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Abstract

In this study, ion-exchanged Co in ZSM-5 with mostly single Co2* cations in Al pairs
was found to be active at moderate temperatures for the direct methylation of
benzene. Through Kkinetic experiments and temperature-programmed surface
reactions, a tentative reaction scheme and a mechanism for that reaction were
elucidated. Combining results of infrared and UV-Vis spectroscopy, the position of the
active sites in Co-ZSM-5 was investigated. This allowed showing that the Co position

influences the selectivity of various products.
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Kurzzusammenfassung

In dieser Studie wurde festgestellt, dass ionenausgetauschtes Co in ZSM 5 mit
liberwiegend einzelnen Co2*-Kationen in Al-Paaren bei moderaten Temperaturen
aktiv fiir die direkte Methylierung von Benzol ist. Durch kinetische Experimente und
temperaturprogrammierte Oberflachenreaktionen konnten, sowohl ein vorlaufiges
Reaktionsschema, als auch der Mechanismus dieser Reaktion aufgeklart werden.
Durch die Kombination von Ergebnissen aus Infrarot- und UV-Vis Spektroskopie,
wurde die Position der aktiven Stellen in Co-ZSM-5 untersucht. Dadurch konnte
gezeigt werden, dass die Co-Position die Selektivitit der verschiedenen Produkte

beeinflusst
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Abbreviations and symbols

AE]

Al

BAS

bcm

BET

CFI

CH4

cm

Co

CO2

Co

Co(NO3)2

Co203

CoO

CoOAc:

degree Celsius

Angstrém

Atom absorption spectroscopy
Framework Type AEI
Aluminum

Brgnsted acid sites
billion cubic meters
Brunauer-Emmett-Teller
Framework type CFI
Methane

Centimeter

Carbon monoxide
Carbon dioxide

Cobalt

Cobalt nitrate
Cobalt(III)-oxide

Cobalt oxide

Cobalt acetate



Cu

DFT

Ea

EFAl

e.g.

eq

eV

EXAFS

Fe

FT

FWHM

GC

GHG

H2

H20

IR

IZA-7C

VI

Copper

density functional theory

activation energy

extra-framework aluminum

exempli gratia

equilibrium

electron volt

extended X-ray absorption fine structure

Iron

Fourier-transformed

full width at half maximum

gram

gas chromatography

greenhouse gas

hour

Hydrogen

Water

infrared

structure commission of the international zeolite association

Kelvin



K]

LAS

mbar

MDA

MFI

mg

MHz

min

mL

mmol

MOR

MR

N2

Na

NMR

PBU

VII

kilo

kilojoule

Lewis acid site

metal

millibar

Methane dehydroaromatization

pentasil zeolites type MFI

milligram

megahertz

minute

milliliter

millimol

Molybdenum

Mordenite

membered ring

Nitrogen

Sodium

nuclear magnetic resonance

pressure

primary building unit



PFR

PXRD

rds

RT

SBU

SEM

Si

SiC

SiO2

SynAir

TGA

Ti

TOF

TOS

TPR

UV-Vis

VIII

plug flow reactor

powder X-ray diffraction

Rate determining step

room temperature

selectivity

second

secondary building unit

scanning electron microscopy

silicon

silicon carbide

silica

synthetic air

temperature

thermogravimetric analysis

Titanium

turnover frequency

time on stream

Temperature-programmed reaction

ultraviolet-visible



WHSV

XANES

XAS

XRD

Zn

7r

ZSM-5

IX

weight hourly space velocity

conversion

X-ray absorption near-edge structure

X-ray absorption spectroscopy

X-ray diffraction

yield

Zinc

Zirconium
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1 Infroduction

Climate change is on everyone's lips. In 2015, several countries decided in the Paris
agreement that a limit of 2 °C for global warming is necessary to combat the climate
crisis. The main goal is the reduction of greenhouse gas emissions (GHG), mainly
consisting of carbon dioxide (COz) and even more harmful methane (CH4), to target
the global warming to 1.5 °C above pre-industrial levels.1-3 Large artificial sources for
these greenhouse gases are, for instance, wells and petrochemical plants. This is
mainly for safety reasons to release overpressure or a missing gas infrastructure,
where the gas would reduce the flow velocity in liquid crude oil transportation.*> Due
to technical, regulatory, or economic constraints, CHs4 is primarily burned in large
amounts to convert it into the slightly less damaging CO2.6 Figure 1.1 shows such a

gas flaring. This is not only a waste of energy but also money.

Figure 1.1: Example of a gas flare in the petrochemical industry.”

This so-called flaring accounted for 430 Mt (~1.2%) annual CO2 emission worldwide
in 2019.8 Iran, and the USA, for example, contribute with more than 70 Mt CO2
emission, each, and belong therefore to the countries with the highest emissions.?
More beneficial approaches to manage excess CH4 need to be established to avoid this

malignant transformation.



Another big challenge to counter climate change is the investigation of renewable
energy. Therefore, CH4 from biogas plants plays an important role and is one of the
most promising green energy sources. However, due to the high symmetry of CHs,
and its high C-H bond dissociation energy of ~440 k] mol-l, processes for CHs
conversion on an industrial scale, are still very limited due to its limited activation in
a controlled way.10-12 They imply harsh conditions or the use of heterogeneous

catalysts.



1.1 Turning CH4 into a value-added product

The main component of natural gas is CH4 with up to 96 mol%, followed by two mol%
of ethane.l3 In 2019, about 4000 billion cubic meters (bcm) of natural gas was
consumed worldwide.4 Alone in the US, 871 bcm were used in several end-use
sectors with the following distribution: 3% of the natural gas was used for
transportation of the natural gas itself through pipelines; primarily for heating
buildings and water, 15% of the natural gas was used by the residential sector, and
10% by commercial consumers; the electric power sector use 38% of natural gas to
generate electricity; the industrial sector consumed 33% of natural gas typically as
fuel for heating and power, but also the production of chemicals, fertilizer, and
hydrogen.15 As a fuel, CH4 provides a very high heating value of ~ 56 k] g-1.4 Therefore,

CHa4 is indispensable as a fuel.

1.1.1 Most common processes converting CHs

Around 25% of the U.S. natural gas consumption in industry is used to utilize CH4 for
chemical production.> Most of these processes consist of partial oxidation (1.1), dry
reforming (1.2), steam reforming (1.3), and autothermal reforming (partial oxidation
with oxygen and steam). The obtained products are CO and Hz, so-called syngas,
which can then further be processed, for example for the methanol synthesis, the
Haber-Bosch process (ammonia synthesis), or the Fisher-Tropsch process to

synthesize liquid hydrocarbons.6 16

1
CH4+§02 \_—\ CO+2H2 1'1
CH,+C0O, =2C0+2H, 1.2
CH, + H,0 = CO +3H, 13



Dry reforming is the most efficient method to convert two GHG simultaneously.
Nevertheless, the downside of this reaction is that high temperatures of 450-900 °C
are needed, as well as the requirement of catalysts to reach sufficient conversions,
since this reaction is endothermic by 247 k] mol-1.17-18 Nobel metals such as Ru, Rh,
Ni and Co supported on amorphous supports (e.g., TiO2, SiO2) or mesoporous
material (e.g.,, SBA-15) are highly active to support this reaction. However, a
significant disadvantage of these materials consists of sintering (agglomeration and

fusion of smaller particles to larger ones) and coking (carbon depositing).

Methanol is the most crucial downstream product of CH4 chemistry in terms of
volume.1® Approximately 157 million metric tons of methanol were produced

worldwide in 2020.20

Besides syngas production, several more processes in the industry use CHs4 as
reactant: chlorination, Degussa and the Andrussow process for hydrogen cyanide
production, carbon disulfide production, and high-temperature pyrolysis for

acetylene production.2!

In addition to the above-listed industrial-relevant processes, CH4 valorization is also
often explored in academic studies. These include the direct selective oxidation
towards methanol or formaldehyde, the oxidative coupling towards ethane or
ethylene, and the dehydro-aromatization towards benzene.22-2> Nevertheless, limited
yield of the product of interest, and high coke formation hinder such processes from
being implemented in large-scale industrial processes.23 A deeper understanding and

development is desirable.

[ -
CO +H, CH,O
HCN C,H,/ CoHg
CoH, CH;OH
CS, CeHe
Figure 1.2: Products directly converted from CHs4. Left: commercial; right: non-

commercial processes.



1.1.2 The challenge of CHjs activation

As already mentioned, the C-H bond dissociation energy in CH4is ~440 k] mol-1.26 [t
is a highly symmetric tetrahedral molecule with a carbon atom in the center,
surrounded by four hydrogen atoms with a C-H bond length of 1.09 A.1° To overcome
such a low reactivity of CHg, it is necessary to find a highly active catalyst for the CH4

activation.

It is widely accepted that the CH4 activation follows either a homolytic or heterolytic
C-H bond breaking mechanism on metal oxide supported catalysts.27-31 Such a
dissociative cleavage of CHx-H on an active site is generally considered the rate-
determining step (rds) in CH4 reactions.32-33 A selection of non-oxidative routes of
CH4 activation is presented within the following section. Due to its thematic relevance

in this thesis, oxidative mechanisms are not further discussed in this section.

One example for the direct conversion of CHs to valued products such as benzene,
toluene, naphthalene, and hydrogen by methane dehydroaromatization (MDA).
Besides a small fraction of toluene and naphthalene, the primary reaction of CH4 in

MDA is the aromatization towards benzene (1.4):
6 CHy —> CgHg + 9 H> 1.4

Several studies report that Cu, Co, Mo, or Zn modified zeolites (ZSM-5 or MCM-22)
and Fe on amorphous SiO2 or GaN nanowire are capable catalysts reaching notable
conversion of CH4 with high selectivity towards benzene.11.23,30.34-37 The first step is
always the C-H bond cleavage. Different studies report controversial mechanisms,
discussing whether this step is homolytic or heterolytic. Sun et al. report the
formation of free methyl radicals on Fe supported H-ZSM-5 observed by vacuum
ultraviolet-soft photoionization-molecular beam mass spectrometry.3” They propose
a homolytic mechanism where C2He is formed by CHs' followed by dehydrogenation
and cyclization forming benzene. On the other hand, Wang et al. using Zn on H-ZSM-
5, have reported a heterolytic dissociation. They report the formation of CHs* species,
interacting with the support, and a [Zn-H]* species.3* A similar mechanism was
proposed on Cu zeolites by Gabrienko et al. in 2020.38 A heterolytic cleavage includes
the formation of a surface methoxy species and the H adsorbs on a Cu?* ion.

5



Nevertheless, the literature proposing heterolytic dissociation is divided. Recent
studies by Xu et al. report a heterolytic dissociative cleavage using Co on ZSM-5
material.30 They suggest the C atom of the resulting CHs bonds to the Lewis acid metal

sites, and the remaining H atom interacts with an O atom nearby.30

In MDA processes using M2+ supported zeolites, alkylated aromatics were also
observed besides benzene production.3> 37. 39 This opens another field about the

direct methylation of benzene.

In the 90s and 2000, there was an ongoing discussion about the involvement of CH4
in the toluene formation from benzene and CH4.> 28 40-43 Two different pathways in
various catalyst systems were proposed: one hypothesis was that the additional C
atom in of the methyl group of toluene was formed by fragmentation, coke deposition
and rearrangement of benzene without the direct involvement of methane, while the
other hypothesis indicated the participation of CH4 by witnessing the appearance of

labeled 13C from 13CH4 in the methyl group of toluene.

Furthermore, similar to MDA, there is a constant debate, whether the methyl group
adsorbs on the metal of a catalyst or the neighboring O atom of the support (see

Figure 1.3).26.31,38, 44

a b
CH; H H  CHs
l | | I
MZ*—0O MZ*—0O

Figure 1.3: CH4 activation in two different pathways. M?* can be, e.g., Cu, Co, Zn.

Xu et al. reported that if a heterolytic cleavage occurs, species a is formed, while
methoxy species b is formed after a homolytic separation.3! And Wang et al. proposed
that both formations are possible, but the reaction between benzene and methane is
only possible if the formed M-CHs has been further oxidized to a methoxy species.?8
In constellation a, CH3 is negatively charged and cannot react via an electrophilic
substitution with benzene. Recent publications by Matsubara et al. suggested a
possible mechanism for the direct methylation over Co-ZSM-5.2° They propose that
benzene is the only molecule that adsorbs on the metal site. The Co?2* is suggested to

retain its electron-withdrawing properties. This allows CH4 from the gas phase to be



polarized by the Co-cation so that a CHs* species is formed under the separation of a
hydride ion. The CHs* species then readily react with benzene to form toluene and

hydrogen.

This discussion about the CH activation and the mechanism in total will be

investigated further in this thesis.



1.2 Benzene and its derivates

Benzene is considered one of the essential basic petrochemical molecules. It is the
simplest aromatic molecule with a unique delocalized m-system of C¢éHs with a CH
bond length of 140 pm.2! Despite its carcinogenicity benzene is used in many
applications. The total benzene consumption of ~ 57 million metric tons per year
(stated 2021) can be categorized into five main products: ethylbenzene, cumene,
cyclohexane, nitrobenzene, and linear alkylbenzenes.20. 4546 The main consumable
products are polystyrene, pharmaceuticals, nylon, or polyethylene terephthalate
plastic (PET). Together with toluene and xylene, it builds the mixture of BTX
(benzene, toluene, and xylene isomers) hydrocarbons. More than 100 million tons of
BTX per year were produced in 2018.47 A significant fraction of BTX is made from
crude oil by catalytic naphtha reforming in a refinery. Figure 1.4 shows a diagram of
the fractional distillation of crude oil. The Cs-Cio products are within the boiling range
of naphtha. This can further be processed to BTX among others, using metal-modified

zeolites (e.g., Pt-Zn-ZSM-5). 48

» LPGand gas C-C,
—  Naphtha Cs—Cyo
—  Kerosene Cio=Cis
@7*» Gas il Cig—Cp
—— Lubricants > Ceo
— Fuel oil > Cro
— Asphalt > Cago

Figure 1.4: Overview of crude oil fractional distillation (adapted from ref. 49).

The market of BTX is in steady growth. However, if the relevance of petroleum-based
resources may decline due to hydrogen-powered and electrified mass transport, BTX

generated in refineries might also be limited. Consequentially, alternative routes for



BTX production need to be developed. A valuable carbon source for that can be

natural gas, as already described in section 1.1.2.

Furthermore, electricity will be the ultimate energy provider through the energy
transition. As an energy storage vector, hydrogen plays a very important role.
However, there are several disadvantages in terms of storage of hydrogen, which
have not been the case with traditional sources. Hydrogen can form flammable
mixtures, it diffuses relatively well through various materials, and it has a low energy
density by volume. Solutions for effectively storing hydrogen have been discussed for
years. One promising method is using a liquid organic hydrogen carrier (LOHC).50-53
LOHCs are unsaturated liquid organic hydrocarbons - mostly aromatic compounds.
H2 can be absorbed via hydrogenation reactions, then LOHCs can serve as a carrier
material. By dehydrogenation, the chemically stored H2z can be released on demand.
As a result, LOHCs provide transport safety and efficient storage for H2.51-5% One
example of a LOHC is perhydro-dibenzyl-toluene. Figure 1.5 shows a catalytic cycle
with the hydrogenation of dibenzyltoluene towards perhydro-dibenzyltoluene. This
hydrogenation is exothermic and requires nine Hz. During the dehydrogenation, nine

H2 are released in an endothermic process with + 65 k] mol-1.5°

9H,
l-ss kJ mol!

