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Abstract

The direct conversion of methane to methanol has received a lot of attention in research
over the last years, due to the potential prospect of finding an alternative route to the energy
intensive syngas production for converting methane into valuable products. Extensive
research on the optimal reaction conditions, as well as the nature of the active Cu-sites is
nevertheless necessary for further improvement of the reaction. Herein, SAPO-34 materials
loaded/exchanged with Cu by the means of liquid (LIE) and solid-state (SSIE) ion exchange
techniques were investigated for the reaction. The CHA (Chabazite) zeotype, SAPO-34,
was chosen due to the limited research found on this material for the direct conversion of

methane to methanol.

The materials were characterized by SEM/EDX, PXRD, TGA, N-adsorption and 2’Al and
3P MAS-NMR techniques to examine the elemental and framework composition, water
content and the structural stability after being exposed to the various treatment conditions.
The materials were found to be successfully ion exchanged with Cu. This was further
supported by an evident decrease in acidity of the Cu-SAPO-34 materials observed by CO
and CDsCN FTIR spectroscopy.

Performance tests revealed that it was possible to convert methane to methanol over the
O»-activated Cu-sites in SAPO-34 under the various reaction conditions applied. However,
by comparison to the widely studied aluminosilicate CHA zeolite, SSZ-13, tested under the
same reaction conditions, it is apparent that Cu-SAPO-34 has a significantly lower

conversion of methane.

Comprehensive examinations of the CuxOy species formed in the materials were executed
with CO-FTIR, Raman and XAS. Three- and four fold coordinated Cu-species are
evidenced to form after Oz-activation of the materials; among them the active species for
methane activation. Interestingly, it was observed that the nature of the Cu-sites found in
SAPO-34 deviated from the active sites found previously in SSZ-13. The difference in
productivity and Cu-site formation in the two materials were attributed to the difference in
framework polarity, as well as location and amount of ion exchange sites in the two

materials.



Figure 1. “Giving Methane Wings” — lllustration of the reaction procedure.
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1 Introduction and Scope

Methane is a valuable energy source that has become increasingly abundant as a feedstock,
and is an acceptable alternative to petroleum based fossil fuels on our route towards
creating a more sustainable environment. Methane can be found in numerous sources, such
as natural gas, shale gas and biogas. [3] However, methane itself is a very potent greenhouse
gas [3], and because of the complex process of converting methane to higher valued
products, associated natural gas is often flared off at oil production sites rather than utilized
[4-5]. Flaring of methane causes more than 300 million tons of CO: being released to the
atmosphere every year. The elimination of flaring from an environmental and resource
management perspective has received so much attention that a “zero routine flaring
initiative” has been set in motion by the World Bank in order to remove all routine flaring
by 2030. This is an agreement between governments, oil companies and development
institutions all over the world [6].

The main method for converting methane to chemicals in industry today is via the
production of synthesis gas (syngas for short). Syngas consists of CO, H2 and some CO..
However, the need for finding an alternative method is highly demanded with respect to
sustainability, since the current process requires high temperatures (700 — 1000 °C) and
high pressures (100 bar) [7]. In addition to being energy intensive, the production of syngas
also requires large facilities (the economy of scale) and transportation from remote areas
becomes prohibitively costly. Since the cost of transporting methane as compressed or
liquefied gas is high, a way of utilizing methane on-site in small-scale operations would be
a very good solution for utilization of stranded gas [4]. Direct conversion of methane into
liquid products such as olefins, alcohols, ethers and other higher-value products has

therefore received a lot of focus in research over the recent years [8].

In nature, methanotrophic bacteria perform the conversion of methane to methanol under
ambient conditions, using methane monooxygenase (MMO) enzymes [3]. This reaction has
a very high selectivity towards methanol. By using a synthetic, inorganic material (zeolite),
in an attempt to mimic nature, a new route has been found that can selectively oxidize
methane to methanol, which can be more easily transported from remote areas and small
sites. This is the so-called dream reaction (eg. 1), and several groups are dedicated to

develop this approach.



CH, + 0, = CH30H (1)

Scope and motivation for this study

The direct methane to methanol (DMTM) conversion will be performed by incorporating
Cu into SAPO-34 zeolites, and using this material in a cyclic stoichiometric reaction. The
Cu-loaded SAPO-34 will first be exposed to an Oz-atmosphere and activated at 500 °C,
before the temperature is cooled down to 200 °C and CHa is introduced to the material.

Finally, steam is passed through the reactor to extract methanol from the pores.

The highest reported value to this day is for a Cu-loaded Mordenite, with a productivity of
0.47 molmeorn/molcy [9]. This value is close to the theoretical limit of 0.5 assuming a
dinuclear active Cu-site. Based on the existing research, the conversion of methane to
methanol over Cu-loaded zeolites is both plausible and possible [10-13]. However, there
are still many unresolved issues and questions regarding the reaction. Most of the focus in
the recent years has been on determining how the chemical composition of the zeolites
influence the reaction, as well as pin pointing the nature of the active Cu-sites and their role
in the reaction [10, 14]. Even though the amount of studies on selective oxidation of
methane to methanol is growing every year, the literature found on this reaction tested with
SAPO-34 is scarce. SAPO-34 is the silicoaluminophosphate equivalent to SSZ-13, which
is a material that has been studied extensively for this type of reaction. Table A10 in the
appendix gives an overview of the different versions of Cu-loaded SSZ-13 (Chabazite) that

have been tested for the reaction [14].

SAPO-34 has a high technological interest in many important processes. The protonic form
of SAPO-34 is actually used on an industrial scale as a catalyst for the conversion of
methanol to olefins (MTQO) [15], and in the NHzs-assisted selective catalytic reduction
(SCR) of NOy, Cu-loaded SAPO-34 has been proven to work well [16]. These reactions
show that SAPO-34 is a versatile and valuable material, exhibiting catalytic activities —

with and without Cu in the framework.

With this in mind, and knowing that SSZ-13 exhibits rather high yields of methanol, it
became truly interesting to do a thorough investigation of the activity and nature of the Cu-

sites in Cu-SAPQO-34 for the direct methane to methanol conversion.



2 Literature

2.1 Catalysis

In the chemical industry, almost 90 % of the products are produced from a chemical
reaction that includes a catalytic process. A catalyst accelerates a chemical reaction by
lowering the activation energy, without being consumed in the reaction itself. Therefore, a
catalyst is any substance that can offer an alternative mechanism to the non-catalytic
reaction (Figure 2), to obtain a more energetically favorable route, by accelerating the
progress of the chemical reaction towards equilibrium. The presence of a catalyst in an
industrial chemical process is often used in order to obtain a more sustainable reaction with
respect to the environment. With a catalyst present, new routes can be made so the

formation of various waste and/or harmful byproducts can be prevented [17].

A catalytic reaction consist usually of several steps. First, the reactants diffuse from the
bulk to the catalyst, before they are adsorbed on the catalyst surface. Then, a chemical
reaction occurs between the reactants while adsorbed on the surface, producing the desired
product. Last, the products are desorbed from the catalyst surface, and diffuse from the

catalyst to the bulk.

Catalyst

Energy

Catalyst ‘ Q ,

Catalyst

Catalyst

»
>

Reaction coordinate

Figure 2. Potential energy diagram for a catalytic (green) and non-catalytic (red) pathway for the reaction
of A and B to the product P. Adapted from [17].



Catalysis is often separated into three sub-groups. Heterogeneous, homogeneous and
biocatalysis. The latter is the definition of nature’s own catalytic processes. Enzymes are
catalysts, which have a high specificity towards the substrates (reactants). Enzymatic
reactions are optimal for the reactions they are created to perform, which is why we often
try to mimic nature when creating synthetic catalysts in the laboratory.

Homogeneous catalysis is when the reactants and the catalyst are in the same phase, most
commonly the liquid phase. This type of catalysis is mostly common in the production of
fine chemicals, such as pharmaceuticals. However, large scale operations based on
homogeneous catalysis does also exist, such as the production of acetic acid from
carbonylation of methanol [18]. In heterogeneous catalysis, the reactants and the catalyst
are in two different phases. Usually, the catalyst are a solid material, and the reactants are
either in a liquid or gas phase. In heterogeneous catalysis, the reactions occur on the surface

of the catalytic material, and this approach is mostly used to produce bulk chemicals [17].

2.2 Zeolites

Zeolites are crystalline aluminosilicate minerals with a three-dimensional structure built up
from [SiO4]* and [AlO4]*> coordination polyhedra (Figure 3). The tetrahedral are the
primary building units, and the atom surrounded by the four oxygen-atoms (such as Si and
Al) are often referred to as the T-atom [19].

TO4. |
O ““/T
O ¢
O ¢ -
T = Si4*, AP+

Figure 3. Primary building unit of a zeolite (left), and the unit displayed as a tetrahedron (right) [20].
The primary units (TO4) are covalently linked together in the corner by a shared oxygen
atom, and arranged into secondary building units (sbus) as displayed in Figure 4. Different

zeolites are constructed by repeating the secondary building units in various manners to

form the framework of the zeolite. The resulting networks are open microporous structures



(<2 nm), with channels and large cavities. Because of the porous structure, zeolites have a
high internal surface area, which makes them good candidates for heterogeneous catalysis.
Since the secondary building units are assembled in different manners, the size of the
channels and pore openings vary between frameworks [17, 19, 21]. The same periodic
structure can also be built with other T-atoms, other than Al and Si, known as zeotypes.
The most commonly known example of this is aluminophosphates (AIPOs). The
framework of AIPOs are built up of alternating [AlO4]*> and [PO4]* tetrahedra. Many
zeotypes can be derived from AIPOs by the incorporation of other T-atoms to the

framework, such as Si, Co, Zn, Mg and Mn [22]. In this thesis, the two terms, zeolites and

o O
&

D4R D6R

& O

complex 4-1 complex 5-1 4-4-1

zeotypes, will be used interchangeably.

S4R

Figure 4. Secondary building units (sbus) in zeolites. Adapted from [19]

2.2.1 lon Exchange and Acidity in Zeolites

If a zeolite only consisted of SiO4 tetrahedra, the net charge of the framework would be
neutral. Therefore, for every Al-atom present, a negative charge is introduced to the
framework, because there is a charge difference between Si(4+) and Al(3+). This negative
charge is situated on the oxygen bridge between a Si and an Al atom in the framework, and

is neutralized by a cation, such as Na* or NH4", present during synthesis [19, 23].
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Figure 5. Ball-and-stick representation of a proton balancing the charge, when an Al(3+) exchanges a
Si(4+) atom in the framework. Oxygen is represented in red.

