycle was observed in the Fe-FER zeolite, as
reflected in its higher catalytic activity. In Fe-FER and Fe-MOR systems, adding H2O to the
SCRn20 feed caused a slight and reversible deactivation due to adsorption/desorption phenomena.
However, the limited extent of the interaction with H>O allowed both the Fe-FER and Fe-MOR
catalysts to be potentially effective for N.O abatement with CH4 under real conditions.
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V Outlook

The scientific future plan is mainly focused on the study of the ability of zeolite frameworks
to stabilize active centers for the activation of small molecules and oxidation of hydrocarbons.

Below the list of the main topics is presented:

v Employing various zeolite topologies, e.g., CHA, MOR, or *BEA, and ensuring an optimal
distribution of Al atoms in zeolite structure for stabilization of cation active centers
performing activation of Oa.

v" Check the potential of CHA, MOR, or *BEA with optimal Al distribution for stabilization
of various binuclear centers formed, e.g., by Fe, Ni, or Mn cations, and their performance
in O2/CHjs activation.

v" Employment of the a-O stabilized on TMI-containing zeolites for oxidation of other
molecules than CHg, e.g., cyclohexane or propane.

v' Consideration of the possibility of TMI binuclear centers in zeolites for activation of
various small molecules, e.g., CO2, CO, or Nz and analyze their potential in

environmentally important catalytic reactions.
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