H, storage
catalytic hydrogenation

| |
SATRS oatae

dibenzyltoluene perhydro-dibenzyltoluene
[

H, release
Catalytic dehydrogenation

T

‘ +65 kJ mol-!
\ 4

9 H,

Figure 1.5: Scheme of the catalytic circle of dibenzyltoluene function as LOHC

(adapted from ref. 51).

The source material for dibenzyltoluene is benzyl chloride, which in turn is obtained

from toluene.56-57 These various applications of BTX result in its higher demands, and



alternative paths for the production of BTX are required. In section 1.4, an alternative

way for toluene and Hz production is introduced.

1.3 Zeolites - high-quality catalysts

Industry-relevant cracking, alkylation, and Mobil-oil processes utilize heterogeneous
catalysts to activate CH bonds from crude oil and natural gas.2! In such extensive scale

procedures, primarily zeolites are efficient materials.

Zeolites are porous materials with a three-dimensional structure consisting of
channels and cavities. The pores differ in their diameters and their dimensionality.
These structures can be assigned to a Framework Type Code (FTC) by the Structure
Commission of the International Zeolite Association (IZA-SC). Currently, already 255

different frameworks are accepted.>8

Zeolites were initially defined by Axel Frederick Cronstedt in 1756 and named after
the Greek words -“C¢w” (ze0) - to boil /cook - and “AiBog” (lithos) - stone.59-60 Zeolites
are aluminosilicate minerals consisting of [SiO4]- and [AlO4]- tetrahedra - so-called
basic building units (BBU).61 A connection of these BBU via the oxygen atoms forms
secondary building blocks, generating a highly porous three-dimensional and
uniform pore structure. The resulting negative charges of the tetrahedra containing
Al3+ can be balanced by non-metallic cations such as NH4* or H*, or metallic ions such
as, e.g., Co?* or Ni2*. One specific property of zeolites is exchanging these cations with
other ions. The protonated form is highly acidic, acts as a solid Brgnsted acid site (BAS)
and are commonly referred to as solid acids. This acidity depends on the Si/Al ratio,
specifically the aluminum content in the network. However, the more Al content, the
less stable the zeolite is since a structure with high Si contents is thermodynamically
favored.60-61 Zeolites can also contain electrophilic Lewis acid sites (LAS), e.g., if the
zeolite is exchanged with divalent metal ions. With these properties, the options to
modify and adapt such a catalyst material to various applications seem to be almost
infinite.

Generally, the structures are classified by their pore size in small-pore, medium-pore,

large-pore, and extra-large pore zeolites, according to the number of tetrahedral sites
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(T-atoms) per pore opening. The grouping and examples for each dimension are
shown in Table 1.1. Most industry-relevant zeolites consist of 8 membered-ring
(MR), 10 MR, and 12 MR. Due to its importance for this study, section 1.3.3 focuses

on a medium-sized zeolite - the MFI type.

Table 1.1: Grouping of zeolites in four different pore sizes (adapted from ref. 62).

Pore size Number of T-sites  Pore diameter (A) Example
(MR)
Small 8 4 AEI
Medium 10 5.5 MFI
Large 12 7.5 MOR
Extra-large >12 >7.5 CFI

1.3.1 Shape selectivity of zeolites

The confined and well-defined pore structure is the main advantage of crystalline
materials compared to amorphous supports as catalysts. It provides a shape

selectivity with three main effects:

i) the reactant selectivity,

ii) the product selectivity, and

iii)  the transition state-type selectivity.63

Figure 1.6 shows the different types of shape selectivitie. In the first case, the pore
diameter excludes constraint substrates sterically to enter the catalytic sites inside
the pores. In the second case, bulky products formed inside the pores are hindered
from leaving the pores due to steric reasons. A standard example is the formation of
xylenes, where only the kinetically smaller para- isomers can leave the pores while

meta- and ortho- isomers are captured inside the pores.60. 6465 And in the third case,
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the formation of a transition state is sterically hindered, while another less
constrained one is favored. Therefore, one speaks from a restricted transition state-

type selectivity. Typical applications can be found in transalkylation reactions.6®

Reactant selectivity %///////////////////////////////////////4

NN —— — T

I

Product selectivity / /////////////////

AT

////// //////////////////

Transition state

selectivity // /////////////////
o @ /ﬁ

Figure 1.6: [llustration of three different shape selectivities in zeolite pores (adapted

from ref. 63).

1.3.2 Acidity in zeolites

As mentioned above, zeolites with SiO4 and AlOs BBU contain BAS and LAS,
depending on the ion which compensates for the lattice charge.6” This makes these

materials very attractive as bifunctional catalysts. In case that a proton is attached to
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the bridging oxygen atom, a BAS is generated as [Si-OH-Al].68 Scheme 1.1 shows such
bridging hydroxyl groups (BAS). LAS are present when Al is in an extra framework
position - so-called extra framework Al (EFAL). Another possibility of LAS is that a Si
from the zeolite framework gets exchanged by another metal such as, e.g. Ti** or
Zr4+.69-70 And the third description of LAS can be if the counter-balancing ions of Al
and Si tetrahedra are metals such as, e.g. Cu?*, Co%* or Zn?*. These different options

of LAS in a zeolite are also shown in Scheme 1.1.

BAS LAS
"l' A EFAL
o N 0 6
A'/ \S'/ O\Al/ \SI/O
o Yo o o o So & B
B
o e 0
. O\ /
Al M
A 7
M
c i
o

Scheme 1.1: BAS and LAS within a zeolite generated from A EFAL, B isomorphic
substitution of Si by a metal, and C metal cation (adapted from ref. 71). M = metal, in

Beg. Zr, Sn, Ti; in Ce.g. Co, Cu, Zn.

Mostly, EFAL is formed during post-synthesis either by contact with mild acids during
ion exchange or calcination or steaming. Besides this, EFAL can already be formed

during the synthesis of the zeolite framework. In the post-synthesis, the cations such
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as Na* or NHa4* interacting with the tetrahedrally coordinated Si and Al framework
can be replaced by H30* ions.6% 70, 72 The water molecule then competes with the
framework oxygen atom for the proton, and the structure can then break down.”3
Thus, the Al can be removed from the framework and form several different species
such as Al(OH)?*, AI(OH)2*, and Al(OH)s3. 60.70.72 This dealumination generating EFAL
is more likely at a low Si/Al ratio due to the thermodynamic instability of the
framework. EFAL can act as LAS and influence the catalyst’s performance in some

reactions.’4

The second type of LAS (Scheme 1.1 B) are generated by introducing heteroatoms,
such as Zr, Sn, or Ti into the framework.”? This incorporation can either be done
isomorph during hydrothermal synthesis or post-synthesis by exchanging a T-atom
via acid treatment or impregnation. Such LAS are active, e.g., for isomerization,

oxidation, and epoxidation.”>-77

The most designed type of LAS for heterogeneous catalysis is the exchange of the
lattice charge compensating cation NH4* or H* (BAS) primarily by univalent and
bivalent metals (Scheme 1.1 C). In the case of divalent ions such as Cu?*, Co?*, or Zn?*
two Al in proximity are required for stabilization. The capability of ion exchange
depends on the Al content. There are different methods for this post-synthetic
introduction of most transition metals: i) solid-state ion exchange, ii) sublimation of
metal chlorides in the gas phase, iii) impregnation and iv) liquid phase ion
exchange.®0.78-80 This study will be focused on liquid phase ion exchange with divalent

Co?%* ions. More details can be found in the experimental part.

Divalent metals, to which Co2* belongs, need two [AlO4] tetrahedra to compensate for

the charge in the ion exchange. One schematic example is shown in Scheme 1.2.

_Co?*
H o e,

Al 'O\Si/O\Si/O\AI Al"TTS

Scheme 1.2 Structure of two BAS exchanged by one Co?2* ion.
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Other Co species in ZSM-5 can be Co-OH exchanged on one BAS, Co-oxide clusters
with Co2* and Co3* inside the zeolite channel, or at the external surface area primarily
as bulk CoO or Co304. Single Co?* species can be built by liquid ion exchange, while Co

oxides are mainly generated by impregnation caused by an over-exchange.

As per the definition of Lowenstein’s rule, the presence of Al-0O-Al connections is
prohibited, but two BAS needs to be nearby to stabilize Co2* ions.8! Therefore, the Al
distribution guides the Cobalt location in the zeolite. Al-O-(Si-O)n-Al sequence with n
< 2 - so-called Al pairs - favor coordination of Co2+, while unpaired Al sites - Al-O-(Si-
O)n-Al with n > 2 - can only stabilize a divalent ion if the Al-OH still faces into the same
channel, so that the sites are “visible” for each other. 82-84 If the Al sites are too far,
they are called isolated sites.82-8% The possibilities of Al distribution and Co sites

within a ZSM-5 are discussed in 1.3.3.

Besides the structure and the Al distribution, the Co precursor can also affect the
distribution and nature of Co sites. In an aqueous solution of organic precursors such
as cobalt acetate, Co particles are known to disperse very uniformly, while using
nitrate salts as a precursor, Co particles are less dispersed.85-87 However, it has been
reported that Co nitrate predominantly exchanges in well-defined Al pairs, while Co
acetate tends easier to lead to over exchanged materials - meaning to build also oxide-
like clusters with non-octahedral symmetry- at relatively high Co contents.82 84 The
origin from the different behavior building hexa-aqua-complexes depends on the pH

during synthesis (octahedral or non-octahedral).84

1.3.3 ZSM-5 - benefits of its structure

The framework of the zeolite influences the properties and, therefore, its activity as
a catalyst, controlled mainly by the pore size and acidity. The MFI type zeolites consist
of pentasil secondary building units (SBU) forming chains, which are ordered to
create three-dimensional 10 MR straight channels (5.3 x 5.6 A) and sinusoidal
channels (5.1 x 5.5 A).88 Figure 1.7 and Figure 1.8 show images of the framework

units and the three-dimensional structure. The intersection of these two 10 MR
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channels can accommodate a sphere diameter of 6.36 A, compared to 4.7 A in the

main channel and 4.5 A inside the sinusoidal channel.8?

e Q -
/l/ /,\\ /\\v‘\ I/—‘

‘I 1B ./\ \
B

740

Figure 1.7: The framework structure of MFI: A) Type 5-1 SBUs, B) pentasil chains C)
3D MFI structure. 58

As mentioned in 1.3.1, the cation distribution depends on the Al location within the
zeolite structure. The location of Al is affected by several factors during the
hydrothermal synthesis such as the sequence of mixing and the ratio of the
precursors, the Si and Al source, structure-directing agents, the temperature, and

time - to name only a few. 83,90-93

To get more information about the Al sites within the zeolite framework, it needs to
be distinguished from EFAL. One possibility is via 27Al MAS NMR. Here, tetra-
coordinated Al resonates between 70 and 40 ppm, while hexa-coordinated EFAL can
be found from +10 to -20 ppm.?49> Furthermore, infrared spectroscopy can
differentiate different hydroxyl groups. A band around 3660-3665 cm gives
evidence about EFAL. In contrast, the band for AI-OH-Si groups appears at
3610 cm-1.94 9% When combined this ratio of tetra-coordinated Al and hexa-
coordinated EFAL with elemental analysis, one can determine the Al content present

according to its coordination within ZSM-5.

Next, the location of Al sites can be determined. One method is to test the ability to
exchange Co?* or Cu2+.83 97 Knowing that two BAS in proximity are needed to
exchange one divalent ion, the number of paired sites can be calculated. Moreover,
several studies reported to determine the Al location by the Co%* position within the
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ZSM-5 structure.?% 97-98 Co2+ jons in ZSM-5 have been assigned to different positions
according to its parallels to MOR structures: a-, 3-, and y - sites. 82.97-98 Figure 1.8A
shows the location of these sites within the ZSM-5 channels. Co%* ions in the straight
channel represent the a-site, Co?* in the intersection of the main channel and
sinusoidal channel are in - sites, and Co exchanged in the sinusoidal channel are
located in vy sites.?8 The detailed structures of the a-, 3-, and y - sites are also shown
in Figure 1.8B. Co2* in a position is coordinated to the rectangle of four framework
oxygen atoms of the channel wall. Moreover, an extended six-membered ring is
formed by two folded 5-MR.?8 Co2* located in {3 -sites are coordinated to a twisted 6-
MR connected to another 6-MR forming a wall in the intersection of the straight and
sinusoidal channels.?8 And in y - sites, the Co%* ions are in a boat-shaped 6-MR ring

accessible only through the sinusoidal channel.

Different bands in diffuse reflectance UV-Vis spectroscopy can differentiate these
sites. A single band at 15100 cm~! represents Co2* at a position, four bands at 16000,
17150, 18600 and 21200 cm~1represent Co2*in (3 position, and two bands at 20100

and 22000 cm~! represent Co2+* at y position. 82 97-98
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straight channel

sinusoidal channel

intersection

Figure 1.8: A) Schematic illustration of the MFI framework with straight and

sinusoidal channel including o-, B-, and y — site positions, and B) framework

structures of the a-, 3-, and y - sites (adapted from ref. 8 and 82).

The zeolite used in this thesis is a commercially available ZSM-5 with a Si/Al of 15
(manufactured by Zeolyst). It has 96 T atoms and 6 Al per unit cell.?? According to
literature, ~55% of all framework Al atoms are located in the intersection of the

straight channel and sinusoidal channel.8?

1.3.4 Sorption properties of zeolites

One established way to characterize the surface sites of zeolites and get more insight
into molecule surface interactions is to adsorb probe molecules followed by IR

spectroscopically or gravimetric measurements.
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Adsorption is a binding interaction between an adsorbate - a molecule from the gas or
liquid phase, and an adsorbent - a solid surface.l?0 One differentiates between
physisorption and chemisorption: physisorbed molecules are weakly non-specific
bonded to a surface via, e.g., van-der-Waals forces, while chemisorbed molecules are

firmly held on the surface by site-specific chemical bonds.101

Irving Langmuir established the most commonly applied theory for adsorption in
1916 about the adsorption behavior of gases on metal surfaces.1%0 [n this Langmuir

isotherm model, the central postulations are:
i) only one adsorbate can adsorb on one sorption site,

ii) adsorption as well as desorption is independent of the surface coverage and is

homiletically presumable through all adsorption sites,
iii) a monolayer of adsorbates covers the surface of the adsorbent,
iv) there are no molecule-molecule interactions.
V) the heat of adsorption is independent of the surface coverage.102-103
In Langmuir isotherms, the adsorption is always in equilibrium with the desorption

of molecules. Hence, their rate constants kads and kdes are equal:103

. Kags
Ag+* =— 1.5
kdes

A typical Langmuir isotherm is shown in Figure 1.9. The coverage is defined as

follows:

K
0, = ADPa

= 1.6
1+ Kyp4

With the coverage of adsorbate A @y, the equilibrium constant of adsorbate A K4, and the

partial pressure of adsorbate A pa.
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Pressure

Figure 1.9: Coverage as a function of partial pressure at a constant temperature.