When the negative site is stabilized by a proton (H"), a bridging hydroxyl group is formed
between the Si and Al atom, which is known as a Brgnsted acid site since a proton can be
donated from the site (Figure 5). Because of the acidic character, the zeolites may function
as catalysts for acid-base reactions. If transition metals, such as Fe or Cu, are ion exchanged
to charge balance the framework, the zeolites can also function as redox catalysts.

Acid properties can also be found in the zeotype family, silicoaluminophosphates (SAPOs).
SAPO-materials are obtained by isomorphous replacement of Al or P in a neutral AIPO
framework. The incorporation of Si can follow several mechanisms so that different types
of Si environment can exist within the framework (Figure 6). Substitution mechanism two
(SM2) occurs when Si exchanges a P in the framework. When this mechanism occurs, a
Bransted site is formed within the framework because a net negative charge is introduced
from the exchange. Si can also exchange out two neighboring T-atoms (both P and Al).
This is substitution mechanism three (SM3), and preserves the neutral charge of the
framework, because two tetravalent Si atoms exchange out a trivalent Al and a pentavalent
P. The SM3 mechanism introduces Si-rich environments in the framework, known as Si-
islands. The incorporation of Si occurs either solely by SM2, or as a combination of SM2
and SM3, in such a way that the combination Si-O-P is prevented since this formation is
unstable. Because of these different types of Si incorporation, the amount of Brgnsted sites
in a SAPO- material relies on the total amount of Si, as well as the relative extent of SM3
mechanism occurring. It has also been suggested that the strength of an acid site is stronger
at the edges of Si-rich environments, rather than for Brgnsted sites occurring from the SM2
mechanism where the Si is isolated. In a SAPO-material, the concentration of active sites
are therefore higher when solely SM2 mechanism occurs, but the strength of the acid sites

increase with a higher contribution of SM3 with respect to SM2 [24].



A Ky
r-,\p/ \\37?

. o
o) 4O

Figure 6. Scheme of the two mechanisms occurring in SAPO-34 when Si is incorporated into the
framework.

2.2.2 Shape Selectivity

The unique ion exchange properties of zeolites, in addition to their well-defined
crystallinity, microporosity and high internal surface area, make them good candidates to
function as catalysts. Since the size of the pores and cavities of the zeolite, and the
interacting molecules are in the same order of magnitude, the zeolites have a unique
property referred to as shape-selectivity. Shape selectivity can be classified into three

categories, as illustrated in Figure 7.

Reactant selectivity (a), arises from the fact that some molecules are constricted from
entering the pores, due to the shape being too large to fit inside the pore opening. Only
molecules with a size smaller than the pore opening can diffuse into the channels and be

converted over the active sites.

When a reaction occurs at the active site, several products with different shape may be
formed in parallel or consecutive reactions inside the cavities. The size of the pores can
inhibit the bulkier molecules to diffuse out, which leads to a selectivity towards the smaller
products. This is called product shape selectivity (b).

When a transition state is involved in a reaction, a restricted transition state selectivity may

occur (c). Sometimes, the reactant and product diffuse easily inside the pores, but the

7



intermediate formed in the transition state is too bulky, and cannot fit inside the pores and
cavities around the active site. If this is the case, the overall reaction will be limited, thus,

reactions involving less bulky intermediates will be preferred [23].

(a) Reactant selectivity

PR it —_— N\t NF
N . ‘

[ ]

(b) Product selectivity

-
wm— O = — O
[ -

(c) Transition state selectivity

Ly o E S+ 4
el

P> -
| |

Figure 7. Three forms of shape-selectivity in zeolites [25].

The methanol-to-hydrocarbons (MTH) reaction is an example of a process that rely
strongly on the product shape-selectivity effect in zeolites. This is because the reaction
occurs on the surface inside the pores. In medium-pore zeolites (10-membered rings) a high
selectivity is displayed towards aromatics and alkenes (C°* hydrocarbons). When the
reaction occurs over smaller-pore zeolites such as SAPO-34, however, smaller sized

products are favored, i.e. olefins (C2 and Cz hydrocarbons) [26].

2.2.3 Chabazite (CHA) Framework

The silicoaluminophosphate, SAPO-34, and its aluminosilicate equivalent, SSZ-13, are
both zeolites with a Chabazite (CHA) topology. The Chabazite framework is built up from
double six-membered rings (D6R) that are stacked in an ABC sequence and interconnected
by units of four-membered rings (S4R). The resulting CHA framework has a periodic
pattern of barrel-shaped cages interconnected by eight-membered ring windows as shown
in Figure 8 (a). The Chabazite structure has a trigonal R3m space group and is highly

symmetric [14]. Only one crystallographically unique T-site exists in the CHA framework,

8



and the unit cell consists of 36 tetrahedrally coordinated T-atoms [27]. Among these, four
unique ion exchanged locations, depending on which oxygen atom the exchanged cation is
attached to, have been determined in the CHA framework (Figure 8 (b)). The protons that
are attached to O3 point in to the D6R, and have a more constrained environment than
protons attached to O1, O2 and O4, all of which are directed towards the center of the eight-

membered ring in a more open environment [14, 28].

(@) (b)

VY v0°'SL

-13.46 A
Figure 8. The Chabazite (CHA) type framework (a). Red represents oxygen, and grey represents Si or Al
in the case of SSZ-13, while for SAPO-34, the grey sites are either Al, P or Si. (b) Representation of the
four different oxygens available for ion exchange in the framework. Published in [14].

SAPO-34/AIPO-18 Intergrowth

The Chabazite structure is closely related to an AEI type framework. Like many other
zeolite groups, Chabazite- and the AEI type framework can form an integrowth with each
other depending on the choice of structure directing agent, as well as the synthesis route
[29]. A structure directing agent is present in the synthesis mixture as a template to help
control the morphology of the crystal and to govern the distribution of atoms in the
framework [30]. The (silico-)aluminophosphate, SAPO/AIPO-18, has an AEI type
framework, and readily forms an intergrowth with SAPO-34. An AEI type framework is
built up from the same primary (SiO4, AlO4 and PO, tetrahedra) and secondary building
units as CHA (D6R). However, while the neighboring layers of D6R in SAPO-34 are

parallel to each other, in SAPO/AIPO-18, the layers are cross arranged and possesses
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therefore a different orientation [29]. Intergrowth occurs by a stacking fault in the layering
during the growth of the crystals. Two types of stacking faults can occur, known as
displacement and growth faults. A displacement stacking faults occur when a perfect
sequence of SAPO-34 layers are interrupted with one layer of AIPO-18, before the
sequence with SAPO-34 continues. Growth stacking fault occurs when a perfect stacking
of SAPO-34 is changed into a continuing stacking of AIPO-18 layers [29]. The two types

of intergrowth are illustrated in Figure 9.
Stacking fault type

Displacement Growth

e e e e e e e

-

Figure 9. Crystal structure of dislacement stacking fault (left) and growth stacking fault (right) in a SAPO-
34 (A) and AIPO-18 (B) family. The dashed line shows a change in the direction of crystal growth. Figure
adapted from [29].

2.3 Direct Conversion of Methane

Different approaches have been investigated over the last years for the direct conversion of
methane to valuable products, however, there has yet to be a method developed on an
industrial scale. One of the reasons for this is due to the chemical stability of the methane
molecule. Methane has a melting point of -183 °C, and a boiling point of -162 °C. The C-
H bonds are exceptionally strong (425 kJ/mol), and the molecule contains no functional
group, magnetic moment or polar distribution to promote chemical reactions. To activate
methane, the C-H bond needs to be cleaved, which requires high temperatures and/or the
use of oxidation agents [4]. It is thermodynamically complicated to convert methane to

other products, since the C-H bond is weaker in the products than in methane, leading to
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complications especially due to over-oxidation of the product [31]. The main objective of
the reaction design is often, therefore, to find a balance between product selectivity and
methane conversion. A wide array of methods have been suggested and tested for the direct
conversion of methane (Figure 10). Two important routes are the oxidative coupling of
methane to Co-hydrocarbons [5, 32], and the non-oxidative coupling of methane to
aromatics [33-34]. However, both suffers from the limitation arising from methane
conversion versus product selectivity. In the latter, the yield of aromatics are only around
12 % at 700 °C, with as much as 5-10 % selectivity towards coke formation. Oxidative
coupling is also subject to high temperatures (around 800 °C) in the reaction conditions and

the ethylene selectivity obtained lie around 30-40 % selectivity at most.
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Figure 10. Flow scheme of the current routes for the conversion of methane to valuable products. Figure
published in [31]

In this thesis, the focus will be on the direct conversion of methane to methanol. The so-
called dream reaction. The conversion to methanol does not require harsh conditions to
reach equilibrium, which makes it more desirable for small-scale operations [10]. Methanol
is a liquid at standard conditions and is therefore easy to transport, in addition to being an

important and valuable product.
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2.3.1 Selective Oxidation of Methane to Methanol

Many routes have been attempted to convert methane to methanol. The direct oxidation of
methane as a catalytic process have proven to be difficult, because of very low yields
obtained due to over-oxidation of methanol [10]. Because of the difficulties with the direct
partial oxidation, other approaches have been proposed. Periana et al. suggested a stepwise
mechanism based on reacting methane over Pt-based catalysts in sulfuric acid. SO3
functions as an oxidant in the reaction, and methane would react in solution to form methyl
bisulfate, which can be further converted to methanol in a reaction with water. They have
accomplished a methane conversion of 90 %, with a selectivity of 81 % towards methyl
bisulfate [35]. Even though the Periana chemistry is a very interesting route for the direct
conversion of methane to methanol, the chemicals are highly corrosive, and the Pt-based
catalysts are expensive and water sensitive, in addition will the subsequent oxidation of
SO, to SO3 add process cost [10].

The idea of a stepwise process for converting methane to methanol over Cu-based zeolites
is based on the enzyme mono-oxygenase, which is able to convert methane to methanol
under ambient conditions with a high selectivity. The conversion is based on copper or iron
containing active sites in the enzyme [3]. In 2005, Groothaert et al. initiated the interest for
this conversion route when they were able to use O»-activated Cu-ZSM-5 and Cu-MOR
zeolites to convert methane to methanol [13]. The stepwise reaction process consists
usually of three steps. First, the material is activated at high temperatures (350-550 °C)
with an oxidant present (usually oxygen). After activation, the temperature is lowered
substantially to around 60-200 °C, where CHs is dosed on the zeolite [14]. When CH4
interacts with the O activated Cu-centers, the C-H bond will be cleaved, and methyl groups
formed. Finally, methanol is extracted from the pores by the use of steam passing through
the reactor [36], or sometimes with a solvent, such as ethanol or acetonitrile/water [37].
This process is illustrated in Figure 11. Since the process separates all the reactants, the
problem with over-oxidation of methanol is eliminated. This leads to a high selectivity (~90
%), as limited amounts of COx or other byproducts are observed. The yield tends to be
moderate, and is usually expressed as pumol/gzealite per reaction cycle, or stoichiometrically

as molmeor/molcy [14].
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Figure 11. A cyclic representation of the reaction protocol for the stepwise conversion of methane to
methanol. Pictorial examples of different Cu-sites suggested to form in the six- and eight membered rings
of Cu-zeolites are presented for the key steps in the DMTM conversion. Figure published in [38].