1.3.5 Characteristics of zeolites as catalysts in heterogeneous catalysis

To utilize metal supported zeolites as heterogeneous catalysts, they must first be

prepared and activated. This happens within four steps:61

i) Interaction between zeolite and precursor (e.g. impregnation)
ii) Drying of the material

iii) Calcination

iv) Reduction

The interaction between zeolite and precursor can be used to introduce metal ions
by aqueous ion exchange. During the material drying step, the water will be removed
without the decomposition of the precursor. The structure of the precursor is
transferred into an oxide site by calcination. And the last step, in many applications,

is the activation of the metal by reduction.103

After these steps, a metal-supported catalyst is formed. Figure 1.10 shows the
interaction of several factors. Only if these are balanced, a successful system is built.
A catalyst is considered a suitable one if it leads to high conversion, high yields, and
high selectivity towards desired products. This can only happen if active sites with
suitable acidity have been synthesized. There, also the part of stability and structure

plays a role. In order to reach high conversion, parameters such as pressure and
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temperatures must be optimized which is, only possible if the material is stable
enough to stand such demanding conditions. Moreover, the zeolite structure
influences product formation significantly (see 1.3.1). In most cases, a balance is

maintained between high conversion rates and selectivity depending on the product.

Acidity
Active sites
Stability Con\{ersmn
Structure - Yield
Selectivity

Figure 1.10: Interaction of different characteristics of a catalyst.

Once a fruitful process was finally reached, deactivation might also play an important
role. Active sites of catalysts can either be blocked or changed. This can happen by
the formation of coke or organics by undesirable products, which might block active
sites or pores, or active sites are modified by reduction/oxidation or migration.t® The

topic of deactivation will not be further discussed in this thesis.
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1.4 Scope of the thesis

This project aims to activate CHs and integrate it directly into crude oil as an
alternative strategy to valorize the energy stored in the molecule. This study focuses
on benzene as a model molecule to test direct methylation of aromatics. Scheme 1.3

shows the reaction scheme of that direct methylation of benzene.

CHj
Co-ZSM-5

Scheme 1.3: Reaction scheme of direct benzene methylation towards toluene and

hydrogen using Co-ZSM-5 as the catalyst.

The first chapter of this thesis introduces the problem with flaring CH4 and a way how
to turn CH4 into values. In most cases, CH4 is used for the production of synthesis gas
or the oxidization to methanol. Moreover, zeolites, which are often used for C-H
activation, are introduced. In particular, Co supported on ZSM-5 is a highly active

catalyst for such reactions and therefore considered more in detail.

The second chapter presents the most common procedures and methods used for

this study.

Then, in the first stage, a reaction scheme of the reaction of methane and benzene is
elucidated. Furthermore, the product distribution, including secondary products and
products from side reactions, is described. With the help of various Kkinetic

measurements, the mechanism for the direct methylation of benzene is enlightened.

The last stage considered within this thesis, in particular, is the nature of active sites
catalyzing the direct methylation of benzene. The specific role of their distribution is

considered more closely.

Therefore, the scope of this thesis is to understand the elementary reaction steps in

benzene methylation.
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2 Procedures and Methods

In this study, several techniques for the synthesis, characterization, and Kkinetic
behavior of catalysts were used. The basic principles of these methods are briefly

explained in this chapter below.

2.1 Synthesis

In heterogeneous catalysis, it is mandatory to prepare a catalyst that is highly active
and selective towards desired products on the one hand side. From an industry-
relevant point of view, this preparation needs to be simple and scalable, and the
resulting material must be stable even at harsh conditions (e.g., high temperature,

high pressure).

The material screening of this project and optimization were performed to find the
best material to support benzene’s direct alkylation with CH4. The most promising
candidate was Co-ZSM-5 with a Si/Al of 15. A commercially available zeolite NHs-
ZSM-5 from the supplier Zeolyst was used as the support material. In order to get an
active catalyst, an effective active component is applied to the carrier material via ion

exchange.

An ion exchange needs to be performed for the transformation of NH4-ZSM-5 into Co-
ZSM-5. Therefore, the NH4 form is first converted into the zeolite's H form by
calcination, where NHs4 decomposes.! The standard method for calcination uses
100 mL min-1flow of synthetic air (Westfalen AG) with a temperature program shown

in Figure 2.1.

100 mL min-! synthetic air RT

Figure 2.1: Standard temperature program for calcination.
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With the H-form zeolite, aqueous ion exchange was performed. Hence, 50 mL
Co(0AC)2 (99.99% Merck) solution or Co(N03)2(99.99% Merck) solution per gram of
H-ZSM-5 were adjusted to a pH of 5.8 with acetic acid or nitric acid, respectively. Then

the Co solution and the zeolite were stirred for 15 h at 80 °C. The resulting product

was then isolated via centrifugation and washed three times with ultra-pure water

(18.2 MQ cm resistance) and dried at 80 °C.

In order to remove the precursor acetate or nitrate and activate the catalyst, the
material was further calcined again, following the standard procedure (Figure 2.1).
Before utilization as a catalyst, it was also shaped into particles of 150-250 pum size

via pressing and sieving to prevent pressure drops in the reactor tube.
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2.2 Most commonly used characterization techniques

2.2.1 Fourier-transform infrared spectroscopy

Type and concentration of acid sites

Probe molecules are chosen by their interaction with a specific type of site. Moreover,
the concentration and location of acid sites can be determined by adequately
selecting probe molecules. An overview of probe molecules used within this study is

given in Table 2.1.

Table 2.1: Probe molecules applied in this study and their type of sites.2-3

Probe molecule Type of site

benzene strength and location of acidic sites

concentration and type of acidic sites and metal

Co
cations
concentration and type of acidic sites and metal
NO
cations
pyridine concentration and type of acidic sites

Pyridine adsorption

The evidence and classification of acid centers were provided via pyridine adsorption.
For this technique, a material was pressed into a very thin wafer (~10 mg-cm-2) and
installed in an FT - IR spectrometer Nicolet 5700. The MCT (Mercury-Cadmium-
Telluride) detector was cooled with liquid nitrogen. At a pressure below ~10-¢ mbar,

the sample was heated up to 450 °C for one hour with 10 °C min-1. Then, at 150 °C,

the material was exposed to 5-10-1 mbar and equilibrated for 1 h. After removing

physisorbed pyridine by outgassing for 1 h, a spectrum was taken. Typical spectra of
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an activated Co-ZSM-5 and one with pyridine adsorbed on Co-ZSM-5 is shown in
Figure 2.2. In the spectrum after activation one can see the assignment of bands as
shown in Table 2.2.4-6 At 3720 cm1 the stretching vibration resulting from Si-OH

vibrations can be seen. The band at 3608 cm ! indicates BAS-OH stretching modes,

and three bands between 2050 —1500 cm ! represent the skeletal vibrations of ZSM-

5.

Absorbance /a.u.
e

3400 2900 2400 1900 1400

Wavenumber /cm?

Figure 2.2: FTIR spectra of an a) activated Co-ZSM-5 and b) chemisorbed pyridine

on Co-ZSM-5. The spectra are background corrected.

The acid sites can then be categorized into LAS and BAS. A band shows pyridinium
ions (PyH+) over BAS at 1544 cm! and, coordinated pyridine (LPy) on strong LAS -
mostly Co sites - are displayed at 1455 cm-1.5-6¢ The concentration of acid sites cacid sites
was determined as shown in equation 2.1 with the area of the integral of the
corresponding bands Aintegral, the area of the wafer Awafer, the mass of the wafer mwafer
and the corresponding extinction coefficient 0.73 cm mol-1 for BAS and 0.96 cm mol-!

for LAS.7

mol Aintegral [Cm-l]' Awafer[cmz]
Cacid sites = cm 2.1
9 mwafer[g]' € m]
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Table 2.2: Assignment of IR adsorption bands.8-10

Wavenumber /cm-1

Functional group

3720

3608

3500-3100

3350 -2200

2207

2173

2089

2050 -1500

1620

1545

1477

1450

1455

Si-OH stretching modes

BAS-OH stretching modes

Perturbed SiOHAI stretching modes

N-H & C-H stretching modes

C-0 stretching modes of Co2* - CO

C-0 stretching modes of CO - BAS

C-0 stretching modes of Co*(CO)3

skeletal vibrations

N-H bending

PyH*

CC stretching modes

PyH* + LPy

LPy

CO adsorption

The oxidation state of Co cations in Co-ZSM-5 was determined amongst others via CO

adsorption. At ambient temperature, it has been reported that Co cations can

coordinate up to three CO molecules, while up to four carbonyls can be coordinated

at low temperatures (lig. N2).% 11-12
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Figure 2.3 shows an FTIR spectrum with chemisorbed CO on a Co-ZSM-5 sample at
lig. N2 temperature. Besides the Si-OH, BAS-OH, and lattice vibrations described in
the previous paragraph, CO stretching modes can be seen at 2207 cm! presenting

Co%* - CO, 2173 cm! from CO - interacting with BAS and bands at 2089 cm!

representing C—O stretching modes of Co*(CO)s. Moreover, a broad band from 3500

- 3100 cm ! presents perturbed SiOHAI. The assignment can be seen in Table 2.2.

With this experiment, one can distinguish between Co2* and Co* sites.

Absorbance / a.u.

3500 3000 2500 2000 1500

Wavenumber /cm™

Figure 2.3: FTIR spectrum of chemisorbed CO on Co-ZSM-5. The spectra are

background corrected.

Benzene adsorption

Benzene was adsorbed on Co-ZSM-5 at 100 °C. Figure 2.4 shows one related example.
Besides the bands coming from the zeolite itself, three regions are related to
adsorbed benzene: CH out-of-plane deformation vibrations of benzene vibration at
3100 - 2800 cm, and CC stretching vibrational bands at 1477 cm-! from benzene
adsorbed on LAS.13 With increasing partial pressure of benzene, the intensity of the
CC band increases, which indicates benzene being adsorbed. One can then
differentiate between benzene adsorbed on BAS or Co sites. In the case of benzene
adsorbed on BAS, the intensity of the band of SiOHAI decreases while the CC band
increases. However, if the CC band intensity increases while the BAS are not affected,

benzene is adsorbed elsewhere - in our case, on Co sites. With the help of the area of
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the CC band of benzene and the area of SIOHAI band of ZSM-5, the amount of benzene
and the amount of BAS can be determined, respectively. The molar extinction
coefficients used for calculation are ¢(C=C) = 0.356 cm? pmol-1 and ¢(SiOHAI) =

0.325 cm? pmol-1. These molar extinction coefficients were determined with the help

of thermogravimetric analysis.

Absorbance / a.u.

3400 2900 2400 1900 1400
Wavenumber / cm-"

Figure 2.4: FTIR spectrum of benzene adsorbed on Co-ZSM-5.
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2.2.2 Thermogravimetric analysis

The interaction between adsorbent and adsorbate can be studied more in detail by
measuring adsorption isotherms. The direct method to measure the heat of
adsorption is possible by thermogravimetric analysis.1# The adsorption isotherms of
benzene on H-ZSM-5 and Co-ZSM-5 were measured using thermogravimetric
analysis (TGA) in combination with differential scanning calorimetry (TG-DSC)
analysis performed on a TG-DCS 111 calorimeter in a high vacuum system (< 5 -
10- ¢ mbar). The heat flux signal was used to determine the released heat by
adsorption, and the uptake of benzene was determined via the increase of sample
weight. The adsorption isotherms were further analyzed in terms of a Langmuir

adsorption model as discussed in section 1.3.4.

2.2.3 Gas analysis

Gas chromatography

The gas-phase composition was analyzed with a gas chromatography (GC) system
7890B GC from AgilentTechnologies. One column (HayeSep T 80-100, 0.5 m x 1/8")
was used to separate low-boiling components (mainly H2 and CHa4) from high-boiling
compounds (aromatics). The low-boiling components were further separated in a
ShinCarbon ST 50/80 UM column (2 m x 1/16" x 1 mm, AgilentTechnologies) and
analyzed via a thermal conductivity detector (TCD). The high-boiling compounds
were separated by a DB-WAX Ultra Inert column (30 m x 0.32 mm,
AgilentTechnologies) and analyzed with a flame ionization detector (FID). It was
possible to determine the exact feed concentration by calibration. A suitable method

was chosen to measure the feed composition every 30 min.
Mass spectrometry

Mass spectrometry was used for the analysis of the gas-phase composition within
seconds. A compact system ThermoStar GSD 320 from PfeifferVacuum working at

10-6 mbar was used.
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2.3 Reaction kinetics

All data regarding the reaction kinetics were performed in a continuous plug flow

reactor (PFR). The process diagram is shown in Figure 2.5. The setup was made in-

house.
vent 1) MFC 5) 3-way valve
2) check valve 6) Saturator
N, — 3) 2-way valve 7) Oven with quartz reactor
4) 4-way valve 8) Particle filter

i -
me&k et 8

10% 0, &—{CH—P<F—— 5

analyzer

Figure 2.5 Process flow diagram for plug flow reactor setup with GC or MS used for

analysis.

The fixed bed reactor consists of a 280 mm length and inner diameter of 4 mm. The
catalyst in various masses was pretreated in 10% Oz in He at 550°C for 2h. Before the
reaction, the reactor system was purged with inert for 1h. The gas composition was
determined at the end of the reactor using either an online GC- (Agilent) or MS-

system (PfeifferVacuum).

2.3.1 Calculation of basic kinetic numbers: reaction rates, conversion,
yield, and selectivity

One of the essential characteristics of a reaction is how fast that conversion takes
place and how much product is generated. This can be determined by measuring the
reaction rate and the conversion of a reactant. Moreover, it is essential to determine

to quantity and the identify into which product the reactants were converted. This is
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represented by yield Y and selectivity S. 1> It is important to mention, that for this

work that the selectivities reported are all carbon based.

For the reaction rate r, the change of the amount of a reactant with time is normalized
to its stoichiometric coefficient v, and either per mass of catalyst mcat or per active

species molactive site. The mathematics are represented in equation 2.2. 15

The conversion of a reactant is given by the proportion of the converted quantity of
component i in relation to the used quantity nio (compare equation 2.3). In this study,
the amount of converted reactant is given by the total amount of products formed

(product-based calculation). 15

The yield is defined as the amount of product produced 1;, normalized to the amount

of reactant 1; o, see equation 2.4. 15

dni 1 1
= d—-—- 2.2
t Vi Meqe
Nig— N
X, =——2F 23
Nio
ng
Yy =— 2.4
i Nio
Yi
S == 2.5
Xi
T
TOF = ——— 2.6

Ngctive sites

Consequently, selectivities correspond to the ratio of yield and associated conversion

- see equation 2.5. 15

A particularly meaningful form of the reaction speed r is the so-called Turnover
Frequency (TOF). For heterogeneously catalyzed reactions, Boudart defined
turnover frequencies as "the number of runs of the catalytic cycle per unit time”.16 [t

gives a insight into the performance of the evaluated catalytic material. 15
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2.3.2 Determination of reaction order

The reaction rate r can also be described by the product of the reaction rate constant

k and the concentration of reactant with the exponent reaction order n:

r=k- Ci‘on 2.7

In an ideal system, the concentration c equals the partial pressure p. Experimentally
the reaction order can be calculated using the initial rates method. The mathematic

term for that method is:

In(r) = In(k) - In(c; o) 2.8

By a series of experiments for various initial concentrations cio and the
corresponding reaction rates according to equation 2.2, a straight line is obtained by
plotting In( r) versus In(cio ) (see Figure 2.6). The resulting slope corresponds to the

reaction order n, and the y-axis interception can determine the rate constant k.