The conversion of methane relies on the amount of active Cu-sites and their nuclearity in
the material, and is therefore a stoichiometric process, and not catalytic. However, it has
been shown that the Cu-sites can easily be recovered, and the process can therefore function
as a looping cycle. Even so, each step requires a long period of time, and excessive amounts
of reactants are used, leading to a very low production rate overall. Extensive further
understanding and development of this process is therefore necessary for it to be applicable

on an industrial scale.
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A great amount of zeolite frameworks have been tested for the reaction, such as MOR,
MFI, CHA and FER [31, 39]. It is apparent from the literature on this process, that the
productivity is greatly influenced by the reaction conditions. In addition, the framework
topology, the ratio of Si to Al ((Al+P)/Si for SAPOs), the preparation and exchange method,
as well as the amount of Cu all have an impact on the performance [14]. Therefore, the
main focus on this topic in the recent years has been on determining the optimal conditions
to obtain the highest yield of methanol, in addition to determining structure-activity
relationships with the help of spectroscopy to obtain a deeper understanding of the
chemistry involved [10, 14, 31]. This is especially in relation to the nature of the activated
Cu-sites, and their involvement in the reaction. Figure 11 illustrates some possible Cu-sites

that have been proposed to exist in the CHA framework.

2.3.2 SAPO-34 for the DMTM conversion

SAPO-34 is a scarcely researched material for the DMTM-reaction, as mentioned in the
introduction to this thesis. Up to date, only one other group has tested Cu-loaded SAPO-34
for the stepwise conversion of methane to methanol. It is also worth mentioning that one
group has tested Cu-SAPO-34 for a direct, catalytic oxidation of methane to methanol in a
steady-state approach, but since this is not based on the same stepwise reaction principle,

it will not be discussed any further here [40].

Woulfers et al. [41] investigated in 2014 the possibility for Cu-loaded small-pore zeolites
(8-membered rings) to activate methane in the DMTM-reaction. Two different techniques
were used to ion exchange Cu into the materials. Either by the use of a liquid ion exchange
with Cu(Il)Ac: as a precursor, or with the use of Cuz(1)Cl in a high temperature gas-solid
exchange. The latter was performed in situ in the reactor prior to the reaction procedure.
Na-form of the materials were used for the liquid ion exchange, while H-form of the zeolites
were used for the in situ exchange. The experimental procedures used for the two different

materials are presented in Figure 12.

The liquid ion exchanged Na-SAPO-34 ((Al+P)/Si = 6) had a Cu/Si ratio of 0.17, and with
this material Wulfers et al. [41] obtained a productivity of less than 0.001 molmeon/molcy.

The in situ exchange was performed with an excess amount of Cu.Cl on top of a bed with
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0.300 g of SAPO-34, separated with quartz wool. With this procedure, a much higher
productivity of 0.01 molveon/molcy was obtained. However, with an in-situ procedure like
this, it is difficult to determine if the conversion originated exclusively from ion xchanged
Cu or if the Cu2Cl material on the top of the bed would affect the reaction in any way.
When analyzing the material after the reaction with EDX and PXRD, residual Cl and the

formation of CuO complexes in the material was observed.

An interesting finding from Wulfers et al. [41] was that the methanol extraction over
SAPO-34 occurred at a significantly higher rate than over the other materials tested. They
proposed that this effect could be due to a weaker interaction of the intermediates formed
during the reaction with the SAPO-framework (presumably due to the different polarity of

a silicoaluminophosphate compared to a regular zeolite), in addition to a faster diffusion
rate.

Woulfers et al. [41] also employed UV-vis spectroscopy to investigate the Cu-sites in the
materials. For the Cu,Cl exchanged H-SAPO-34 a band at 24 300 cm™ was observed. This
band was centered at almost the same place as a band observed for ZSM-5 (23 000 cm™),
which has previously been assigned to a mono-p-oxo dicopper site. Even so, because of

chlorine and CuQ impurities on the sample, this assignment could not be verified.
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Figure 12. Temperature profile and gas flow rates used for the conversion of methane to methanol,
reported in the supplementary information by Wulfers et al. [41] The left is the profile used for the liquid
ion exchange material, while the profile on the right is the in-situ procedure used for the Cu,Cl
incorporation and consecutive performance test. (sccm stands for standard cubic centimeters per minute
(cm®/min)).
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3 Instrumental Theory of the
Characterization Techniques

Characterization offers important tools to study the nature of active materials, and it should
therefore be a substantial part of any experimental investigation. In this study, microscopy,
spectroscopy and various adsorption techniques are combined in an attempt to understand
as much as possible about the structure and composition of the materials. This is in order
to rationalize the activity and selectivity of the materials in the direct methane to methanol
conversion. This chapter presents the theoretical background for all methods and

instrumentations applied in this thesis.

3.1 Scanning Electron Microscopy (SEM)

In a scanning electron microscope (SEM), a narrow electron beam is scanned across the
surface of the sample, and by collecting the scattered electrons, a topographical image of
the size and shape can be made [17]. Figure 13 shows the schematics of how a SEM
operates. The study of the morphology of a zeolite is especially important in catalysis as it

can reveal the particle size, and possible defects in the material.
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Figure 13. Schematic set up of a scanning electron microscope. Adapted from [17].
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A detector collects the yield of electrons as a function of the position of the primary beam.
Both secondary (SE) and backscattered electrons (BSE) can be collected. The secondary
electrons have low energy (~5-50 eV) and therefore only scatter off the surface region (<
10 nm deep) [42]. With SEM, it is possible to obtain a resolution down to one nm in size.
The contrast in an image is caused by the orientation, where the parts that are facing the
detector appear brighter than when the facet of the surface is pointing away from it. This
brightening effect becomes more apparent on edges, as more secondary electrons leave the
surface. Backscattered electrons can travel as far as several 10’s of nm up to 100 nm into
the sample before returning, and can therefore give information on the composition [17].
Since the amount of backscattered electrons that reach the detector are proportional to the

atomic number of atoms, heavier atoms appear brighter than lighter atoms.

In a SEM instrument there is also an X-ray detector, which collects energy dispersive X-
rays (EDX) from the sample. With this technique, the sample is bombarded with electrons.
When the electrons collide with electrons from the inner shells of atoms, the latter have the
potential to be ejected. The hole that is left behind will quickly be filled with an electron
decaying from an outer shell, emitting an X-ray photon [43]. The X-ray photon energies
emitted are fingerprints of the different elements in the sample, and can therefore be used
to create a spectrum, detailing the elemental composition in the material. By analyzing the
intensity of the peaks, it is possible to determine the concentration of each element in the
sample. It is also possible to do a mapping of the surface while collecting the EDX. This is
ideal to determine if the elements in the zeolite are well dispersed throughout the pores and

channels, or if there are agglomerations in um size.

3.2 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction is a valuable method for the identification of crystalline materials.
By collecting X-ray diffractograms from a sample, the crystal structure of a material can
be determined and with that, get structural information of a crystalline material. A crystal
structure is built up from a unit cell, which contains all information about structure and
symmetry of the crystal. With translational displacement, the entire three-dimensional
crystal structure can be constructed from the unit cell [44].
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When X-rays are incident with the crystal lattice of a solid they are diffracted by the atom
planes. Diffractions can occur from different crystal planes. When the difference of the path
lengths are equal to a whole number of wavelengths, constructive interference occurs. This

phenomenon can be explained by Bragg’s law (eq. 2), which is illustrated in Figure 14.
nA = 2dsiné (2)

Here, d is the lattice spacing, A is the wavelength of the diffracted beam and 8 is the

diffraction angle.

By plotting the intensities of the diffracted beam vs the diffraction angles (26), a
diffractogram can be created [17]. The position of each peak correlates to a Miller index
(hkI), which makes it possible to determine the unit cell parameters of the crystal structure

and the diffractogram will therefore work as a fingerprint for the material.

2d

/
“AL=2d sin®

Figure 14. Tllustration of Bragg’s law. X-rays are scattered by atoms in an ordered lattice. AL is the path
difference between the two scattered X-rays, and is equal to nA. Constructive interference occurs when n is
an integer (eq. 2). Adapted from [45].
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3.3 Thermogravimetric Analysis (TGA)

Zeolites have a high water affinity and can adsorb up to 0.40 Qwater/Qzeolite, depending on the
framework type [46]. Zeolites, therefore, contain a lot of water at room temperature. In this
study, the reaction occurs at elevated temperatures, where all water is desorbed and thus, it
is important to know the actual weight of a dry sample for the analysis of the experimental
data. Thermogravimetric analysis is a technique to analyze weight changes in a material by
exposing it to a controlled atmosphere as a function of temperature or time, and is an ideal

method for measuring the water content in a material [47].

3.4 Nz-Adsorption

As described in a previous chapter, zeolites contain pores that provide a high internal
surface area. This surface is essential for heterogeneous catalysis since all reactions occur
on the surface of the material. The pore-system in a zeolite consists of microporous (< 2
nm) channels and cages. It is important to be able to quantify the surface area of these pores,
as this gives an indication of whether the surface is intact or slightly damaged by various
treatment methods. The surface area is measured by introducing an inert gas, such as N or
Ar, which is physisorbed on the material. One can then determine how many molecules
that are needed to create a monolayer that covers the whole surface [17]. By applying the
adsorption isotherm (eq. 3) of Brunauer, Emmet and Teller (BET), it is possible to create a
plot where the slope and intercept will give the monolayer volume. The monolayer volume
can then be converted further into the total surface area of the material if the diameter of

the adsorbing molecule is known.

1 c-1
o e e (3)

Vads'(o=P)  VmonoC  VmonoC
Here, v,q, IS the amount of adsorbed gas, v, IS the volume of adsorbed gas,
corresponding to one complete monolayer. C is a constant, p is the partial pressure of the
adsorbed gas and p, is the vapor pressure above the gas at the temperature used for the

measurement [48].