£
slope =n
{
In(ci o)

Figure 2.6: Linearization and graphical illustration of the reaction rate equation.
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2.3.3 Determination of activation energy

The critical challenge of a catalyst is to offer an alternative reaction pathway that
subsequently reduces the activation energy required for a specific reaction. The
relation between reaction constant k and the activation energy Eais described by the
Arrhenius equation (2.9). A temperature dependency of the reaction rate constant
can be seen. With the help of the linearized equation 2.10 and its illustration by the
Arrhenius plot - In (k) vs. 1/T - one can determine the activation energy.

Experimentally, this can be determined by measuring reaction rates at different

temperatures.
k=ky-e “ar 2.9
1 E,
Ink=Inky—=-— 2.10
n nkKky T R

2.3.4 Temperature programmed surface reaction

By performing temperature-programmed surface reaction (TPSR) experiments, the

sorption properties of reactants can be investigated.

The standard procedure followed the temperature program, as shown in Figure 2.7.
First, the catalyst was activated at 550 °C under a flow of 10% Oz in He. The second
step was to cool down to 200 °C under He atmosphere. The exposure to either CHs4 or
benzene diluted in He took place at 200 °C. After that, the system was purged with
He again until no reactant in the gas phase was detected via MS. Before starting the

TPSR, the catalyst was cooled down to 150°C.
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Figure 2.7: Temperature program and gas composition of a typical TPSR.

During TPSR, the gas atmosphere contained either benzene or CH4, according to the
pre-exposure medium. With this method, it can be possible to determine the required
temperature for a specific reaction and the concentration of products formed.
Moreover, one can distinguish between an Eley-Rideal and Langmuir-Hinshelwood
mechanism since only one reactant was feed at a time, whole another reactant was

already pre-adsorbed on the catalyst’s surface.
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3 Basic characterization results

3.1.1 Chemical composition

The metal content of materials was determined by graphite furnace atomic
absorption spectroscopy (GT-AAS). The measurements were performed using a
Solaar M5 Dual-Flame AAS spectrometer from ThermoFischer. For sample
preparation, the dry material (0.03 g) was dissolved in a mixture of HF (10%, 1 mL)
and HNOs (3 mL) followed by heating. With this procedure a revealing of the zeolite

is possible

For the standard support ZSM-5 used for this study, a Si/Al of 15 was determined.

The Co content is stated in chapters 4 and 5.

3.1.2 Cirystallinity

A powder X-ray diffractometer was used to determine the sample crystal structure.
It is based on the ability of crystalline solids to diffract electromagnetic radiation of
an appropriate wavelength. Measurements were performed on an Empyrean

diffractometer from Malvern PANalytical. Cu-Ka radiation (Koaz/Ka1 = 0.5) at 45 kV

and 40 mA was used. XRD patterns were recorded for 26 between 3° and 60°.

The crystallinity parent ZSM-5 sample (H & NH4) was examined. As shown in Figure
3.1, all reflections were consistent with the structure of a ZSM-5 reference taken from
a database.l A high crystallinity is given. The calcination step did not affect the

structure of the zeolite.
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Figure 3.1: PXRD spectra of H-ZSM-5, NH4-ZSM- 5, and a reference.l

3.1.3 Crystallite size

Scanning electron spectroscopy is a method to analyze and image bulk materials. SEM
measurements were performed with a Jeol JSM 7500F ultrahigh-resolution field
microscope using secondary electron imaging. The primary electron beam used an

accelerating voltage of 1.0 kV.

The resulting images of two samples are shown in Figure 3.2. The crystal size of H-
ZSM-5 was determined to be 110 + 20 nm, while the crystal size of Co-ZSM-5 was
determined slightly smaller with 100 + 20 nm. Morphology and crystallinity of the
zeolite were not changed during the ion exchange procedure. However, the purity

was somewhat lower.
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Figure 3.2: SEM image of H-ZSM-5, left; and Co-ZSM-5 (326 pmol g1), right (Si/Al =
15).

3.1.4 Aluminum structure

Solid-state 27Al- nuclear magnetic resonance spectroscopy (NMR) was used to
calculate the amount of extra-framework aluminum (EFAL) in the =zeolite.
Measurements were conducted on a Bruker AV500 WB, with a 500 MHz wide-bore
magnet from Oxford Instruments and a Bruker AVI console. The dried material was
packed inside a rotor (4mm) from Rototec Spintec GmbH. The measurement took

place at a spinning rate of 12 kHz.

Figure 3.3 shows a 27Al-NMR spectra of H-ZSM-5. From this it can be seen that 4% of
all Al in the material is octahedral coordinated Al (6 = 0 ppm), while the rest is
tetrahedral coordinated (& = 54).
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Figure 3.3:27Al-NMR spectra of the H-ZSM-5 (Si/Al = 15).

3.1.5 Pore volume

N2-physisorption was performed according to Brunauer-Emmett-Teller method.
These measurements provide information about pore volume. The analysis was

performed on a Thermo Sorptomatic instrument. The activated sample (2h at 160 °C)

was exposed to N2 at -196 °C. To determine the surface area of a sample BET theory

was applied to the obtained isotherm over a pressure range from 0.05 to 0.30 p/po.
The mesopore volume was determined on the desorption branch in a range of 0.30

to 0.95 p/po. Using the t-plot method, the micropore volume was determined.?

Table 3.1 lists the micropore and mesopore volume of main materials as following:
NHs- and H-ZSM-5 contain the same micropore volume of 0.15 and 0.16 cm3 g1,
respectively, while the micropore volume of Co-ZSM-5 with 326 pmolco g1 is slightly
lower with 0.13 cm3 g1. This indicates to block some micropores with Co atoms.
However, the mesopore volume of all three materials remains constant with 0.08 and

0.07 cm3 g1,
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Table 3.1: Micropore and mesopore volume of the basic material of this study.

Micropore volume Mesopore volume
Material
/cm3 g1 /cm3 g1
NH4-ZSM-5 0.15 0.08
H-ZSM-5 0.16 0.07
Co-ZSM-5 0.13 0.07
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4 Reaction network and kinetics of the alkylation of
benzene with CH4 over Co-ISM-5 catalysts

The following chapter is based on unpublished results. The manuscript will be
submitted by Martina Aignerl, Stijn Van Daele,?2 Maricruz Sanchez-Sanchez!, and

Johannes A. Lercher?.

Martina Aigner performed all experiments and the manuscript preparation. Stijn Van
Daele, Maricruz Sanchez-Sanchez, and Johannes A. Lercher supported the research.

The manuscript was written with the involvement of all named authors.
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Abstract

Ion exchanged Co?2* in ZSM-5 was found active for the direct methylation of benzene
with CH4. While toluene is the main product, a competitive reaction pathway leading
to biphenyl and phenyltoluene decreases selectivities and contributes to catalyst
deactivation. Spectroscopic characterization showed that the material only contained
exchanged Co species, the majority as single Co%* ions compensating the negative
charges of two Al T-sites in the ZSM-5 framework. This species has a strong Lewis
acid character and strongly adsorbs benzene. Temperature Programmed Surface
Reaction (TPSR) studies showed the competitive adsorption of CH4 and benzene on
active Co sites at moderate temperatures, with toluene formation only detected when
CHa4 is activated on the surface of Co-ZSM-5 before benzene exposure. Reaction under
high CH4 to benzene ratios promotes the alkylation route to toluene over the
competitive biphenyl formation. The kinetic parameters obtained indicate that the
reaction at temperatures > 500°C follows a Langmuir-Hinshelwood mechanism. It is
proposed that the activation of CH4 and alkylation mechanism occurs via heterolytic
dissociation of CH4 on Co?* sites followed by a nucleophilic attack on electron-poor

benzene coordinated an adjacent strong Lewis acid Co?* site.
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4.1 Introduction

CH4 contributes ~ 16% of the global greenhouse gas and is underutilized in many
processes. Large amounts of CHas are flared or burned as fuel in a gas turbine or steam
generator. CHs is - due to its strong C-H bond- thermodynamically very stable and
therefore relatively unreactive. Nevertheless, it can be converted into valuable
chemicals (via steam reforming, partial oxidation, or oxyhalogenation), but so far, the

commercially used processes need several steps.1-2

In the last decades, multiple research groups have applied Mo-based catalysts for the
CH4 dehydroaromatization (MDA) reaction.3-5 A critical disadvantage of this process
is the strong catalyst deactivation due to rapid coke formation. Elements of the VIII
group such as Fe, Co, and Ni are suitable metals to activate CH4 for MDA. Recently, Y.
Xu et al. reported Co on HZSM-5 as an active model MDA catalyst for converting CHs

towards benzene and naphthalene.®

Another interesting approach is the direct alkylation of aromatic feeds from crude oil
with CH4. Here we will study the CH4 alkylation of benzene to toluene, which can be

used as a commodity chemical.

It has been recently reported that some transition metals hosted on zeolites catalyze
the alkylation of benzene with CH4 to toluene and hydrogen.”-12 Among the metals
and zeolites tested, Co exchanged in an MFI type zeolite (ZSM-5) is one of the most
promising catalysts for this reaction.® Nakamura et al. recently proposed that the
active sites for the CH4 alkylation of benzene are Co?* ions compensating the two
negative charges of an Al pair in the a position in MFI.? In a later work, the same group,
suggested a non-oxidative activation of CH4 by heterolytic C-H cleavage on strong
Lewis acid sites.13 However, an overall molecular understanding of the reaction
mechanism and the reaction parameters that can influence the different pathways is

not yet available.

This work has optimized reaction conditions for a potential industrial application of
CH4 methylation of benzene over Co/ZSM-5 catalysts. The materials are prepared to
avoid the formation of precipitated Co particles, and only ion-exchanged Co?* species

are present in the zeolite micropores. We perform a kinetic study and provide a
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detailed description of the reaction network, pinpointing the main competitive

reaction pathways that affect the selectivity to toluene.
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4.2 Results and discussion
4.2.1 Synthesis and characterization of Co-ZSM-5 catalysts

For this study, we used the H-form of a commercial ZSM-5 (Zeolyst, CBV 3024E) with
Si/Al ratio of 15 with ~40 % of Al pairs according to the quantification method by
Dédecek et al. using cobalt(II) nitrate.1* The samples for this study were synthesized
via an ion exchange methodology using cobalt(Il) acetate to achieve a higher
concentration of Co ions exchanged in the zeolite.15-16¢ By pyridine adsorption, we
have quantified the amount of Brgnsted acid sites (BAS) and Lewis acid sites (LAS) in
the parent sample H-ZSM-5 as 950 pmol g1 and 173 pmol g1, respectively. We have
prepared a Co-ZSM-5 catalyst by our ion exchange protocol, and the highest Co
loading achieved without precipitation was 314 pmol g-1. The success of the ion
exchange step in Co-ZSM-5 can be followed by measuring the remaining BAS
available in ZSM-5 after Co exchange. For this highest Co-exchanged loading, we have
detected 227 umol g1 BAS. Therefore, the number of BAS that Co ions have
exchanged is 1.8 + 0.1. This indicates that a significant fraction of Co cations has
exchanged as single Co2* ions on Al pairs (with a nominal BAS/Co =2), and a small
fraction of Co is exchanged, compensating 1 BAS per Co. Tentatively, such exchanged
Co species are exchanged in isolated Al T-sites with a [CoOH]* or a [Co-0-Co]
structure.1* The presence of Co oxide nanoparticles was not observed by TEM (see

Figure S 4.1 in Supporting Information) but cannot be excluded entirely.
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Figure 4.1: Selectivity towards products in the CHs alkylation of benzene over Co-
ZSM-5 catalyst (314 pmolco g1). C7 (toluene, square), Cs (xylenes, circle), Ci2
(biphenyl], triangle) and Ci3 (phenyltoluene, diamond) as a function of A) the partial
pressure of CH4, and B) the conversion of benzene T = 550 °C, 1 atm, CHs/benzene =

166, WHSV = 0.1-2.5 h-1.

4.2.2 Product distribution and reaction pathway.

We determined the theoretically achievable conversion of benzene depending on
temperature and the varying ratio of the reactants from the thermodynamic
equilibrium (Figure S 4.2 in Supporting Information). For a reaction temperature of
550 °C, the equilibrium conversion increases from 4% to 40% when the methane to
benzene ratio (M/B) increases from 1 to 166. We tested a Co-ZSM-5 with 314 pmol g1
Co loading at increasing M/B ratios by increasing partial pressures of CH4 at a
constant benzene partial pressure of 5 mbar. External diffusion limitations can be
ruled out (see Figure S 4.3 in Supporting Information). Moreover, the carbon balance

is considered to be closed with 100 * 2 %. The product selectivity is shown in Figure
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4.1A. Firstly, it should be noted that apart from the main products, toluene and
hydrogen, also xylenes, phenyltoluene, and biphenyl are formed over Co-ZSM-5. The
selectivity towards toluene and xylenes increases with CH4 partial pressure.
Conversely, the selectivity towards phenyltoluene and biphenyl decreased at higher
CH4 partial pressures. Above a CHa4 to benzene ratio of 166 (pocus = 750 mbar), the
selectivities for all products reached a constant value and did not further change. This
is due to constant consumption rates at pcus > 750 mbar, indicating a zero-order

reaction and thus suggesting that full CH4 coverage of surface sites has been achieved.

Setting the operating CH4 to benzene ratio at 166, the reaction over the selected Co-
ZSM-5 catalyst reached a conversion of benzene of up to ca. 22 % ata WHSV of 2.5 h-1,
Figure 4.1B shows how toluene and biphenyl selectivities decrease with conversion
at the expense of an increase in selectivities to xylene and phenyltoluene. The
evolution of selectivity with conversion shows that toluene and biphenyl are primary

products, while xylenes and phenyltoluene are secondary products.

We performed catalytic tests over Co-ZSM-5 using different feeds: mixtures of
benzene, toluene, and CH4 in various combinations (Table 4.1). Together with the
selectivities discussed above, these experiments provide insight into the reaction
pathways involved in the alkylation of benzene with CH4+. When the only reactant
available is benzene (test 1 in Table 4.1), only the formation of biphenyl was detected.
A feed of toluene (test 2) produced xylenes together with small fractions of benzene,
CH4,and phenyltoluene. In this experiment, biphenyl was not detected. The formation
of xylenes and benzene is attributed to the toluene disproportionation reaction.
Moreover, the formation of phenyltoluene in the absence of biphenyl suggests that
this product stems from the reaction of toluene with benzene and not from the
methylation of biphenyl. In good agreement with this, when benzene and toluene are
fed together - in the absence of CH4, test 3 - the highest rates in the formation of
phenyltoluene are achieved (3.3:10-8mol s'1 g-1). Finally, a feed with toluene and CHa
(test 5) mainly produced xylenes, indicating that the catalyst is also active in the
methylation of toluene with CHs. When feeding only CH4 on Co-ZSM-5, we have

detected benzene formation by methane dehydroaromatization.
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Table 4.1: Formation rates of CHs, benzene, toluene, xylenes, biphenyl and
phenyltoluene with different feed compositions. T = 550 °C, 1 atm, po, cus = 400 mbar,
WHSV = 0.6 h-1. * ~10% conversion.