The BET isotherm is only valid under certain assumptions, such as: (i) all adsorption sites
are equivalent. (ii) That there are no interactions between the adsorbates, and (iii) that
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adsorbed molecules functions as potential adsorption sites for the next layer. The surface
area determined by the BET isotherm is not valid for microporous materials because the
pores are so narrow that the gas adsorbing on the surface starts condensing [17]. However,
the method can still be used for relative comparison between materials.

3.5 Fourier Transformed Infrared Spectroscopy
(FT-IR)

Vibrational spectroscopy is widely used as a technique to provide information about the
fundamental vibrations of a molecule. All molecules possess separate levels of rotational
and vibrational energy. The vibrational energies, and the energy difference between the
levels lie in the infrared region of the electromagnetic spectrum [49]. From a mechanistic
view, a harmonic oscillator can be used to explain the transitions between the vibrational
levels in a diatomic molecule;

1141 (4)

2TTA| U u mq msy

Here, v is the vibrational frequency, k is the force constant (a measure of the bond strength),

u is the reduced mass and m; and m, are the masses of the two vibrating atoms.

Transitions between energy levels are restricted by the vibrational quantum number (n),
which can change by one unit. Nonetheless, in realistic systems, forbidden transitions
where An > 1 can occur. These frequencies are seen in the spectrum as overtones. Another
rule for the absorption of a photon to occur is that the dipole moment of the molecule must
change during the vibration. Therefore, asymmetric or out-of-phase vibrations and polar
groups are readily investigated with infrared spectroscopy. The vibrational bands are
characterized by their frequency, intensity and band shape, where the frequency is higher
when the bond energy is stronger. Since this is different for each molecule, the spectrum
will function as a fingerprint for the material in question [49].

The design of the optical pathway in an infrared spectrometer produces an interferogram.
This complex, wave-like pattern consists of all frequencies that make up the infrared

spectrum with a plot of intensity versus time. By applying a Fourier transformation to the
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pattern, the frequencies can be separated into individual peaks and appear as a spectrum

with intensity versus frequency [50]. Figure 15 shows the schematics of an infrared

spectrometer.
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Figure 15. Schematic diagram of Fourier transform infrared spectrometer. Adapted from [50].

In materials science and catalysis, IR spectroscopy is applied to identify adsorbed species
on the surface, and to study the way these species interact with various surface sites. The
use of probe molecules that are adsorbed on the various adsorption sites can give
information about the density/concentration of these sites and/or the strength of interaction
between the probe and these sites. A version of the Beer-Lambert law (eq. 5) can be applied
to determine the concentration of the acid sites from the absorbance (A).

A= ebc (5)

Here, ¢ is the extinction coefficient (cm/umol), b is the area density of the wafer (mg/cm?),

and c is the concentration (mmol/gzeoiite).-

3.6 Raman Spectroscopy

As with infrared spectroscopy, Raman is also a vibrational spectroscopy technique. When
molecules interact with light, the IR bands appear as a result of a change in the dipole
moment. However, the Raman bands originate from a change in the polarizability
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(distortion of the electron cloud of the molecule by an external electric field). As with IR,
these bands are specific to each molecule, and can therefore be plotted as a spectrum which

serves as a fingerprint for the molecule or material [49].

When high energy light is

scattered by a molecule, the

Focusing

incident photon excites an Beam =
i splitter
electron from the molecule into

Microscope
objective

a higher energy state. That

electron then decays to ground

=== Sample

state again, emitting a scattered Figure 16. Raman Spectroscopy instrumentation. Adapted
photon in the process. Usually, from [1].

when light is scattered from a molecule the bands are elastic, meaning that the incident
photons have the same wavelength as the scattered photons. This is known as Rayleigh
scattering. However, in 1 out of 107 scatterings, the excited photon decays to a state lower
or higher than the state in which it was excited from, leading to an inelastic scattering
process. This is known as the Raman effect, and arises when the incident photons interact
with the electric dipoles of the molecule [51]. When the electron decays to a lower state, it
is called anti-Stokes scattering. When the electron returns to a higher energy level, it is

called Stokes scattering, as shown in Figure 17.

In a Raman experiment, the sample is irradiated with monochromatic radiation from a laser.
The schematic of the instrument is illustrated in Figure 16. The light source covers a wide
array of the electromagnetic spectrum including UV, visible and near-IR radiation. In
contrast to IR, it is easiest to study symmetric or in-phase vibrations and non-polar groups
with Raman [49].
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Figure 17. Energy level diagram for Raman Scattering; (a) Anti-Stokes scattering (b) Stokes scattering.
Adapted from [51].
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Raman-active vibrations can be increased by a factor of 10>-10* when the wavelength of
the laser is within the electronic spectrum of a molecule or vibration. This is called
resonance enhancement, and is very useful to examine vibrations from certain species that
are present in a small amount [51]. In this work, the resonance Raman effect will play an

important role to observe Cu-O and O-O vibrations in the materials under investigation.

3.7 Magic-angle-spinning Nuclear Magnetic
Resonance Spectroscopy (*’Al and 3P MAS-NMR)

Nuclear magnetic resonance is a widely used spectroscopic method, which works within
the radio wave- area of the electromagnetic spectrum [52]. The magnetic resonance occurs
when the nuclei of specific atoms with non-zero spin are placed in a static magnetic field,
and then are exposed to electromagnetic irradiation that excites some of the spins. The free
induction decay (FID) of this unbalanced spin system is then monitored. Via Fourier
Transformation, the time domain is transferred into the frequency domain, and the final
spectrum is given after correcting the phase of the signal. This method gives information

about the nearest coordinated neighbors to the nucleus under investigation.

Magic angle spinning is used to overcome orientational dependencies that occur with solid
state samples, with dipolar and quadruploar interactions being the most important. The
sample is rotated rapidly around an angle of 54.74° to the static magnetic field. This
averages out the frequency of nuclear interactions that depend on the orientational
distribution of molecules in the sample. This makes it possible to retrieve information on
the environment around the nucleus under investigation. Depending on the spinning speed

and strength of the above mentioned interactions, spinning sidebands might appear [53].

With zeolites or zeotypes, one of the possibilities with MAS NMR s to obtain information
about the coordination number of silicon and phosphorous to aluminum, as well as to
differentiate between Al that is coordinated to oxygen atoms in a tetrahedral or an
octahedral position. When an aluminum is in an octahedral coordination, it is outside the

framework, and called extra-framework aluminum.
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3.8 X-ray Absorption Spectroscopy (XAS)

When X-rays interact with materials, or more specifically, when they are adsorbed by
atoms, the energy involved leads to the excitation or ejection of a core electron. The
electron is promoted to an unoccupied state above the Fermi level, and leaves behind a hole
in the core. In order to increase the probability of absorption, X-rays of definite energies
are used. The absorption is quantified by comparing the incident and transmitted beam
energies by the fluorescence emitted from the excited atoms as the core is filled, or by
measuring the Auger electrons. The sharp increase in absorption is called the edge, which
occurs when the energy of the incident X-ray photons have enough energy to excite
electrons. For example, in order to excite electrons from the 1s orbital of Cu, 8978 eV is
required. This is known as the Cu K-edge. The emitted photoelectron will interact with the
neighboring atoms as a wave radiating out in all directions and returning to the absorbing
atom. These interactions can be constructive or destructive and can give information about
bond lengths and the local structure around the atom in question. This is called extended
X-ray absorption fine structure (EXAFS). Before the energy of the X-ray beam reaches the
absorption edge, several weak transitions arise from bound state transitions. In Cu, the
peaks comes from 1s — 3d and 1s — 4p transitions. This region is known as X-ray
absorption near edge structure (XANES), and covers the spectrum up to the white line,
which is the highest peak of the absorption cross-section. An increase in oxidation state
correlates with a higher energy of the edge. This implies that the absorption edge of Cu?*
should lie higher in energy than that of Cu* [54].

A typical X-ray absorption spectrum is collected by measuring the incident and transmitted
X-ray flux with an ion chamber on both sides of the sample (Figure 18). The transmittance

can then be used to calculate the absorbance coefficient, by applying Beer’s law (eg. 6).

A= —nT = In(2) (6)
1
Monochromatic
Beam
Iy lon chamber —~/—» I, lon chamber
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Figure 18. Experimental instrumentation for XAS measurements. The incident (lg) and transmitted (1)
intensities are typically measured with an ion chamber.

24



4 Experimental Methods

4.1 Various Methods for Incorporating Cu into the
SAPO-34 Framework

4.1.1 Preparation of SAPO-34

Anna Lind, SINTEF, synthesized the template containing SAPO-34 material according to
the synthesis route presented by Mertens et al. [ref: WO 2009/117186 A1]. The molar ratio
of the final gel was 0.3 SiO2/1 Al,03/1 P20s/1 TEAOH/35 H20. First, a mixture of
orthophosphoric acid, (85 %, Merck), tetraethyl ammonium hydroxide (TEAOH, 35 %,
Sigma Aldrich) and deionized water was prepared. The mixture was heated to 30 °C, after
which silica (ludox-AS-40, 40 % SiO., DuPont) and alumina (Pural SB, 76 % Al2O3,
SASOL) were added under continuous stirring, before aging at 30 °C for 2 h. The aged gel
was transferred into Teflon lined autoclaves and heated to 165 °C, with a heating rate of 5
°C/h, and kept there for 72 h with rotation. Subsequently, the reaction was stopped by
quenching, and the obtained powder was washed well with deionized water before drying
over night at 95 °C.

The protonic form of SAPO-34 was prepared from the template containing, as-synthesized
material. To remove the template, the material was calcined in a multi-step static
calcination oven (Naberthem) at 600 °C for 15 h. The heating rate was 2 °C/min, starting

from room temperature in static air atmosphere [55].

4.1.2 NHz-Facilitated Incorporation of Cu in Zeolites

An attempt was made to use NHs to incorporate Cu(l) into zeolites. In an article from
Shwan et al. 2014 [56] it was claimed that Cu(l) becomes mobile at low temperatures when
NHjs is present. The mobility is proposed to be related to the formation of [Cu'(NH3)x]* (x
>2) complexes that are formed during NH3-SCR of NOx (NHs-assisted Selective Catalytic
Reduction of NOy).
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A ceramic boat was packed lightly with a mixture of a zeolite (Mordenite) that had been
mixed thoroughly with Cu.O-powder using a mortar and pestle. Mordenite was used
because large quantities were readily available. The boat was placed in a horizontal, tubular

oven with a quartz tube.