Partial X Formation Formation Formation Formation Formation
Test Reactants pressure benzene rate CHa rate C7/ Ce rate Cs rate Ci2 rate Ci3
number aromatics /toluene / mol st / mol s1 / mol s / mol s1 / mol st
/mbar /% g! g! g! g! g!
1 benzene 5.1 0.7 - - - 1.4-108
2 toluene 49 12.4 5.1-10° 6.6-10-8 3.2:108 - 2.5-10°
3 benzene 2.5/25 - 3.8-109 - 3.210° 6.1-10-10 3.3-10°
+ toluene
4 benzene 5.1 3.7 - 4.9-10 0.2:10 1110 0.9-10
+ CHs
5 toluene 5.1 14.1 - 6.1-10 5.3-10 - 11109
+ CHs

We propose a reaction network for CH4 and benzene based on these experiments, as
shown in Scheme 4.1. There are two main pathways: i) the CH4 alkylation of benzene
to toluene, and subsequently to xylenes and a small fraction of Co-11, and ii) in parallel,
benzene can undergo a bimolecular reaction to form biphenyl. The toluene formed
via pathway i) reacts with benzene to produce phenyltoluene and undergoes
disproportionation to xylene and benzene. According to the increase in toluene and
xylenes selectivities shown in Figure 4.1A, alkylation reactions are favored at high
CHa4 partial pressures, indicating a positive reaction order with respect to CH4. Under
these conditions, the formation of xylene via toluene disproportionation is negligible.
Given these results, we attribute the effect of the CHs4/CsHes ratio on products

selectivities (Figure 4.1A) to the competition between pathways i) and ii).
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Scheme 4.1: Reaction network of benzene with CH4 over Co-ZSM-5.

4.2.3 Adsorption properties of benzene on H-ZSM-5 and Co-ZSM-5.

We determined the heat of benzene adsorption on BAS and Co sites (see Figure 4 in
Supporting Information). Over H-ZSM-5, we measured a AHads value of ~65 k] mol-1,
characteristic of the adsorption of benzene over BAS.17 For Co-ZSM-5 with 314 pmol
gl of Co, we observe a AHads of 260 k] mol! for benzene uptakes well below

200 pmol g-1. This indicates a strong benzene interaction with a fraction of Co sites.

We also monitored the adsorption of benzene at 100 °C by in-situ FTIR. Figure S 4.5
in SI shows the BAS coverage, measured by the decrease of AIOHSi vibrations
(3610 cm), in dependency of the benzene uptake for H-ZSM-5 and Co-ZSM-5. Figure
S 4.6 shows the corresponding FTIR spectra. We observe that adsorbing up to
~ 100 umol g1 benzene did not lead to any decrease in the O-H vibration of BAS.
Above 100 pmol g1 of benzene uptake, a linear increase of the coverage of BAS with
increasing benzene adsorption can be seen up to a coverage of BAS of ~ 230 pmol g1,
in good agreement with the total BAS concentration measured for this Co-ZSM-5 by
pyridine IR Therefore; we conclude that there are at least 100 umol g1 of Co sites

with strong Lewis acidity leading to the preferential adsorption of benzene.
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4.2.4 Kinetics of benzene alkylation with CH4

First, we tested the effect of Co loadings on the activity of Co exchanged ZSM-5
catalysts in benzene alkylation with CHa. It should be noted that, in the absence of Co,
H-ZSM-5 does not form any toluene. An increase in the formation rate of toluene with
Co loading is observed for samples below the exchange limit of the parent H-ZSM-5.
Based on our data, such a limit is ~340 umolco g'1. Introducing higher Co loadings
(600 - 800 pmolco g'1) via impregnation or repeated ion-exchange protocols did not
achieve similar activities per catalyst mass nor per Co (Figure s 4.7 in SI). We have
performed our kinetic study on the sample with the highest rates per Co, a ZSM-5
with a Co loading of 314 umolco g1. The apparent activation energy obtained for

toluene formation at 550°C is 122 k] mol-1 - see Figure S 4.8A.

On the other hand, the formation rate of biphenyl was not affected by temperature,
leading to an Eapp of only 2 k] mol-1. Given the high heat of adsorption measured for
benzene over our Co-ZSM-5 catalyst (~ 260 k] mol'}, Figure S 4.4), we attribute this
low Eapp to an energetic compensation of the reaction barrier of biphenyl formation

by the benzene adsorption step.

We measured the reaction orders with respect to CH4 and respect to benzene for
toluene formation and obtained values of 0.7 and 0.4, respectively. This indicates that
the reaction occurs via co-adsorption of both reactants in an L-H mechanism. The
reaction order in benzene for biphenyl formation is 1.0. In addition, we have
measured a negative reaction order of biphenyl formation with CHs of -0.5 that
indicates that the reaction of benzene methylation competes with benzene

dimerization (Figure S 4.8B).

4.2.5 Surface reactivity of CHs and benzene over Co-ZSM-5

As mentioned above, blank experiments testing the reaction on H-ZSM-5 (950 umol g-
1 BAS) show that BAS alone do not achieve significant conversions at the conditions
tested here (except for a 0.1% yield of Hz that, together with a change of color of the

catalyst after reaction, points to certain coking of the catalyst). Therefore, both the
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methylation of benzene and the biphenyl formation pathways are attributed to Co-

based Lewis acid sites.
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Figure 4.2: Temperature programmed reaction over Co-ZSM-5 of A) benzene
(5 mbar) after the catalyst was exposed to CH4 (200°C, 750 mbar, 2.5 h), and B1) CH4
(750 mbar) after the catalyst was exposed to benzene (200°C, 5 mbar, 0.5 h) with 5 °C
min-1. In B2), it represents the signal of benzene corresponding to experiment B1. The
y-axis represents the ion current measured by mass spectroscopy: toluene (C7, blue),
benzene (Cs, red), and biphenyl (C12, brown) left, and hydrogen (green) on the right
axis. Blank experiments in which the TPRs were performed on a clean Co-ZSM-5

without pre-exposure to any reactant are shown in dotted lines.
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To determine the catalytic steps and sites at the surface of Co-ZSM-5 catalysts, we
have performed temperature-programmed surface reaction (TPSR) experiments
over the highly active Co-ZSM-5 with 314 umolco g'1. In these measurements, we first
expose the activated catalyst to either CH4 or benzene and subsequently monitor the
gas products while heating under a flow of the other reactant. When the catalyst was
first exposed to CHs, the TPRS profile under benzene flow showed toluene, hydrogen,
and biphenyl (Figure 4.2A, solid lines). The maximum toluene production under
flowing benzene is centered at 350 °C. A concomitant local maximum is observed in
the hydrogen formation. It should be noted that Hz production increased
continuously with temperature indicating that coking of the catalyst is likely taking
place via benzene dehydrogenation. The increasing Hz formation confirms this with
T observed in a benzene TPRS experiment using Co-ZSM-5 without preabsorbed CH4
(Figure 4.2A). After the low-temperature production of toluene in the region of 200
- 400 °C, the second peak of formation of toluene is detected at ~490 °C, which will
be discussed later. Biphenyl formation is detected at 400 °C and increases
exponentially above 450 °C. In the blank TPSR without CH4 preexposure (Figure 4.2A
dashed lines), a shoulder of biphenyl entered at ~450 °C precedes the predominant
formation at 500 °C. We attribute the absence of the biphenyl formation peak in the
region of 370-470 °C in the TPRS in the presence of preadsorbed CH4 to surface CHx

species competing for the sites that are active in benzene dimerization to biphenyl.

When the catalyst was exposed to benzene, and subsequently, the temperature was
increased under CHz flow, the formation of toluene was not observed until
temperatures above 350 °C (Figure 4.2B1). Only a minor production of toluene was
detected in the temperature region of 350-420 °C, followed by two resolved toluene
formation peaks centered at 490 and 550 °C. Biphenyl was observed in the high-
temperature region with a maximum at 500 °C. It should be noted that in the
temperature region of 200 - 450 °C ~350 pmol g1 of unreacted benzene desorbed
(Figure 4.2B2, solid line). We have quantified the desorption of a similar amount of
benzene (349 + 7 umol g1) up to ~ 450 °C, with a broad maximum at 310-440 °C, in
the absence of CH4 flow (Figure S 4.9). Based on this, we suggest that in the TPRS
shown in Figure 4.2B1, the lack of significant toluene formation below 450 °C is due
to strongly adsorbed benzene hindering the activation of CH4 by the active Co sites.

In other words, the alkylation is only possible once the benzene has been desorbed
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and the sites are available for activation of flowing CHs, leading to toluene formation
at T > 400 °C. All this indicates that the low-temperature formation of toluene in
Figure 2A follows an Eley-Rideal mechanism, with CHs as the adsorbed reactant.
Integration of the curve of toluene formation in the temperature range 200 - 440 °C
of the TPSR profile in Figure 4.2A gives a production of 183 + 5 pmol g1 of toluene.
Assuming a 1 to 1 adsorption stoichiometry of CH4 on Co sites, this would correspond
to ~ 58% of Co ions able to activate CHa for this Eley-Rideal mechanism of benzene
alkylation. Conversely, the quantification of benzene desorption in Figure 4.2B2 and
Figure S 4.9 points to benzene strongly adsorbing 1 to 1 in all Co sites in the absence
of CHa. The toluene formation at high temperatures (450-550 °C) in Figure 4.2Ais
attributed to the reaction of remaining adsorbed CH4 via the L-H mechanism with
flowing CeéHs, predominant in this temperature region as inferred from reaction

orders obtained at 550 °C (Figure S 4.8).

Finally, the TPSR profile under CHs4 flow without preadsorbed benzene (Figure
4.2B2) shows a benzene formation peak arising at 450 °C. This indicates that Co-
ZSM-5 can catalyze the dehydroaromatization of CHs4 to form benzene in this
temperature range.® In good agreement, toluene is detected under CHs flow only
(Figure 4.2B1 dashed line) due to the benzene formed with CH4. Therefore, we
conclude that the reaction of benzene formed from CHs contributes to the high-
temperature toluene formation (peak at ~550 °C) and biphenyl formation at T >

460 °C in Figure 2 B1.

4.2.6 Mechanism of reaction of benzene CH4 methylation on Co-ZSM-5.

Combining the results of TPSR experiments and the kinetic analysis, a picture
emerges of the different steps involved in the surface activation and reaction of CHa
and benzene. Based on the quantification of covered BAS per Co by FTIR of pyridine
and the changes in activity with Co loading, we have concluded that the active sites
are Co?* ions exchanged on the zeolite, in good agreement with earlier studies.®
Toluene formation reaction orders with respect to benzene (0.4) and CHas (0.7) point
to a Langmuir-Hinshelwood type of mechanism. This implies that adsorption of
benzene and CHs in adjacent Co sites is necessary for the reaction to take place at

550 °C.
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Scheme 4.2: Proposed mechanism of alkylation of benzene with CH4 over Co-ZSM-5.

TPSR shows that when CHzs is adsorbed first on Co sites, the formation of toluene in
the presence of benzene can occur even at moderate temperatures (starting at 200 °C,
Figure 4.2A). Conversely, if benzene is adsorbed first on active sites, it either
undergoes a bimolecular reaction to form biphenyl or dehydrogenates to coke.
However, due to the higher heat of adsorption of benzene on Co sites in comparison
to CHg, it will block sites for the activation of CHs, hindering the formation of toluene.
However, it should be noted that the strongly adsorbed benzene on Co sites is
observed to desorb almost entirely at T > 450 °C. At the temperature used in our
catalytic tests (550 °C) and the relatively low pressures of benzene used in our tests,

we expect that the coverage of Co sites is low.

There is an ongoing discussion if the alkylation of aromatics follows an Eley-Rideal
(ER) or a Langmuir-Hinshelwood (LH) mechanism.18-21 The TPSR results show that
activated CHs on Co sites can react with benzene following an ER mechanism in the
temperature region of 200-400 °C. From the integral of the total toluene formation
curve, it can be estimated that the percentage of Co sites that have activated one CH4
(assuming a 1:1 stoichiometry) is 70%, and 58 % are capable of alkylating benzene
via ER mechanism. From the onset of the TPRS profile, we measured 69 k] mol! as
Eapp value for the ER alkylation, which is significantly lower than the Eapp obtained in
continuous feed of CHs and benzene at T = 500 - 550 °C of 122 k] mol-. In this
temperature region, reaction orders of 0.7 in CH4 and 0.4 in benzene point to an L-H
mechanism, which dominates the rates because of its higher activation energy.
Therefore, we propose that, at the industrially applicable conditions, CH4 alkylation

of benzene proceeds via a concerted mechanism, with the C-C formation as the rate-
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determining step on two adjacent Co sites of Co-ZSM-5 as illustrated in Scheme 2. On
the one hand, heterolytic activation of CH4 leads to the formation of CH3 on Co-based
LAS sites and H interacting with framework oxygen. The presence of methoxy species
or oxidative activation of CH4 has been ruled out as described in the SI. This
heterolytic dissociation of CH4 is analogous to reports of CHs4 activation on Co-ZSM-5
or Zn-ZSM-5 for CH4 dehydroaromatization (MDA).6 22-23 Consistently, Co-ZSM-5
catalysts are observed to be active in MDA at temperatures above 500 °C (Figure
4.2B2, dashed lines). On the other hand, based on the high AHads of benzene
measured on Co-ZSM-5 (~ 260 k] mol-1), we propose that Co%* species with a strong
Lewis acid character are the preferred adsorption sites of benzene. The Lewis acid
center decreases the electron density of the aromatic ring, enabling a nucleophilic
attack by a CHs from a vicinal Co site (Scheme 4.2). In a final step, an H- leaving the

transition state combines with the H from CH4 cleavage and forms Hz and toluene.

The proposed mechanism requires two Co2* sites nearby in the zeolite. Given the
nature of the Co sites - exchanged ions in Al pairs that are stochastically distributed
on the T sites of the MFI framework - the likelihood of two sites being close to each
other increases nonlinearly with Co loading. In good agreement, we have observed
an increase in TOF when the concentration of exchanged Co increases in the zeolite
(Figure S 4.10) following a function that points to a reaction order of 2.6 with respect
to Co sites. However, due to this dependency above two, involvement of a third Co
site cannot be ruled out at the current status of this study. Moreover, the participation
of radicals can also not be completely ruled out at this point. Further studies to clarify

this coherence need to be done.
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4.3 Chapter conclusion

We have synthesized Co-ZSM-5 materials with most Co exchanged as single Co?* ions
on Al pairs. Activity tests in benzene methylation with CH4 showed that these single
Co?* sites are active and form toluene at 550 °C with high selectivity. The benzene
adsorption studies on H-ZSM-5 and Co-ZSM-5 showed a strong interaction between
benzene and Co sites (AHads = 260 k] mol-1). Co-ZSM-5 catalyzes two main reaction
pathways: the dimerization of benzene to form biphenyl and the alkylation with
methane to form toluene. CH4 partial pressure has a positive impact on the selectivity
to toluene because it decreases the rate of the competitive biphenyl formation

reaction.

Temperature programmed surface reactions showed that toluene formation by CHa
alkylation of benzene is possible at mild temperatures (200-400 °C). In this
temperature region, an ER mechanism operates with CH4 as the adsorbed reactant
with an energy barrier of 69 kJ/mol. However, the high heat of benzene adsorption
on the same Co sites means that, under a feed with both benzene and CHs, the sites
will be poisoned by benzene, hindering this reaction pathway. Lower benzene
coverage allows the reaction at higher temperatures, but the dominant pathway is
then a concerted mechanism with a higher Eapp of 112 kJ/mol. Based on the kinetic
parameters obtained, we conclude that the activation of CHs4 and benzene is
performed by similar Co2* sites. At the industrially compatible temperatures for this
application (550 °C), two Co sites must be close to complete the reaction by a
concerted mechanism. Therefore, the increase of TOF with the concentration of Co
exchanged in ZSM-5 is attributed to a second reaction order of toluene formation with
respect to Co sites. Nevertheless, the involvement of a third Co site in this mechanism

cannot be ruled out.
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4.4 Experimental section
4.4.1 Chemicals

High-purity nitrogen (99.999%), synthetic air (99.995%), 10% oxygen in helium
(99.995%), and CH4 (99.995%) gases were purchased from Westfalen and used
without further purification. Cobalt(Il)-acetate (99.99%) and benzene (anhydrous,

99.8%) were purchased from Merck.

4.4.2 Material synthesis

NH4-ZSM-5 zeolite (Si/Al = 15, Zeolyst) was calcined in synthetic air (100 mL min-1)
for 10h at 550 °C (10 °C min-1) to obtain the H-form. To prepare the metal exchanged
catalysts, 1 g of H-form zeolite was stirred in 50 mL g1 metal salt solution (2.5 mM -
10 mM) at 80 °C for 15 h. The pH value was adjusted to 6.5 with acetic acid. The

resulting suspensions were filtered and washed with water, and dried in air.

4.4.3 Infra-Red spectroscopy measurement

The catalysts were characterized by FTIR measurements with a Nicolet iS50
spectrometer from Thermo Scientific to obtain their acid site concentrations. The
spectra were recorded in the range of 4000 - 650 cm-! on thin catalyst pellets. After
heating to 450 °C for 1h under vacuum (10 °C min-1, 107 mbar), pyridine (0.5 mbar)
was adsorbed at 150 °C for 1h. To obtain only chemisorbed pyridine, the sample was

under vacuum (10-7 mbar) for one hour.

Benzene adsorption measurements were carried out in a Bruker ifs 66v/S FTIR
spectrometer. The spectra were recorded in the range of 8000 - 650 cm-! on thin
catalyst pellets. After heating to 450 °C for 1h under vacuum (10 °C min-1, 10-7 mbar),
benzene was adsorbed stepwise from 7.0 -10-3 - 11 mbar. For analysis, the SiOHAI
band at 3610 cm'! and C-C band at 1478 cm! were used for BAS coverage and

benzene uptake, respectively.
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444 Atomic absorption spectroscopy
To investigate the element contents in the prepared catalysts, graphite-tube atomic
absorption spectroscopy (GT-AAS) was performed on a Solaar M5 AA-Spectrometer

from ThermoFischer.

4.4.5 Catalytic testing

The activity of the catalysts was tested in a 1/4" quartz glass plug flow reactor
between 500 and 560 °C, under atmospheric pressure. The catalysts were activated
in a mixture of 10% oxygen in helium at 550 °C (10 °C min1) for 2 h. Before starting
the reaction, the reactor was purged with nitrogen. The reaction was conducted in
nitrogen atmosphere with varied ratios of CHs/benzene = 33- 170, and WHSV= 0.2 -
2.2 h'l, Reactants and products were analyzed by a GC System Agilent 7890B or a

mass spectrometer Omnistar® by Pfeiffer Vacuum.

4.4.6 Temperature programmed surface reaction

For TPSR, the catalyst was activated in a 1/4" quartz glass plug flow reactor at 550 °C
in a mixture of 10% oxygen in helium (atm). After purging with inert for 1 h, the
catalyst was exposed to CHs or benzene at 200 °C for 2.5 h and 0.5 h, respectively.
After purging with inert, the catalyst was heated up to 550 °C (5 °C min-1) in benzene
(5 mbar) or CHs (750 mbar). Reactants and products were analyzed by a mass

spectrometer Omnistar® by Pfeiffer Vacuum.
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4.5 Supporting Information

Figure S 4.1 : TEM images of A) H-ZSM-5, B) 314 pmolco g1, and C) 453 pmolco g1

TEM was performed using a JEOL JEM 2011 microscope with an accelerating voltage
of 120 kV. Prior to measurement, the powdered samples were ultrasonically

dispersed and deposited onto a carbon-coated copper tape
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Figure S 4.2: The thermodynamic equilibrium constant K (left) and benzene

conversion at different methane to benzene ratios (right) as a function of the

temperature.
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Figure S 4.3: Formation rate of toluene per gram catalyst as a function of volumetric
flow rate. toluene (black square), xylenes (orange circle), biphenyl (blue triangle) and

phenyltoluene (red diamond). Co content = 321 pmol g1, T = 550 °C, 1 atm, CHa:
benzene = 160, WHSV = 0.2 h-1.
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Figure S 4.4: Differential heat of sorption on H-ZSM-5 (square, blue) and Co-ZSM-5
(314) (triangle, black) as a function of the benzene uptake at 100°C.
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Figure S 4.5: Benzene adsorption on H-ZSM-5 (blue triangle), and Co-ZSM-5 (black
circle). Activation for 1 h, 400 °C at p < 10-7 mbar. po,benzene = 7.0-10-3 - 1.1-101 mbuar,
T =100 °C.
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The data obtained for biphenyl formation shows a positive reaction order with

respect to benzene. Because there is a visible deviation from linearity at higher rates,

we use the kinetic data at lower partial pressures to obtain a reaction order of 1.0.
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4.5.1 Diffusion rates of benzene in H-ZSM-5 and Co-ZSM-5.

The strong adsorption of benzene over Co sites (AHads ~ 260 k] mol-1) may affect the
diffusion of this molecule through the zeolite micropores. In order to rule out any
diffusion limitation, we have determined the diffusion rates of benzene in H-ZSM-5
and Co-ZSM-5, by measuring the concentration changes of benzene in an IR cell by
square wave pressure perturbations according to the procedure of Fast Time-
Resolved Rapid Scan IR Spectroscopy reported in a former work of Reitmeier et al..24
Figure S 4.11 in Supporting Information shows that benzene diffusion rate is 11.0 +
0.5 pmol s1 g1 in the H-ZSM-5. In contrast, the Co sample shows a slightly lower
diffusion rate (4.6 £ 0.2 pumol s -1 g-1). Therefore, although the strong adsorption of
benzene on the Co sites seems to impact the diffusivity of benzene, the differences
are not expected to affect catalytic measurements because the reaction rates are still

two orders of magnitude higher.
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Figure S 4.11: Concentration change profile for benzene adsorbed on A) H-ZSM-5
and B) Co-ZSM-5(314) induced by square wave pressure perturbations with a
modulation frequency of 1/25 s-1. Activation 1h, 400°C, 10-7 mbar; po,equ= 0.15 mbar.
Concentration change was calculated from the C-C stretching vibrational band of

benzene.

4.5.2 Desorption of CH4 activation products under steam flow
The catalyst Co-ZSM-5 with 314 ymolco gcar'! was activated in a plug flow reactor at

500 °C in a mixture of 10% oxygen in helium (atm). After purging with inert for 1 h,

the catalyst was exposed to CH4 at 200 °C for 2.5 h. After purging with inert, the
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catalyst was exposed to 20% H20 in helium at 135°C for 1 h. Desorbed gases were

analyzed by a mass spectrometer by Pfeiffer Vacuum.

No CO2, MeOH, or DME could be detected during the steam treatment. With this
absence of products, the presence of methoxy species or an oxidative activation can

be ruled out.2>
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5 Nature of active site
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Abstract

The metal precursor for the ion exchange in ZSM-5 and the resulting location of active
sites within a Co-ZSM-5 played an essential role in the alkylation of benzene with
methane. By benzene adsorption followed by infra-red spectroscopy, three Al sites in
proximity, so-called triple sites were established. UV-Vis spectroscopic
characterization showed that Co-ZSM-5 synthesized with Co acetate mainly was
exchanged in the intersection and the main channel of the zeolite. In contrast, more
Co was exchanged in the sinusoidal channel when Co nitrate was used to synthesize
Co-ZSM-5. Combining these results made the quantification and localization of these
triple sites and paired or single sites possible. Compared to active sites in different
positions, the product distribution showed that Co2* exchanged in sinusoidal channel

enhanced secondary reactions from toluene towards xylenes and phenyltoluene.
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5.1 Introduction

Besides its combustion, the most common ways to turn methane into value consists
of CH4 reforming, pyrolysis, coupling, or selective oxidation. In all processes, the most
challenging partis activating the highly stable C-H bond. Efforts to overcome this high
energy barrier (~ 434 k] mol1) imply harsh conditions or the use of heterogeneous
catalysts.1-2 Noble metal catalysts such as Ru, Rh, and Pt are already known to activate
CHa4, but due to their rareness and high costs, Co, Ni, Cu, and Mo have been intensively

studied.2-5

In particular, Mo and Co exchanged zeolites like ZSM-5 have been reported to convert
CH4 via methane dehydroaromatization (MDA) or selective catalytic reduction (SCR)
of nitrogen oxides® 7 Another interesting reaction is the direct alkylation of aromatics
with CHs using metal-supported ZSM-5. The simplest case is the alkylation of benzene

with methane to produce toluene and hydrogen - both highly demanded chemicals.

Since Co-ZSM-5 got in the focus of CH4 activation, the group of N. Katada has also
tested it in the alkylation of benzene in a comparative study (500°C, pcus = 98.6 kPa,
pces = 2.7 kPa and Weat/Fbenzene = 147 gcat h molbenzene) with different metals and
support.8 They found Co-ZSM-5 to be the most suitable catalyst so far. Matsubara et
al. proposed that only Co2* in the a exchange position of ZSM-5 - thatis, Co exchanged
in the straight channels of MFI structure - is active in the reaction of CH4 methylation
of benzene.?19 Our recent mechanistic study has led us to conclude that CHs
methylation of benzene on Co-ZSM-5 takes place through a concerted mechanism
that requires two Co in proximity. Thus, the exchange of Co in specific sites where
statistically more than one Co ion can be accessible by reactants can significantly

boost the activity of the materials.

This chapter aims to gain insight into the nature and location of Co active sites in Co-
ZSM-5 for the direct methylation of benzene with CH4. The combination of several
characterization methods, the use of probe molecules, and activity tests of Co-ZSM-5
materials with different Co siting allowed a quantitative analysis of Co ions
exchanged in different framework positions and their role in activity and selectivity

in benzene alkylation with methane.
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5.2 Results and discussion
5.2.1 Catalytic performance

We tested a series of Co-ZSM-5 catalysts with different concentrations of Co
exchanged by using Co(CH3C0O0)2 and Co(NOs3)2 aqueous solutions. The rationale to
use other Co salt precursors is their different behavior in an aqueous solution. Co%*
from nitrate mainly forms hexaaqua-complexes, while Co2* in acetate solution can
also form complexes in non-octahedral symmetry.10 This, together with different pH,
can influence the nature of the resulting Co sites in terms of their exchange position
and dispersion.11 Organic precursors such as acetates are reported to exchange

equally within the zeolite pores compared to inorganic salts like Cobalt nitrate. 12-13

It should be noted that when Co acetate is used for ion exchange via wet impregnation,
the highest concentration that can be reached is ca. 330 umol g1 of Co, corresponding
to a Co/Al ratio of 0.3. Higher Co contents were only achieved by incipient wetness
impregnation, and they imply precipitation of CoOx particles as determined by TEM
(Figure S 5.1).

We found that the turnover frequency of Co sites for benzene alkylation with CHs
increases with Co loading (see Figure 5.1). Increasing the Co content from 74 to
333 umol gt enhances the toluene formation rates by one order of magnitude. This
increase in activity per Co follows a function that points to a reaction order of 2 in Co.
This is first consistent with a mechanism that requires two independent, active sites
for one catalytic cycle, i.e., for the activation of CH4 and benzene, respectively, as we
previously deduced in mechanistic studies (see chapter 4). In good agreement, the
activity per Co for those catalysts with a Co content above 350 pmol g-1is significantly
lower than for ion-exchanged samples, indicating a significant concentration of
inactive Co particles. Based on this, we conclude that the main dominant active

species are Co ions exchanged on Al T-sites.

The apparent activation energy for toluene formation in the temperature range 500
- 550 °C was found to be ~126 k] mol-1 (Table S 5.1 and Figure S 5.2). The reaction
orders in methane and benzene were ~0.7 and ~0.4, respectively. Similar activation
energies and reaction orders for all Co-ZSM-5 catalysts indicate that the reaction

mechanism does not change with Co loading and all samples have similar active sites.
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Therefore, we propose that the differences in TOF are due to different concentrations

of Co active sites depending on the degree of exchange of ZSM-5.

5.2.2 Oxidation state of the active site

IR spectra of adsorbed probe molecules such as NO and CO can give insight into the
oxidation state of Co sites.1#16 Figure 5.2A shows the FTIR spectra of NO adsorbed
on ZSM-5 samples with two different Co loadings and the parent H-ZSM-5 material.
Three prominent bands can be detected at 1816, 1897, and 1943 cml. The bands at
1897 cm-1 and 1816 cm! have been attributed to vibration of two NO adsorbed on
one Co as (Co?*(NO)z). The band at 1943 cm! consists of two contributions at
1940 cm! and 1957 cm! that we attribute to Co3*-NO and Co2%*-NO, respectively.14
The shoulder at 1880 cm-! is attributed to NO adsorbed on SiOHAI sites, which can be
seen in all samples.14 In Figure S 5.3 in SI, the evolution of these bands with
increasing partial pressure of NO can be followed. The presence of Co3* might be
related to Co oxide nanoclusters that migrate and aggregate to form Co304 during
calcination or by stabilization of Co3* ions by three negative charges/Al T-sites.17-19
Nevertheless, due to the low intensity of these bands related to Co3+*, Co%* species are

regarded as the majority of sites in Co-ZSM-5.
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FTIR region of carbonyl stretching vibration of CO adsorbed on H-ZSM-5 and Co-ZSM-
5 with different Co content is shown in Figure 5.2. The most intense band for all
samples is at 2175 cm-1, attributed to CO adsorbed on BAS (SiOHAI) of ZSM-5. The
band at 2207 cm! is visible only in Co-containing samples and can therefore be
assigned to CO interacting with Co?2* sites.16.20 In good agreement, the intensity of this
band increases with Co loading, while the band for CO adsorbed on BAS decreases.
The sample with the highest Co content in our series (314 umolco gcat'l) shows an
additional band at 2087 cm-1. According to Hadjiivanov et al., this can be attributed
to Co*(CO)s3, with Co*being formed via reduction with CO of [Co-O-Co]?* species.1¢

From NO and CO adsorption experiments, we conclude that the Co is mainly hosted
as isolated Co?2* ions, with a small contribution of Co3* and [Co-0-Co]?2* in the samples

with high Co loading.

Finally, Co K edge in situ X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) measurements were obtained for activated
ZSM-5 catalysts with 233 and 326 pmolco gear! (see Table S 5.2, Table S 5.3, Figure
S 5.4, Figure S 5.5). XANES confirmed an oxidation state of Co to be primarily Co(II)
with a small contribution of Co(III). The EXAFS, for both samples, suggests isolated
Co sites without any significant Co-Co interactions. EXAFS fitting parameters are

shown in table S1 and S2 in SI.