Prior to mixing, the Cu.O-powder was stored in a sealed glass vial under inert Argon to
keep it from reacting with air. N> and pure NHs were introduced at the inlet of the oven so
that gas would flow through and over the powder. A flow of 120 ml/min N2 and <5 ml/min
of pure NH3 were used. The flows were controlled by a manual ball flow controller and
because of inaccuracies at low flow levels, it was not possible to obtain an accurate
ammonia flow. After an experiment was determined unsuccessful due to no Cu being
detected in EDX, more control of the amount of NHz added to the reaction was attempted.
To achieve more control, a bottle of 2000 ppm of NHz in N2 was used. Several parameters,
such as temperature, amounts of zeolite and Cu(l)O, and time of reaction were varied (See
Table 1). To test the reaction even further, a simple set-up (Figure 19) with a fixed-bed

reactor was built to obtain a more even flow of reactants through the Cu.O and zeolite mix.

NH,/N,

vent

4-way
valve

powder mix of
zeolite and
Cu(l)O.

heater (~250°C)

Figure 19. Schematic design of the fixed bed reactor built for the NHs-synthesis.
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Table 1. Overview of the various experimental conditions used with the NHz-facilitated

incorporation of Cu.

- Tube  Ny(120)+NHs(<5) 0.1 250 16 5
- Tube  N2(108)+Na/NHs(12) 0.35 200 1 4
- Tube  N2(108)+Na/NHs(12) 0.35 110 1 4
- Tube  N2(108)+Na/NHs(12) 0.56 110 1 4
- Tube  N2(108)+Na/NHs(12) 0.56 200 1 4
- Tube N2(120)*** 0.35 200 2 4
- t':;:”* N2(120)*** 0.56 200 10 4
- t’:E:’* N2(108)+N2/NHs(12) 0.5 200 10 4
- FBR N2/NH3(50) 0.5 250 16 03
- FBR N2/NH3(50) 0.5 250 10 0.3

N2 /NH3 = 2000 ppm NHs in N2

*Changed to a different tube.

**|Intended Cu/Al ratio. Calculation procedure can be found in Appendix 7.1.
***Blind test without NHs to check for differences in the EDX-parameters.

4.1.3 Liquid lon Exchange for the Introduction of Cu into SAPO-
4

w

Another method to incorporate Cu was the liquid ion exchange (LIE). Two batches of Cu-
SAPO-34 were made with this method. The first with a CuAc-solution of 0.02 M and the
second one was made with ten times the amount of CuAcz (0.2 M). 60 ml of solution was
prepared per gram of material. Before the zeolite was added to the CuAc- solution, the
weighed amount was carefully mixed with a few drops of water (~3 mL) to make a slurry
so that the framework would not be harmed when added to the CuAcz-solution. This is
because zeolites/zeotypes react vigorously when coming in contact with water and the
sudden pH-drop can cause precipitation of Cu(ll). Universal pH-paper was used to measure
the pH, to make sure it was in the range of 5.5-6.0. The mixture was then stirred for 24
hours at room temperature. Afterwards, the mixture was centrifuged at 5000 rpm for 5 min.
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Excess water was decanted and replaced with new distilled water before being mixed
thoroughly again. This process was repeated 3 — 4 times. Afterwards the material was left

in an oven to dry over night at 60°C.

A third material was made using a synthesis protocol similar to one described by
Vennestrgm et al. [57]. First a batch with 0.02 M CuAc.- solution was prepared in the same
manner as above, followed by two consecutive ion exchanges where the amount of CuAc>
used in the solution was equal to full exchange of the material (Cu/Si-ratio = 0.5). The
concentrations of the CuAc-solutions in the two consecutive exchanges were therefore
0.008 M (All such calculations can be found in Appendix 7.1). A calcining step at 750 °C
for 1 hour was applied between each ion exchange. The Cu/Si-ratio resulting from all three

batches was later determined by EDX-analysis.

4.1.4 Solid State lon Exchange

Another method applied was the solid-state ion exchange (SSIE). Two samples were made
with this method based on a calculated amount (see calculations in Appendix 7.1) of CuCly,
which was gravimetrically adjusted to give a theoretical Cu/Si ratio of 0.10 and 0.65. The
CuCl»-salt was then mixed with water equivalent to the total pore volume of the zeolite,
which was determined from the BET-isotherm. SAPO-34 was dried for 2 hours at 60 °C to
remove most of the water from the pores before it was weighed out and mixed with the
highly concentrated CuCl,-solution, using a glass rod. Finally, the zeolite/Cu-salt mix was
placed in a muffle furnace and heated to 550 — 600 °C for 24 — 48 h.

The names of the materials derived from LIE and SSIE were given following this rule:
X.Xx*CuSAPO-34/exchange method
*x.Xx is the Cu/Si-ratio given by EDX-analysis.

Table 2 gives an overview of the treatment data performed on all samples that have been
used throughout the thesis.
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Table 2. Overview of the experimental conditions used for SSIE and LIE.

Exchange
conditions

050 Ao < = | 0.4 g CuAc, /~110 mL H20 / 1.8 g SAPO-34 Stirring at 25°C (24h)
(PRSI =Te e I [=8 3.4 g CuAc, /~90 mL H20 / 1.5 g SAPO-34 Stirring at 25°C (24h)

1. 0.4 g CuAc; /~110 mL H,O / 1.8 g SAPO-34 Stirring at 25°C (24h),
L OfUSTAVRIORRITEAE (28 2. 0.17 g CuAc; /~110 mL H.O calcining at 750 (1h)
3.0.17 g CuAc, /~110 mL H,O —3x

0.93 g from (1.151 g CuCl2*H;0 + 20.0 mL H;0) 550°C (24h) +
USSR BRI |3 0 g of dried SAPO-34 600°C (48h)

0.49 g from (2.30 g CuCl>*H20 + 20.0 mL H,0) / o
0.22CuSAPO-34/SSIE 15 g of dried SAPO-34 600°C (48h)

Preparation conditions

4.2 Characterization

4.2.1 Powder X-ray Diffraction

Powder X-ray diffraction was used to investigate the phase purity and to see the effect of
heat-treatment to the crystallinity of the materials.

The patterns were measured in a 26 range of 2-70 with rotation, using a step of 0.02. A
deep sample holder was used for all samples. The patterns were measured on a Bruker D8
Discover Diffractometer, using a Cu Ka radiation (A = 1.5406 A). The data was analyzed
using Eva 4.0 and Topas 5.0.

4.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) in normal and deceleration mode and high angle
backscattering images (BSE) was collected on a Hitachi SU8230 and used to determine if
the crystals had a typical Chabazite-morphology. SEM was also used to estimate the crystal
size. BSE was used to look for CuO nanoparticles. Analysis of the elemental composition
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of the sample was performed with energy dispersive X-ray spectroscopy (EDX). Mapping
of the sample particle was also employed to see if the elements were evenly distributed
throughout the sample. This quantification was performed using a Bruker Quantax system
with an X-flash 6|10 detector and Esprit software.

Before conducting EDX-measurements, a small amount of sample was pressed to a wafer
(5 tons), and placed on a carbon tape. The holder was also made out of carbon. For the
microscopy, a small amount of powder was dispersed on the carbon tape with all excess

material blown off using compressed air.

4.2.3 Thermogravimetric Analysis

Thermogravimetric analysis was used to measure the weight of the template in the as-
synthesized material, as well as to measure the water content in the parent and Cu-
containing materials. For all measurements, around 20-25 mg of sample was weighed out
in a platinum crucible and placed on a small balance inside a Stanton Redcroft furnace. The
sample was then exposed to an atmosphere of synthetic air consisting of 20 ml/min N2 and
5 ml/min O». For the removal of water, the sample was heated to 300 °C with a heating rate
of 2 °C/min. The sample was then kept at 300 °C for 30min before it was cooled to RT.

To measure the weight of the template, the sample was heated to 600 °C at a rate of 2
°C/min, and kept for 15 h, before slowly cooled to RT. These conditions were identical to
the calcination procedure performed on the parent material in order to qualify that the
template was removed under these conditions. The template removal analysis was
performed three times to obtain a statistical value. The values obtained from template

removal are presented in Appendix 7.5.

4.2.4 N2— Adsorption for Surface Area Analysis

N2 — adsorption was performed to determine the surface area of the materials. This was
done by using a BelSorp MINI instrument. Around 40 mg of sample was added to a cell
which was carefully weighed before and after the addition of sample. The cells were

weighed because the sample amount is crucial for the data analysis after treatment. The
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samples were then pretreated for 3 hours in vacuum (< 0.1 pbar). First 1 h at 80 °C, then 2
h at 300 °C. After pretreatment, the heater was exchanged with a dewar filled with liquid
N2 (LN2). After the program had finished, the cells were weighed again. The BET
adsorption isotherm was estimated from a p/po-range of 0.0-0.1, and from it, the surface

area was collected.

4.2.5 Nuclear Magnetic Resonance with Magic-angle-spinning

2TAl, 2Si and 3P MAS NMR were performed on a Bruker Avance Il spectrometer,
operating at a magnetic field of 11.74 T at SINTEF in Oslo. The measurements were carried
out together with Michael Dyballa. Spectra of all samples were collected using 4 mm
probes at a spinning speed of 10 kHz. ?’Al spectra were collected with a resonance
frequency of 130.31 MHz with 4000 scans. For 2°Si, the applied frequency was 99.36 MHz
and 1200 scans were taken. Last, the 3!P resonance frequency was 202.46 MHz and the

spectra were accumulated over 40 scans.

4.2.6 Fourier Transformed Infrared Spectroscopy Measurements

For recording the infrared spectra, a small amount of the material (~15 mg) was pressed to
a self-supporting wafer with a round pellet maker (diameter = 1.3 cm), and placed into a
gold envelope. All spectra were recorded in transmission mode. The material was first
pretreated by heating in vacuum for 1 h at 150 °C, 1 h at 300 °C and 1 h at 450 °C. The
sample was then cooled to room temperature, while still kept under vacuum. When probing
with CO, small amounts of gas were introduced into the system, and a spectrum was
recorded between each introduction. When it was no longer possible to detect any changes
in the spectra, the system was de-gassed until approximately 20 mbar of CO was left in the
cell, and further cooled down by immersing it in LN2. At RT, CO interacts with the Cu-
sites, while at LNo-temperatures, the CO is able to interact with the Brgnsted acid sites of

the material.

To investigate the concentration of Lewis and Brgnsted acid sites in the material, the same

pretreatment in vacuum was performed on the materials. 14 mbar of deuterated acetonitrile
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vapor were then dosed into the cell at room temperature, and kept in contact with the
samples for 20 min. Finally, the cells were evacuated for 10 min before being reheated to
200 °C for 2h, and then cooled to room temperature again. The concentration of acid sites
were calculated with Beer-Lamberts law. The integrated absorbance of the bands related to
Bragnsted and Lewis sites were calculated from a deconvolution of the peaks into Gaussian
curves. These calculations are presented in Appendix 7.6, together with the deconvoluted
spectra. The extinction coefficients of the CN stretch interaction with Brgnsted and Lewis
applied was determined by Wichterlova et al. to 2.05 and 3.6 cm/umol, respectively [58].