IR spectra of adsorbed pyridine were used to determine the degree of exchange of
the zeolite BAS with Co ions. The concentration of BAS that has been exchanged by
Co ions was quantified by comparison with the concentration of BAS present in the
parent H-ZSM-5 (Table S 5.1). For catalysts with Co content < 170 pmol gcar1 the ratio
of covered BAS per Co is 2.0 £ 0.1. With increasing Co loading, this BAS/Co ratio
decreases slightly but remains > 1.7 + 0.1. This is consistent with a majority of
divalent Co ions at Al pairs, thus exchanging two BAS. We attribute the decrease in
BAS/Co ratio to a small fraction of exchanged [Co-0-Co]%* species (nominal BAS/Co
= 1) and/or formation of CoOx nanoparticles (nominal BAS/Co = 0) at high Co

loadings.
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Overall, the spectroscopic analysis of Co-ZSM-5 with Co loadings in the range from
74 pmol geatl to 314 pmol gear'! shows that Co is mainly hosted as isolated Co?* ions
exchanged in Al pairs, with small concentrations of [Co-0-Co]2* in the samples with
high Co loading. With the present experimental evidence, we cannot rule out the
formation of small concentrations of Co203 nanoparticles. Still, we regard them

negligible in terms of the catalytic and material properties of these Co-ZSM-5 samples.
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5.2.3 Location of active sites

The specific location of Co%* ions exchanged in Al pairs in ZSM-5 can be determined
by examining the IR spectra of Co-ZSM-5 samples after stepwise adsorption of
benzene pulses. Figure S 5.6 shows the evolution in benzene uptake with increasing
pressure for Co-ZSM-5 with different Co and BAS concentrations. The amount of
adsorbed benzene was determined by benzene’s C-C stretching vibration band at
~ 1475 cml. The BAS coverage was inferred from the decrease of the band at
~3610 cm! for SiOHAI, based on a molar extinction coefficient for this vibration
obtained for the parent H-ZSM-5, based on the BAS concentration determined by

pyridine adsorption.

When small pressures of benzene are dosed to Co containing samples, a band of C-C
vibration at 1472 cm-! evolves with increasing po of benzene without affecting BAS
OH vibration (Figure S 5.6). This indicates preferential benzene adsorption on Co
sites, in good agreement with the strong Lewis acid-base interaction between Co and
benzene that we have previously reported (see chapter 4). Using TGA/DSC, we have
measured a AHads of 260 k] mol! for benzene over Co-ZSM-5 (314 pumolce g1) in
contrast to a AHads of 65 k] mol-! for benzene over BAS on H-ZSM-5. Therefore, we
attribute the band at 1472 cm! to benzene adsorbed on Co?* sites in ZSM-5, similar
to the band at 1468 cm! reported for benzene interacting with Cu on ZSM-5.21 The
slight blue shift with respect to Cu ions is also consistent with a strong Lewis acid
character of Co2* species, leading to a weaker C-C bond of benzene upon adsorption.
At po > 8.5 - 103 mbar, a shoulder at ~ 1478 cm! arises for Co-ZSM-5 samples,
attributed to the C-C vibration of benzene adsorbed on Si-OH-Al groups in ZSM-5. 21

Based on the benzene adsorption followed by IR spectroscopy, the amount of BAS
covered per introduced benzene molecule can be calculated via the decrease of
intensity of the SiOHAI band at ~3610 cm-! and the increase of the C-C vibration at
~1475 cm1. In Figure 5.3, it can be seen that, for an H-ZSM-5 reference washed with
acetate solution (blank experiment), the decrease of the BAS O-H vibration with an
increase of benzene uptake follows a linear correlation with a slope of three at low
pressures. This indicates that three BAS are covered by one benzene molecule, up to

a coverage of ~ 600 umol g1 BAS. We attribute this to benzene adsorption in the
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intersections of 10-MR sinusoidal and straight channels in MFI. In this position, one
benzene molecule can perturb the O-H vibration of up to three protons in proximity??,
shifting the O-H IR absorption to lower wavenumbers. Such “triple sites” thus leading

to the apparent disappearance of three BAS per molecule of benzene.

For Co-ZSM-5 catalysts with loadings below 150 pumolco g1, benzene adsorption on
triple sites was also detected at low uptakes (Figure 5.3A). We can quantify the
concentration of triple sites by the total benzene uptake reached when the trend
deviates from the linear correlation with slope = 3. Comparing with the concentration
of triple sites in parent HZSM-5, we can determine the fraction of Co in Co-ZSM-5
materials exchanged with protons that are part of triple sites (Figure 5.4). Having
observed that Co generally exchanges with two BAS protons (Table 1 in SI), it is
reasonable to assume that one BAS is left free when Co is exchanged at the triple site

location.

At Co loadings above 150 pmolco g1, Figure 5.3B shows a different profile of BAS
coverage vs. benzene uptake. At low benzene uptakes, the BAS are not interacting
with benzene, indicative again of the preferential adsorption of benzene on Co sites.
There is a linear correlation with a coverage of 2.5 to 1.1 BAS covered per benzene
molecule at higher pressures. A slope of ca. 1 BAS covered by 1 benzene indicates
benzene adsorption on relatively isolated BAS. For the samples with a slope between
1 and 3, benzene adsorption occurs both in free triple sites and isolated BAS.
Therefore, we propose that Co ions are exchanged in different positions in such
samples. Their relative concentrations can be quantified assuming proportional
contributions of Co exchanged in triple sites and Co exchanged in other Al pairs. It
should be noted that BAS that are isolated from the point of view of benzene
adsorption (that is, they adsorb benzene in a 1:1 ratio) can be, however, paired and
therefore allow the exchange of Co2* ions when they are available in suitable
concentrations. On the other hand, this technique cannot detect when benzene is
adsorbed on Co sites that are sitting far from any other BAS (so, not in triple sites).
These sites can only be quantified when they preferentially adsorb benzene at very
low pressures before any BAS perturbation is detected (as in samples 167-
333 pmolco g1). In Table S 5.4, we provide further details of the calculation of the

concentration of Co sites in different positions of ZSM-5 based on this technique
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Figure 5.4A shows the concentration of Co%* exchanged in triple sites - that is, in the
ZSM-5 channel intersections - as deduced from benzene adsorption experiments. The
limit of ~200 pmol g1 Co concentration found for the triple sites is in good agreement
with the total amount of BAS in triple sites as quantified by benzene adsorption on H-
ZSM-5 (~ 600 pmol g'1). In Figure 5.4A also shows that the concentration of Co

exchanged in non-triple BAS increases linearly with increasing Co loading.

Based on the benzene adsorption, it can be seen that the Co ion exchange occurs both
in triple and non-triple sites. However, once all triple sites are exchanged with Co ions
at about 280 pmol g-1lof Co, all the exchangeable Co excess is directed to dual/single
sites within the 10-MR channels. On the other hand, one can see that catalysts without
free “triple sites” correspond to those with the highest TOFc, (Figure 5.1). Therefore,
we speculate that the relatively more significant proportion of Co in the channels

regarding the intersections leads to this higher activity per Co.

The finer detail of the siting of Co ions can be obtained with in situ spectroscopic UV-
Vis measurements. Three different ion-exchange positions, viz. a, , and vy, of Co?*,
have been proposed in the literature for ZSM-5, based on the other features in UV-Vis
absorption spectra.?-10.22 Co2+ exchanged in each of these positions leads to a triplet

of absorption bands that partially superimposed with the others.t 10,22-23
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Figure 5.4: A) shows the amount of Co located in triple or isolated sites. B) shows Co
in a, B and y positions. Triple and isolated sites are assigned via benzene adsorption;
a, 3, and y sites are assigned via UV-Vis deconvolution. Co-ZSM-5 filled, Co-ZSM-5 (N)
not filled.

Figure S 5.7A in SI shows UV-Vis spectra of ZSM-5 with different Co loadings in the
region from 13000 to 25000 cm-1. In general, the intensity increases with Co loading
over the whole spectra. Although a deconvolution of the total contribution of the
three positions to experimental spectra is not possible, one can at least estimate the

relative changes in the absorption of Co2* in @, 3, and y positions with Co loading. For
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this, we have divided the spectra into regions (A: 14000-16000 cm1; B: 16000 -
19000 cm-1, and C: 19000 - 22000 cm-1, corresponding to Co2* in positions «, fand y

respectively.22

The a position, indicated by a shoulder with a maximum at 15100 cm-1, can only be
clearly observed for catalysts with Co loadings > 200 pmol g-1. Figure 5.4B shows the
amount of Co2* in q, 3, and y positions, based on the relative proportions determined
by deconvolution of the UV-Vis spectra into three main contributions (Figure S 5.7).
Comparing the resulting trend with that of Co in triple sites deduced from benzene
adsorption in Figure 5.4A, one can clearly see a correlation between Co in triple sites
and Co in 3 position. In good agreement, the 3 position is associated to Co sites in the

intersection of ZSM-5.

Regarding Co exchanged on non-triple sites, we cannot differentiate whether it is in
a or y position. However, it should be noted that catalysts at low Co loadings (74 -
188 umolco g1) show no contribution of a sites, even though they are active in

forming toluene.

On the one hand, it can be seen that below 200 pumolco g1, the position of all Co sites
is equally distributed in B and y locations. Above this value, Co also exchanges in a
smaller fraction in the a position. For the samples above ~ 280 pmolco g1 - those with
the highest TOF per Co - the amount of Co in o and f sites is constant, and only the
amount of Co in y position increases. From this, we preliminary concluded that all
Co?%* exchanged is active to some extent in the reaction of CHs alkylation of benzene.
However, the sharp rise in TOF observed for high Co loadings may be linked to the
more constrained y positions of the sinusoidal channels, which are more active than

Co in o and B sites.

5.2.4 On the effect of active site environment in the activity and selectivity
of Co-ISM-5

In order to direct the Co ions to distinctly different ion-exchange positions, several
strategies are available. One of them is to use a different pH and Co salt precursor in

the ion exchange, such as Co nitrate. Several Co-ZSM-5 materials were prepared by
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ion exchange with Co nitrate. In this way, it was possible to exchange loadings of up
to ~ 200 pmolco g1 with ratios of covered BAS per Co of 1.9. The toluene formation
rates per Co are slightly lower on these samples compared with the samples

synthesized with acetate solution (see Figure 5.1A).

Benzene adsorption on nitrate exchanged samples shows a different profile of BAS
coverage compared to the acetate samples (Figure 5.3A). The quantification of Co in
different positions show that using Co(NOs3)2 for ion exchange results in a more

significant proportion of Co in dual/single sites (Figure 5.4A).
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Figure 5.5: Selectivity as a function of Co content for C7 (square), Cs (circle), Ci2
(triangle), Ci13 (star) Co acetate samples are filled, and nitrate samples are not filled.

The benzene conversion was 1.5 - 2.1 %.

In good agreement, the classification of Co exchanged in positions a, 3, and y via UV-
Vis deconvolution (see Figure 5.4B) shows a more significant proportion of Co
exchanged in non-triple sites in y position. However, in Figure 5.1, one can see that
the catalysts exchanged with nitrate precursor are slightly less active than the ones
exchanged with acetate solution. In contrast, an apparent increase of the Co in y sites
can be seen at the expense of the [ sites. This is proof that the y position is not
intrinsically more active than the others. Therefore, we conclude that the main reason

for a higher TOFco in samples with high Co loading is again a higher probability of two
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Co sites to be in proximity, and that is stochastic rather than related to the position

of the Co ions.

Finally, we compare the selectivity of products in relation to the different positions

of Co exchange sites.

Co-ZSM-5 selectivity for acetate and nitrate synthesized catalysts to products in the
direct alkylation of benzene with methane was measured at similar benzene
conversions. In our previous work, we reported that, in addition to the alkylation of
benzene to toluene and xylene, there is a significant contribution of a parallel reaction
pathway of benzene to form biphenyl (compare chapter 4). Overall, the selectivities
are comparable for all samples at low conversions (X ~ 1.8%, Figure 5.5). However,
we observed that the selectivity towards toluene decreased with increasing Co
loading, while selectivity towards xylenes and biphenyl increased for acetate samples.
The formation of xylenes - a secondary product- is favored at high Co loadings over
the primary product because of the higher probability of an aromatic molecule
encountering a second active site in its path through the zeolite microspores.
However, a clear difference in selectivities is observed for those samples prepared
with nitrate. In this case, a clear decrease in toluene selectivity is observed at the
expenses of an increase in secondary products xylene and C13. Both products are the
result of the secondary reaction of toluene. The biphenyl production, however, seems
independent from the Co salt. This different behavior in selectivity for the secondary
products is likely an indirect result of varying position or accessibility of Co sites in

nitrate exchanged samples.

The selectivity towards secondary products is higher when the ion exchange with
nitrate solution is performed. We propose that xylenes and phenyltoluene are formed
via an Eley-Rideal mechanism after toluene reacts with an available activated CHs- or
benzene strongly adsorbed on a Co site, respectively. We assign this increase in
selectivity to secondary products to a higher concentration of Co active sites in the
sinusoidal channel. The sterically constrained reorientation of alkylated aromatics
through the zig-zag channel causes a ~ eight times lower diffusivity than through the
main channel.?4-2> Therefore, the virtual contact time of aromatics along the
sinusoidal channel is more significant than the main channel. The probability for a

secondary reaction on Co sites in zig-zag channels correspondingly increases.26
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5.3 Chapter conclusion

The location of Co sites in ZSM-5 (Si/Al = 15) was shown to influence the TOF and the

selectivities in the alkylation of benzene with CHa.

Activity tests showed that the formation rate of toluene increased with Co loading
and that with acetate precursor synthesized catalysts are more active for toluene
formation than nitrate precursor synthesized samples. All tested materials contain
mostly Co?* ions exchanged in Al pairs. Thus, the oxidation state does not explain the
different behavior for these samples. However, adsorbing benzene demonstrated the
presents of triple and isolated sites within the MFI structure, which influenced the
location of ion exchange. Combining these findings with UV-Vis results let us relate
Co exchanged in triple sites to Co in  sites in the intersection, and Co in isolated sites
within o and y positions in the main and sinusoidal channel, respectively. The
position of the Co sites also influences the selectivity of products. Active sites in the

sinusoidal channel enhance secondary reactions.

Regarding all together, we hypothesize to have mostly Co2* sites exchange in Al pairs
as active sites. The location of these active sites influences the selectivity and the TOF

due to confinement and accessibility.
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5.4 Experimental section
5.4.1 Chemicals

High-purity nitrogen (99.999%), synthetic air (99.995%), 10% oxygen in helium
(99.995%), and CH4 (99.995%) gases were purchased from Westfalen and used
without further purification. Cobalt(II)-acetate (99.99%), cobalt(II)nitrate (99.99%)

and benzene (anhydrous, 99.8%) were purchased from Merck.

5.4.2 Material synthesis
NH4-ZSM-5 zeolite (Si/Al = 15, Zeolyst) was calcined in synthetic air (100 mL min-1)

for 10h at 550 °C (10 °C min-1) to obtain the H-form. To prepare the metal exchanged
catalysts, 1 g of H-form zeolite was stirred in 50 mL g1 Co acetate or Co nitrate
solution (2.5 mM - 10 mM) at 80 °C for 15 h. The pH value was adjusted to 6.5 with
acetic acid or nitric acid. The resulting suspensions were filtered and washed with

water, and dried in air.

5.4.3 Infra-Red spectroscopy measurement

The catalysts were characterized by FTIR measurements with a Nicolet iS50
spectrometer from Thermo Scientific to obtain their acid site concentrations. The
spectra were recorded in the range of 4000 - 650 cm-! on thin catalyst pellets. After
heating to 450 °C for 1h under vacuum (10 °C min-1, 107 mbar), pyridine (0.5 mbar)
was adsorbed at 150 °C for 1h. To obtain only chemisorbed pyridine, the sample was
under vacuum (10-7 mbar) for one hour. CO and NO adsorption was carried out in a
vertex IR from Bruker at liquid nitrogen temperature. Benzene adsorption
measurements were carried out in a Bruker ifs 66v/S FTIR spectrometer. The spectra
were recorded in the range of 8000 - 650 cm-! on thin catalyst pellets. After heating
to 450 °C for 1h under vacuum (10 °C min-l, 107 mbar), benzene was adsorbed
stepwise from 7.0 -10-3 - 11 mbar. For analysis, the SiIOHAl band at 3610 cm! and C-

C band at 1478 cm! were used for BAS coverage and benzene uptake, respectively.

5.4.4 UV-Vis spectroscopy measurement
The spectra were recorded between 200 nm and 1000 nm on an AvaLight-DH-S-BAL

with AvaSpec-2048 in diffuse reflection mode. BaSOs+ was used as a reference.
Catalyst samples (150-250 um) were activated for 1h, at 450 °C with a rate of
10 °Cmin! in synthetic air. The spectra were measured at 200°C. Absorption

intensities were calculated using the Kubelka-Munk equation.
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5.4.5 Atomic absorption spectroscopy

For investigation of the element contents in the prepared catalysts, graphite-tube
atomic absorption spectroscopy (GT-AAS) was performed on a Solaar M5 AA-

Spectrometer from ThermoFischer.

5.4.6 X-ray absorption spectroscopy (XAS).

Co K-edge X-ray absorption spectra were obtained at the P65 beamline of the German
electron synchrotron (DESY) in Hamburg, Germany. The storage ring was operated
at 6 GeV energy and 100 mA beam-current. A water-cooled Si111 double crystal
monochromator (DCM) was used for obtaining monochromatic X-rays. Two Si
mirrors were installed in front of the DCM to reject higher harmonics. The DCM was
calibrated for Co K-edge by measuring a Co-foil and defining the first major inflection
point as 7709 eV. A Co-foil was also placed between the second and third ionization
chamber for the energy calibration of each measured spectrum. The energy
resolution of the beamline is estimated to be ~1.2 eV at the Co K-edge. The XAS
spectra were measured in both transmission mode and in fluorescence mode using a
passivated implanted planar silicon (PIPS) detector. The spot-size of X-ray beam at

the sample was 1.6 mm (horizontal) x 200 pm (vertical).

Spectra for X-ray absorption near edge structure (XANES) analyses were measured
between -100 eV and +200 eV around the Co K-edge while the spectra for extended
X-ray absorption fine structure (EXAFS) analyses were obtained between -150 eV
and +600 eV around the Co K-edge. The data were monitored for any signs of X-ray
beam damage. Several successive scans were averaged to reduce signal-to-noise ratio
and improve the data quality. XANES and EXAFS data analyses were performed using
Athena and Artemis software packages. For XANES analyses, Eo was fixed at 7709 eV
and the spectra were normalized and flattened. For EXAFS analyses, spectra were
background subtracted, normalized, k2-weighted, and Fourier-transformed in the k
range between 3 and 11 A-1. The EXAFS fitting was performed in k-space between 3
and 11 A1 simultaneously on the k!-, k2-, and k3-weighted data. Eo was set such that
energy-shift (AEo) obtained during the fit was less than 1 eV. A Co-foil was first fitted
to obtain the amplitude reduction factor, SOz = 0.7, which was then used in the

subsequent fits.
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In situ XAS measurements were performed using a quartz capillary micro-reactor
setup. In a typical experiment, the catalyst was placed in a quartz capillary (1 mm o.d.,
20 um thickness) supported between two quartz wool plugs. The capillary was
heated from below with a hot-air gas-blower (Oxford FMB). Gas flow rates were
maintained using Bronkhorst electronic mass flow controllers and the pressure was
continuously monitored using a pressure gauge (Omega). The catalyst was first
activated under syntetic air at 500°C for 1h.. After activation, the sample was cooled

down to 100°C for XAS measurements.

5.4.7 Catalytic testing

The activity of the catalysts was tested in a 1/4" quartz glass plug flow reactor
between 500 and 560 °C, under atmospheric pressure. The catalysts were activated
in a mixture of 10% oxygen in helium at 550 °C (10 °C min-1) for 2 h. Before starting
the reaction, the reactor was purged with nitrogen. The reaction was conducted in
nitrogen atmosphere with varied ratios of CHs/benzene = 33- 170, and WHSV= 0.2 -
2.2 h'l, Reactants and products were analyzed by a GC System Agilent 7890B or a

mass spectrometer Omnistar® by Pfeiffer Vacuum.
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5.5 Supporting Information

H-ZSM-5 74 pmolc, g™ 130 pmolg, g’

453 pmolc, g™

314 pmolg, g™

288 pmole, g’

Figure S 5.1: TEM images of a selection of ZSM-5 with different Co loading. Particles
are only visible at Co loading of 453 umol g-1.
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Table S 5.1: Co content, LAS, and BAS concentration, BAS/Co as well as apparent

activation energy, and reaction orders in benzene as well as in methane of in ZSM-5

exchanged with Co. Si/Al = 15.

Co LAS BAS BAS/Co Apparent Reaction Reaction

content /umol /umol energy of order for order for

/umol gear gear activation toluene  toluene

Zear! /kjmolt ™ n
methane benzene

333 1122 182 1.8 N/s N/S N/S

326 1051 214 1.7 N/S 0.7 0.4

314 1061 227 1.8 122 0.7 0.4

288 1040 277 1.8 N/s N/S N/S

232 910 354 1.8 N/S 0.7 0.4

167 725 450 2.0 130 N/S N/S

130 541 519 2.0 126 0.7 0.4

74 438 630 2.0 N/s N/S N/S

196 (N) 632 400 1.9 N/s 0.7 N/S

181(N) 889 445 1.9 N/S 0.7 N/S

148 (N) 546 428 2.3 N/s 0.7 N/S

Blank[E 190 780 - -
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Figure S 5.2: Apparent energy of activation of Co-ZSM-5(130) and Co-ZSM-5(314)

determined between 783 and 833 K in A). Reaction orders in methane (B) and
benzene (C) determined for Co0-ZSM-5(130) and Co-ZSM-5(314). Benzene

consumption in circles (green), toluene formation in triangle (black), and biphenyl

formation in square (blue).
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Co-ZSM-5 —3.8E-04
314 ymol Co 1.5E-03

Absorbance /a.u.
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Wavenumber /cm-!

Figure S 5.3: FTIR spectra of NO adsorbed on ZSM-5 (314 umolco g'1) with different

po of NO at liquid N2 temperature. Activation for 1h at 450°C in vacuum.
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©
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Energy /eV

Figure S 5.4: Cobalt XANES data Co-ZSM-5 with 233 umolco gear! (line) and
326 pmolco geat'! (dashed line) activated in synthetic air at 450°C.
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Figure S 5.5: Cobalt EXAFS data and fitting in k-space and R-space for Co-ZSM-5 with
A) 233 pmolco gear' and B) 326 umolco geat'1. The materials were activated in synthetic

air at 450°C prior measurement at 100°C.
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Table S 5.2: EXAFS fitting parameter for Co-ZSM-5 with 233 pmolco geatl. Eo =
7717 eV; AEo =-1.5 £+ 7.0 eV; R-factor = 0.02606; So2 = 0.80

Path CN d/A 62 x 1000 /A2

Co-0 4.0+2.3 2.001 £ 0.042 7.3%5.6

Co-Al 1.0+29 2.758 £ 0.087 3.6+24

Co-Si 1.1+4.3 3.183 £0.107 5.0+33

Table S 5.3: EXAFS fitting parameter for Co-ZSM-5 with 326 pmolco geatl. Eo =
7717 eV; AEo = -0.8 + 8.5 eV; R-factor = 0.03168; So2 = 0.80

Path CN d/A 62 x 1000 /A2

Co-0 41+29 2.003 +£0.053 8.6+73

Co-Al 1.5+£5.0 2.763 £0.112 7.6 31

Co-Si 1.1+6.0 3.199 £ 0.162 7.7 £51
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Figure S 5.6: A) FTIR spectra of benzene adsorbed on H-ZSM-5 and Co-ZSM-5 with

different po at 100 °C. Activation for 1h at 450°C in vacuum. B) Band at ~1475 cm-!

deconvoluted into two bands corresponding to CC vibration interacting with AIOH

and Co sites.
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Figure S 5.7: UV-Vis spectra (FT) of dehydrated Co-ZSM-5 with different Co loading

synthesized with A) Co acetate and B) Co nitrate Co-ZSM-5. Activation 1h in synthetic

air, 450°C. Tmeasurement = 200°C. Spectra are not normalized.
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Figure S 5.8: Example of deconvolution of UV-Vis spectrum of samples with 314 and

197 umolco g1. Original spectrum (line), fitted (-), a site (--), B site (), y site (- -).
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Table S 5.4: Distribution of Co sites deconvoluted from UV-Vis spectra (FT) shown
in Figure S6.

* [(total number of BAS) - (number of BAS covered in the linear part) * (fraction of
BAS with slope 3)] / 3.

** (Total number of Co - number of Co in triple sites).

Co Slope ) ) Coin
content P co “-1 trlple isolated
Jumol g (linear part) sites sites**
74 3.0 58 16
130 3.0 93 37
167 2.5 115 52
232 1.6 173 59
288 1.1 196 92
314 1.1 196 118
333 1.0 200 133
197(N) 3.0 110 87
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Table S 5.5: Distribution of Co sites deconvoluted from UV-Vis spectra (FT) shown

in Figure S 5.7.

Co
a site B site Y site

content
/% /% /%

-1

/umol g

74 0 49 51
130 0 48 52
167 0 48 52
232 8 47 45
288 11 48 40
333 8 41 51
148 (N) 2 31 67
182 (N) 4 30 66
197(N) 5 28 67
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Figure S 5.9: AHads determined via benzene adsorption in vacuum TGA.
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6 Summary and final conclusion

By combining reaction kinetics, temperature-programmed surface reactions, and in-
situ and operando spectroscopic methods, we clarify within this thesis the main
questions concerning the mechanism and the catalytic active sites for the direct
alkylation of benzene over Co-ZSM-5 catalysts. These concerned (i) the product
distribution, (ii) the reaction pathways, (iii) the reaction mechanism, (iv) the nature
and location of active Co sites, and (vi) the influence on selectivity and reactivity of

the location of active sites.

For this purpose, Co-ZSM-5 with different Co concentrations (74 - 333 pmolco g'1)
were prepared via aqueous ion exchange. Testing these materials revealed that the
modified tailored catalysts are active for the direct alkylation of benzene with CH4 at
550 °C at atmospheric pressure. Toluene and hydrogen were identified as the main
products with a carbon selectivity of up to > 90%. Xylene isomers and phenyltoluene
were found to be the main secondary products. A competitive reaction pathway is the
dimerization of benzene to form biphenyl. However, the rate of competitive biphenyl
formation can be reduced by increasing the partial pressure of CHs. It has a positive
impact on the selectivity of the toluene route. However, high selectivity and activity
to produce target products require a large amount of CHs in excess. As a result, most
of the methane must be recycled. From an industrial point of view, this might not be

profitable enough, for which reason this method might remain academic.

The heat of benzene adsorption on Co in Co-ZSM-5 catalysts showed a strong
interaction of the probe molecule with the active sites with AHads = 260 k] mol-.
Temperature programmed surface reactions underline this strong adsorption of
benzene on Co sites. The controlled activation of CH4 is only possible if it is fed prior
benzene. Otherwise the Co sites will be poisoned by benzene, and the reaction
pathway of alkylation is hindered. Furthermore, the TPSR showed toluene
production at two temperatures: at mild temperatures of 200-400 °C and above
500 /°C. An energy barrier of 69 k] mol-! at lower temperatures indicates an Eley-
Rideal mechanism. In comparison, more inadequate benzene coverage at higher
temperatures allows a Langmuir-Hinshelwood mechanism with an Eapp of

112 k] mol-L.
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Based on these findings, the proposal is that CH4 and benzene are activated on similar
Co?* sites. A dependency of 2.6 Co sites required per toluene formed suggests that at

least two different cobalt sites are part of the mechanism.

This increase of activity, per mass as well as per Co, with Co concentration raises the
question of whether the mechanism or the active sites involved are changing with Co

content.

Therefore, several probe molecules like carbon monoxide, nitric oxide, and pyridine
were adsorbed on catalysts with various Co loading. The latter combined with XAS
measurements point to the majority of Co being exchanged as single Co2* ions on Al
pairs throughout the series of different Co content. Hence, the oxidation state does

not explain different activities.

However, different precursors' applications during catalyst synthesis also showed
another activity. Samples synthesized with Co nitrate are slightly less active than

those synthesized with Co acetate.

The adsorption of benzene on this series of samples from 74 - 333 pmolco gl
indicated the presence of cobalt in triple Al sites and isolated sites. The classification
of Co sites in q, 3, and y locations obtained by UV-Vis spectroscopy, showed that the
triple sites are located in the intersection of the straight and the sinusoidal channel
of ZSM-5. In contrast, isolated sites are located inside the channels. While all locations
seem to be active for the alkylation of benzene with CHs, Co in 3 position - in the
intersection of the straight and the sinusoidal channel - appears to be slightly more
active than Co in other positions. With this, the main reason for a higher TOF in
samples with high Co loading is not the location of Co. However, a higher probability
of two or more co-locations being close to each other is based on stochastic reasons

rather than depending on the position of the Co sites.

However, the position of the Co sites has an impact on the product selectivity. Co sites
inside the sinusoidal channel appear to enhance secondary reactions. A lower
diffusivity of aromatics through the zig-zag channel increases the contact time and

therefore, increases the probability of a secondary reaction.
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To summarize, the hypothesis is to have mostly Co?* sites exchange in Al pairs as
active sites. The location of these active sites influences the selectivity and the TOF

due to confinement and accessibility.
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Figure 5.3: Benzene adsorption on H-ZSM-5 and Co-ZSM-5 with different Co loadings
followed via FTIR. Activation for 1 h, 400 °C at vacuum. po,benzene = 7.0:10-3 - 1.1-101
MDA, T = 100 OC. oot et sssess s ssssss s ssssss s ss st s s st s bbbt se st 87

Figure 5.4: A) shows the amount of Co located in triple or isolated sites. B) shows Co
in a,  and y positions. Triple and isolated sites are assigned via benzene adsorption;
a, 3, and vy sites are assigned via UV-VIS deconvolution. Co-ZSM-5 filled, Co-ZSM-5 (N)
NOT FILLEA. oo s 91
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Figure 5.5: Selectivity as a function of Co content for C7 (square), Cs (circle), C12
(triangle), C13 (star) Co acetate samples are filled, and nitrate samples are not filled.
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7.3 Conference contributions

e FEZA 2021, Brighton (virtuel), GB
Poster & short talk

e 54.]ahrestreffen Deutscher Katalytiker 2021, Weimar (virtuell)

Poster

e JOURNEES DOCTORALE DE L’ENERGIE 2019, Paris, FR

Poster

e InnoEnergy PhD conference pitching competition 2019, Paris, FR
Poster & short talk

e DGMK 2018, Berlin

Poster



7.4 Awards

e FEZA 2021, Brighton (virtuell), GB

Poster prize

e InnoEnergy PhD conference pitching competition 2019, Paris, FR
»Top 3“