4.2.7 Raman Spectroscopy Measurements

Raman measurements were performed at Haldor Topsge A/S in Lyngby, Denmark. These
measurements were performed to investigate Cu-O and O-O vibrations in the materials
after activation in air. A system for in situ-measurements was also employed to investigate

the Raman vibrations during the reaction.

For measuring the activated materials, a small amount of material was filled inside a
capillary of borosilicate glass with a diameter of 0.5 mm and 0.01 mm wall thickness. After
loading, the capillaries were carefully placed in a Cu-block with four slots, and transferred
to a muffle-oven. The capillaries were then heated in air to 550 °C with a ramp of 3 °C/min
as reported for Cu-SSZ-13 samples by Pappas et al. [11]. After 14 h at 550 °C, the
capillaries were sealed with a flame gun while still in the hot oven, in order to avoid re-
hydration. The Cu-block with the capillaries was then slowly cooled to room temperature

while residing in the oven.

The in situ measurements were performed in a CCR1000 cell from Linkam Scientific. A
small amount (~25 mg) of pelletized material (150-300 pum), was loaded into the sample
holder, and placed inside the cell. All in situ-measurements were collected under a blue
laser (488 nm).

The spectra collected using the blue laser was recorded with a Horiba LabRamanHR
microscope equipped with a Coherent Sapphire laser. The signal was dispersed over 1800

lines/mm grating onto a CCD detector, which was cooled thermoelectrically.
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To compare the resonance effects of different wavelengths, spectra of the capillaries were
also collected using a red laser (632 nm), which was done with an older version of the

Horiba LabRam microscope equipped with a laser from Melles Griot.

For the capillaries, a 50x objective lens was used to focus the excitation beam at the sample.
When measuring in situ with the Linkam-cell, the excitation beam focus was varied

between a 10x and a 50x objective lens in order to avoid the fluorescence effects.

For the in situ system, an online Pfeiffer MS was connected after the Linkam cell to
measure the effluents of the reaction. The gases were controlled by automatic mass flow
controllers and 4-way valve number two (See Figure 20) was used to switch between the
dry gases and the saturated helium stream. All the lines from the saturator to the MS were
wrapped with heating cords and kept at T>85 °C. For the last experiment, the temperature
of the heating cords was raised to 120 °C, to make sure that no water was condensing in
the lines. The test conditions were the same as described in test #3 in Table 3 in chapter
4.3.2, with the O activation temperature at 600 °C.

Mass flow controller

@ 4-way valve
A
He Vent @ Thermocouple
CH. —D—N— [<] stopvalve
He | I N_ »
1y v 2 1 Linkam
i Fan » o
Y L7 L cell
- [
MS
Waterbed == ===
Heater/stimer
Ha0

Saturator

Figure 20. Schematic design of the set-up built at Haldor Topsge for the M2M-reaction
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4.2.8 X-ray Absorption Spectroscopy

In situ X-ray absorption spectroscopy was used to investigate the average electronic and
structural properties of Cu ions. The measurements were performed on two of the SAPO-
34-materials (0.22CuSAPO-34/SSIE and 0.25CuSAPO-34/3xWIE) at BM23 beamline of
the European Synchrotron Radiation Facility [59] by Kirill Lomachenko. The two materials
were chosen because they were the

samples with the highest yield at

the standard conditions (test #1) ‘ %u' g‘o?:‘r’;s ' e .

out of the three samples with high el S AN “‘\’;.“3[' ?Siﬂlm-&N
Cu/Si ratio. XAS measurements [ (< 8" - ‘_’-‘C'/ofmr;_

were  performed using a 48 m‘i»' | ‘
Microtomo reactor cell (Figure S '

21), designed by the ESRF Sample
Environment Group [60],

Figure 21. Microtomo reactor cell [2]

integrated in a devoted gas-flow setup, as described by Lamberti and coworkers [2, 61].
The samples were measure in the form of self-supporting pellets of optimized weights of
ca. 110 mg and 1.3 cm? area, resulting in edge jumps in the 0.4 — 0.9 range for a total
absorption after the edge of ux = 2.5. The in situ experiments were executed in the same
manner as Pappas et al. [11]. Initially, the samples were activated at 500 °C in pure He for
about 60 min (heating rate 5 °C and a total flow rate of 100 ml/min). The He-activated
materials were then exposed to 100 ml/min of Oz at 500 °C and kept at that temperature for
ca. 180 min. Finally, the temperature was raised to 600 °C and the materials were
maintained at 600 °C in the same O atmosphere for ca. 120 min.

Cu K-edge XAS spectra were collected in transmission mode using a LN2-cooled flat
Si(111) double-crystal monochromator. The incident (lo) and transmitted (l12) X-ray
intensities were detected using ionization chambers filled with a mixture of He and Ar. The
third ionization chamber (I2) was used for the simultaneous collection of the XANES
spectrum of a Cu metal foil for the energy calibration of each spectrum [62]. High quality
EXAFS scans were collected to characterize the samples under static conditions after
stabilization at constant temperature. These scans were acquired in the 8800 — 9955 eV

range with an energy step of 5 eV in the pre-edge region, 0.3 eV in the XANES region and
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a constant k step of Ak = 0.035 A in the EXAFS region. Integration time was 1 s/point for

the whole spectrum, resulting in ca. 20 min/scan.

Analysis of the XAS spectra was performed by Elisa Borfecchia. All XAS spectra were
normalized to the unity edge jump and aligned in energy using the Athena software from
the Demeter package [63]. To characterize each static state of the two samples, three/four
consecutive XAS scans were collected and averaged to the corresponding ux(E) curves
after checking for signal reproducibility. The y(k) EXAFS functions were also extracted by
using the Athena program. Fourier-transform (FT) EXAFS spectra were obtained by
transforming the k?y(k) functions in the range of 2.4-13.0 A%,

XANES linear combination fit (LCF) analysis of the XAS spectrum of the hydrated
0.22CuSAPO-34/SSIE material was performed using the Athena software from the
Demeter package in the 8972 — 9022 eV energy range. The experimental XANES,
uEXP(E), based on the qualitative analysis of the observed spectra features, was fitted to a

linear combination of two reference XANES spectra (uREF(E)). ie.. ulCF(E) =
% (wi -ufEF(E)), where i = 1,2, by optimizing the weights w; for each reference
spectrum. XANES spectra of hydrated 0.25CuSAPO-34/3xLIE (consisting of mobile
Cu(Il) aqua complexes) and of bulk CuO, both acquired on the BM23 beamline with data
collection parameters equivalent to the one described above, was used as references. LCF
was performed by setting the total sum of the weights to unity; X;(w;) = 1. The
corresponding LCF R-factor was ~1 x 10~*, indicating an excellent fitting quality. The R-
factor was computed as (£;[uf*7 (E) — uj“F(E)] - 2)/(Z;[uf*" (E)] - 2), where j denotes
each experimental point in the fitted energy range.
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4.3 The Stoichiometric Process for Testing the
Direct Methane to Methanol Conversion (DMTM)

4.3.1 Experimental Setup

All tests of the DMTM conversion were performed using a dedicated test-rig. The Cu-
zeotype material was pressed, crushed and sieved into a fraction of 425 — 250 um. 100 mg
powder were transferred to a straight quartz tube with a porous plug, which was placed
inside a tubular oven and connected to the gas manifold. The quartz tube had an inner
diameter of 6 mm. A thermocouple was placed inside a quartz sheath, which was further
introduced on top of the bed in the quartz reactor to monitor the temperature during
reaction. The set-up is displayed in Figure 22. CH4, He, Oz and 10% Ne in He flows were
controlled by four different Mass Flow Controllers, and fed to the reactor systematically by
the use of stop-valves and 4-way valves. The Ne/He-mixture was bubbled through water,
which was heated to 45 °C in an oil bath. The estimated vapor pressure of water at this
temperature is 71.9 mmHg [64], which means the Ne/He-stream was saturated with

approximately 10 % water, when introduced to the reactor.
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Figure 22. Schematic design of the test rig. The figure is created by Dimitrios Pappas.
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4.3.2 Test Conditions

The initial reaction conditions were as follows: The material was slowly heated in He to
150 °C and then de-hydrated at this temperature for > 2 hours. Then the flow was switched
to pure O, and the temperature increased to 500 °C with a rate of 5 °C/min. The bed was
kept under O, flow for 8 hours before the temperature was decreased to 200 °C. The flow
was then switched to He again for 45 min to remove all excess Oz from the material and
lines before a CH4 flow was set for 3 hours. After purging with CHa, the lines were again
flushed with Helium for 45 min to remove excess CHa. Finally, a gas mixture of 10% Ne
in He saturated with deionized water was sent over the bed to extract methanol. All flows
were set to 15 ml/min, except the saturated Ne/He stream, which was either 13.6 or 14.9

ml/min, depending on the saturator.

In addition to the standard conditions reported above, three changes to the parameters were

also tested, which is displayed in

Table 3 below. Test #4 was repeated three times to test if it was possible to regenerate the

material.

Table 3: Overview of the different test conditions. The flow time was kept the same for all
experiments, and was 8 h in Oz, 3 hin CH4 and 2 h of extraction. The total flow over the

material was always 15 ml/min.

Oz activation  CHsloading  H20-assisted Methanol

temperature temperature extraction temperature

(°C) (°C) (°C)
Test #1 500 200 200
Test #2 500 200 140
Test #3 600 200 200
Test #4 600 200 140 Repeated
3 times
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Effluent Analysis

By using gas chromatography combined with mass spectrometry, it was possible to both
qualitatively, and quantitatively analyze the effluents of the reaction. The different species
will elute from the column of the GC at different times, depending on the characteristics of
the material and the column used. When the components elute, they will be ionized, and
further break into charged ions derived from the original compound. The mass spectrum
functions as a fingerprint of the compounds. By combining the two methods, it was possible
to separate and identify each individual compound and also determine the concentration of

each component [65].

The effluents were analyzed with a Hewlett Packard 6890/6972 GC-MS system, equipped
with a Supel-Q PLOT capillary column, and He was used as carrier gas. The method was
programmed to sample isothermally at 125 °C, over a period of 3.5 minutes. A sample was
therefore collected approximately every fourth minute over a period of 2 hours during

extraction.

Qualitative analysis

All mass spectra of the expected products were found in the NIST Chemistry WebBook.
By comparing these, the m/z fragments of the different compounds were selected not to
overlap with the other products. Table 4 gives an overview of the m/z fragments used to

trace the various species in the effluent.

Table 4. Overview of the m/z fragments traced with the GC-MS.

CO2 CH30CHz3

Quantitative Analysis

This method relies on using excess amounts of O, and CH4 to make sure that all active sites
are covered. Therefore, it is not pertinent to talk about turn-over-frequencies and turn-over-
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numbers, which rely on known amount of reactant. Instead, the yield (mol of methanol/g

of zeolite), productivity (mol of methanol per mol of Cu) and the selectivity are reported.

Selective lon Monitoring (SIM) was used to quantify the yield of the products. The mass
spectrum during extraction was plotted as abundance vs time. The abundance was
calibrated to a gas mixture with a known amount of the product to give quantitative data.
This was done by making a calibration curve for the abundance vs the ppm-values of
various amounts of the known gas mixture (See Appendix 7.4). The slope of the curves are
the calibration factors, which are multiplied with all data collected.

During extraction, 30 analyses were carried out over a period of two hours. The integrated
areas are were then normalized to the area of the Neon, which acts as the Internal Standard

of the system.

A(x)normalized = A(x)extracted * Neyatio ( 7 )

, Where Neératio=ANe 'ANe, cal

Ane, ca1 Was the abundance of Neon when the calibration factors of the other products were

collected.

After subtracting the background, the area of the products, X, are multiplied by the

calibration factors (Ax.ar) to achieve the ppm-values.

prm = (A (X)normalized - A(X)background) ) AX,cal ( 8 )

Xy = Xppm/10000 (9)

From the %-amount of X, and by knowing the flowrate of the extraction feed, the volume

of X can be found:

Xy ex.feed
N (10)

By knowing the density of X (px) at the temperature of which the lines are kept at (~145

°C), the chemical amount of the product (ny) are determined.

ny = LXPX (11)

My
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Finally, the yield can be calculated by dividing the amount of X by the dry weight (my),

which is calculated from the mass of the material and the water content found with TGA:

nx-1000000

yieldy = = X umol/g (12)

By using Origin software, the yield is plotted, and the integral of each plot gives the total
yield of each material (See an example in Appendix 7.3). DME is included in the total yield
of methanol by considering the molecule as two times a methanol molecule, as shown in

the chemical equation below.

2CH30H s HyCOCH; + H,0 (13)

The total yield then becomes:

Yieldyeon totar = Yieldyeon + (2 - yieldpyg) = x umol/g (14)

The selectivity was calculated from the total methanol yield divided by the total yield of all

products.

.. yield
Selectivity = — MeOH total -100% (15)
yieldpeon, totaityieldcotyieldco,

The amount of methanol produced is directly correlated to the amount of active sites in the
zeolites. Since the active sites are at the Cu-centers, these govern the productivity of the
material. Based on this, the productivity was presented as amount of methanol divided by
amount of Cu.

molpeoH,total ( 16 )
molcy

Productivity =

The amount of Cu was calculated from the atomic percent found with EDX (See

calculations in the Appendix 7.2).
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5 Results and Discussion

5.1 NHs-facilitated Cu-incorporation

The idea of performing Cu-incorporation into zeolites in the presence of ammonia comes
from a study by Vennestrem and coworkers [56, 66]. In that work, the authors subjected a
physical mixture of copper oxides (Cu',0 and Cu''O) and zeolites (MFI, *BEA and CHA)
to gases involved in the NHs-assisted Selective Catalytic Reduction of Nitrogen Oxides
(NO, NHs, O, and H,0). They observed that NO facilitated the reduction of Cu' to Cu!,
which upon interaction with NH3 formed mobile complexes ([Cu'(NH3)x]*, (x>2)), that
could migrate to ion exchange positions in the zeolite frameworks. The temperatures were
varied between 250 and 550 °C, and for MFI and *BEA, the Cu can be ion exchanged
already at 250 °C. Higher temperatures (450 °C) were required for CHA, which was
correlated to the narrower pores in this framework. In the article, they also used Cu'>0 as
the Cu precursor and performed the ion exchange without the presence of NO. All the
experiments in the aforementioned study were performed in situ prior to the SCR reaction.
In our case, we aimed to investigate if it was possible to perform this Cu-exchange ex situ
in order to produce active materials for the DMTM conversion. Mordenite was used in this

study due to it being readily available in large quantities at that time.

Shwan et al. [56] used a small fixed-bed reactor (i.d. = 2 mm), and 10 mg of zeolite mixed
with CuxO for the in situ exchange procedure. A total flow of 225 mL/min (500 ppm NO,
530 ppm NHs, 5 % H20 and 10 % Oz in N2) was applied. For the pure NHz-exchange, a
flow of 530 ppm of NHs in N2 was used. The temperatures were varied between 250 and
550 °C, and treated for either 5 or 10 h.

As seen in Table 5, the NHs-facilitated Cu incorporation into zeolites was tested, utilizing
a wide variety of experimental conditions, such as Cu-content, temperature and time. The
purpose was to make an active material for the direct conversion of methane that could be
tested and characterized; therefore, an amount of approximately 4-5 grams of zeolite was
used. Initially, the total flow was set to 120 mL/min, due to limitations of the manual flow
controllers, and the gas mixture used was 200 ppm NHs in N2. The starting temperature
was 250 °C, and the exchange time was set to 16 h. When low amounts of Cu as well as a
deposited white powder was observed on the surface of the tube during exchange after the
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first experiments, a hypothesis was made that the temperatures facilitated for the Cu to be
extracted with the NHs-flow. Despite multiple short tests with lower temperatures and
higher Cu-amounts in the samples, the Cu/Al ratio did not improve. An observation was
made with EDX in which the Cu content was significantly different, depending on which
spot was being analyzed, despite being on the same pellet. This lead to the observation that
the Cu agglomerated instead of being ion exchanged by the presence of ammonia. After
performing a blind test without NHs, where the same Cu-agglomerates were observed with
EDX mapping, an attempt was made to obtain similar conditions to Shwan et al. [56]. The
exchange was performed in a fixed-bed reactor (FBR), where 0.300 g material were used,
and the temperature was set to 250 °C. The manual flow controllers allowed for a total flow
of 50 ml/min. A gas mixture with 2000 ppm NHz3 in N2 was used to observe if an excess
amount of NHs would affect the results. However, the change to FBR did not improve the

Cu/Al ratio of the exchange, and the same agglomerates were observed with mapping.

Table 5. Experimental conditions performed, and Cu/Al ratios obtained after the NHs-

facilitated incorporation of Cu in Mordenite.

- Tube  Na(120)+NHs(<5) 0.1 250 16 5 . -
N2(108) +
- Tube 2] 0.35 200 1 4 0.14 114
N2(108) +
- Tube (2] 0.35 110 1 4 0.13 116
N2(108) +
- Tube ) 0.56 110 1 4 002 804
N2(108) +
- Tube O i2) 0.56 200 1 4 0.14 111
- Tube N2(120) 0.35 200 2 4 0.08 115
New N2(120) 0.56 200 10 4 0.03 116
tube
New N2(108) +
- il 0.5 200 10 4 0.05 115
- FBR N2/NHs(50) 0.5 250 16 0.3 0.02 115
- FBR N2/NHs(50) 0.5 250 10 0.3 0.03 11.3

*Example of the calculations performed to obtain the theoretical Cu/Al ratio is presented
in Appendix 7.1.
**Si/Al and Cu/Al are calculated from EDX.
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Figure 23 depicts mapping with EDX over a large area of a pressed slab of one of the
samples that showed the highest Cu/Al ratio (0.14). This mapping shows how Cu.0 was
mixed with the zeolite, forming agglomerates instead of being ion exchanged by the
formation of mobile CuNHz-complexes, which was the expectation. From the BSE images,
it becomes evident that Cu did not diffuse into the material, as Cu-nanoparticles are visible
on the surface of the crystals/agglomerates. This was further supported by visible black
particles in the exchanged material. The material (MOR_102) was eventually tested, using
the optimal reaction conditions found by Pappas et al. [11]. The conditions employed were
8 hours of activation in Oz (500 °C), 6 hours in methane at 200 °C, and finally, an extraction
step with 10 % H.O in Ne/He at 200 °C. A flushing with He was performed between each
step. The total yield of methanol obtained from this reaction was 1.25 umolyeon/9zeotite-
A Cu-exchanged Mordenite sample (Cu/Al = 0.13), prepared with liquid ion exchange was
also tested for comparison under the same conditions. The results for the latter are published
in our recent study in ACS Catalysis [9], and the total methanol vyield was
39 umolyeon / 9zeotites Proving that NHs-facilitated exchange did not lead to a significant

amount of active CuxOy-species in the material.

Based on the results obtained in this preliminary study, it is clear that under the conditions
employed, Cu is not able to form active sites with the particular exchange method. A future
approach to test the exchange method further could be to introduce NO in the reaction gas.
We decided not to test that in this study due to practical limitations in the laboratory. and
because it went beyond the purpose of the experiment, which was to investigate the
possibility of low temperature incorporation of Cu in zeolites in the presence of NHz in a
simple setup. The highest temperature used was 250 °C. Without NO in the reaction
mixture, Cu might need higher temperatures in order to preferentially bind with ammonia
instead of oxygen. It is however important to keep in mind that too high temperatures would
facilitate bond breakage between NHsz and Cu. Another explanation could be that NO is
necessary in the gas mixture to keep Cu in its reduced form. To further investigate the
specific exchange method, it is suggested to use the exact conditions employed by Shwan
et al. [56]; i.e. utilizing zeolites with smaller sized pores, and performing the reaction using

the same gas flows and temperatures.

43



Figure 23. The top four images show a mapping performed over a large surface area of a pressed pellet of
the material, MOR_102. It is evident that no Cu was dispersed in the material, but rather formed large
agglomerations. The bottom left image is a SE image of the Mordenite surface and the bottom right image
is collected in BSE mode, where Cu-nanoparticles are observed.
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5.2 Standard Characterization of (Cu-)SAPO-34

Based on the poor results obtained by the NHs-facilitated Cu exchange, more standardized
zeolite ion exchange methods were performed in order to incorporate Cu into the SAPO-
34 material. Due to the small pores and polar framework of SAPO-34, the introduction of
Cu from liquid ion exchange has proven to be difficult. Often the exchange procedure has
to be repeated several times to obtain the desired amount of Cu in the material [41, 57].
However, since Pappas et al. [11] were able to introduce the desired amount of Cu into
SSZ-13 with only one exchange, it was reasonable to follow this approach. Both single and
multiple ion exchange approaches were executed and compared. Solid-state ion exchange
was also applied in order to compare how the various exchange procedures would impact

the activity of the materials in the DMTM-conversion.

5.2.1 Physico-chemical characterization
Table 6. Physico-chemical data of the samples by SEM/EDX, N2-physisorption and TGA.

Water Specific

Exchange [AI+P]/Si/  CulSi/ Cu Surface

*xk
conditions  (S/A*  (CwAl* (umolig) Ontent area**

0,
OO ()
H-SAPO-34 = 14.9
0.08CuSAPO-34/LIE LIE 13.5 0.08 87 13.8 690
0.23CuSAPO-34/LIE LIE 14.2 0.23 234 7.1 662
0.25CuSAPO-

34/3xLIE 3xLIE 14.7 0.25 249 17.7 616
0.02CuSAPO-34/SSIE SSIE 13.8 0.03 34 11.7 670
0.22CuSAPO-34/SSIE SSIE 14.8 0.22 224 6.9 579
_ LIE (12.1) (0.34) 420 12.7 766

*All elemental analysis data are collected with EDX spectroscopy.
**Calculated from TGA.

***Calculated from BET analysis of N2-adsorption data.

****The SSZ-13 material is received from Haldor Topsge A/S, and Michael Dyballa has performed all

standard characterizations on the material.
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The water content was measured by TGA in order to obtain the weight of the dry sample,
which is used in the analysis of the activity test data. It appears that the water content varies
a lot in the different materials. A loose trend can be observed, however, that when the
amount of Cu that is ion exchanged into the material increases, the water content also
increases. The two high loading samples (solid state and liquid ion exchange), deviate from
this trend. These samples have extra nanoparticles of CuO, as is shown above, which may
lead to less water in the framework. No pretreatment was performed on the materials before
the TGA-measurements, so there is also an error that arises from the daily changes in
humidity. The weight loss of the template-containing SAPO-34 was also measured by
TGA. Three measurements were collected in order to obtain an average value. The average
value was then compared to the weight loss of the material after a calcination process
utilized to remove the template. The value obtained from TGA was 16.8 %, while the
weight loss measured after calcination was 17.5 %, indicating that all the template was

removed from the SAPO-34 material during calcination.

The surface area was measured by N»-adsorption, and then calculated from the BET
isotherm. The results presented in Table 6 indicates that the samples retained their high
specific surface area, and that no significant changes by any of the heat treatments during
the various ion exchange methods were observed. The surface area measured by BET is
not a quantitatively meaningful value when working with microporous materials, but it is

still a good characteristic to use for comparison of similar materials.

5.2.2 SEM/EDX

The parent material, as well as all the Cu exchanged materials, were analyzed with
scanning-electron microscopy. By collecting the images in deconvolution mode, it was
possible to overcome brightness and blurring that appeared in the images. Deconvolution
reduces systematic errors in the instrument, which affects the resolution and therefore the
contrast. All samples had, as expected, similar morphology and crystal size indicating that
the ion exchange did not affect the crystals. Secondary electron (SE) images in

deconvolution mode of the parent material is depicted in Figure 24.
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Figure 24. Pictures of the SAPO-34 crystals at different distances.

The crystals have the typical Chabazite structure (cubic), though they seem to have grown
as layered plates. This can appear in pure SAPO-34 because of various growth mechanisms
in crystals [67], and has most likely to do with the choice of template, as well as the time
used for synthesis and aging. According to a study by Smith et al. [68], the layering we see
in the SEM pictures suggests it is actually an intergrowth between SAPO-34 and AIPO-18,

which will be further analyzed and discussed utilizing PXRD patterns in section 5.2.3.

0.22CuSAPO-34/LIE had a grey color, indicating the presence of CuO nanoparticles in the
sample. By examining the material with BSE (Figure 25), bright spots were observed,
indicating heavier atoms (in this case; Cu). The other materials made with LIE had a light

blue color, and no bright spots were observed when the materials were examined by BSE.

Figure 25. Single crystal of the high loaded LIE sample (left), BSE image of the same material (right). Red
arrows indicate CuO nanoparticles.
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The solid-state ion exchanged samples had small dark particles mixed in with the light blue-
colored SAPO-34. By examining the high loaded material with BSE (Figure 26), it was
evident that the material had a high content of CuO-particles. The pure CuO particles were
mostly present as large agglomerates, so large in fact, that they were even visible as an
extra phase in the SE microscope. However, after collecting a mapping of a single crystal
as shown in Figure 27, it is also apparent that in addition to the formation of CuO, due to
an intended excess of Cu during synthesis, the Cu had also migrated partially into the pores
of the material and was well dispersed in the material. Nevertheless, the total amount of Cu

exchanged into the SSIE samples was not quantitative.

Figure 26. Column on the left are Secondary electron image of the high loaded SSIE sample. Column on
the right are the same spots collected with BSE mode. The bright spots indicate CuO-particles.
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Figure 27. Mapping of a single crystal of the high loaded SSIE material (0.22CuSAPO-34/SSIE).

Elemental analysis was performed on the materials, using energy dispersive X-ray
microscopy. With this technique, it was possible to determine the atomic percentage (at%)
of P, Al, Si and Cu in the material, which is presented above in Table 6 as the ratios
(P+AI)/Si and Cu/Si. The (P+Al)/Si ratio is an important parameter to measure because it
indicates the density of acid sites. The (P+Al)/Si ratio of the materials varied between 14
and 15. No variation in this value was expected as a consequence of the various Cu
introductions, and the small differences could be caused by inaccuracies in the measuring
method. The value obtained for the parent sample was 14.9, which was the value used
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throughout this study for all calculations of the stoichiometry. For an ideal material, a
(P+Al)/Si ratio of 11 corresponds to exactly one acidic site per cage. However, this might
not always be the case for SAPO-materials since the silicon atoms can follow different
mechanistic pathways when it is exchanged into an AIPO-framework, as explained in
Chapter 2.2.1.

5.2.3 PXRD

Powder X-ray diffractograms were measured for all samples to make sure that the materials
had maintained their crystallinity after the various treatments. All of the sample patterns
are shown in Figure 28. It is evident that the zeolites did not have the typical pattern that
correlates with a pure SAPO-34, and is instead an intergrowth between SAPO-34 and
SAPO/AIPO-18. The latter has an AEI framework type, and the structure is very similar to
the Chabazite (CHA) framework of SAPO-34, as explained in Chapter 2.2.3. Intergrowth
between the two framework types is very common, and is dependent on the synthesis
method used, as well as the template [69-70]. The patterns of SAPO-34 and the exchanged
materials are shown in Figure 28.The patterns are also compared to two other SAPO-34
diffractograms, made with the same synthesis method [29, 55], in order to determine the

intergrowth (Figure 30).

Stawinski et al. [29] found that displacement and growth stacking fault provide different
alterations to the PXRD patterns. By comparing the patterns obtained in this work with a
thorough refinement they did on an intergrowth material synthesized in the same manner,
it is evident that the stacking fault type in the herein materials derive from a displacement

type fault due to the very similar shape of the patterns.
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Figure 28. PXRD patterns of the calcined parent material as well as all the Cu exchanged samples. In the
high loaded Cu SSIE sample (yellow line), there are two extra peaks at 35.5 and 38.7, which have been
assigned to the (-111) and the (111) reflection of CuO. In addition there is also a peak at 15.4 in all the
samples, which is probably a minor phase formed during synthesis.

Another interesting observation is that either heat treatment or Cu-content in the ion
exchanged materials affected the crystallinity of the crystals to some extent, and restored
the collapse of the framework that occurred during template removal. This can be observed
from the higher intensities of the peaks in the materials treated with high temperature and/or
loaded with high amounts of Cu in Figure 28. The collapse of the framework after template
removal can be seen from the lower intensities of the peaks in H-SAPO-34 compared to

the as-synthesized material, which is shown in Figure 29.

In all materials, there is one extra peak at 15.4. A peak at this angle is not found in the CHA
nor the AEI type structure, and is a minor phase that it was not possible to determine. Since

the peak exists in all samples, it is seemingly a minor phase formed during synthesis.
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After a peak search, the peak does not seem to correlate to any impurities that could affect
the reaction. In the high loaded SSIE sample there are two extra peaks, which from
literature can be correlated to CuO from similar studies [41], indicating that the sample has
an excess of Cu that was not able to diffuse into the material. This supports the findings

from the SEM images above.
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Figure 29. PXRD pattern of the template containing SAPO-34 (red), and the calcined SAPO-34 (black).
The decrease in intensity indicates a slight collapse of the framework due to template removal.
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Figure 30. SAPO-34 PXRD patterns for comparison. a) Pawley fit for freshly calcined 7% (left). SAPO-34
at 250 °C. Tick marks indicate Bragg peak positions. The quality of fit at high angles is shown in inset.
Figured published in [55]. b) Synchrotron radiation powder diffraction pattern (A = 0.50575A) for a 4.8% Si
content member of the SAPO-18/34 intergrowth family. The sample is fitted against a structural model with
defect free SAPO-34 and an intergrowth phase of AIPO-18. Bragg peak positions are indicated by tick
marks below the profile for pure SAPO-34 (top) and AIPO-18 (bottom). The difference curve is shown
below the tick marks. Figure published in [29].
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5.3 Performance Tests

Following the verification of successful synthesis in that the framework and crystallinity
of the SAPO-34 materials remained intact after the Cu-exchange, the materials were
evaluated on their performance in the direct methane to methanol conversion. Based on a
study by Pappas et al. [11] on Cu-SSZ-13 zeolites, a standard experiment was set as a
foundation for the tests used in this study in order to maximize the CH3OH yield, as
explained in Chapter 4.3.2. The optimal conditions reported by Pappas et al. have given the
highest methanol yield reported thus far for Cu-Chabazite materials (0.172 molmeor/molcy
(107 umol/g)). In the article by Pappas et al. [11], a 6 hours methane activation step was
used. However, from the results of methanol yield vs methane activation time, it is apparent
that the increase in productivity is reaching a plateau after approximately 3 hours. On this
basis, we decided to use 3 hours for time efficiency, as the test procedure is rather lengthy

and awkward to execute within reasonable working hours.

5.3.1 Standard Tests

Figure 31 illustrates the results of the standard tests. The left graph shows the normalized
productivity vs the Cu/Si ratio of the different materials. The graph on the right shows the
total yield of methanol of each reaction plotted as a function of the Cu/Si ratio. It appears
the methanol yield increases with increasing Cu-loading, which is reasonable due to the
increased amount of possible reaction sites in the material. The opposite trend is observed
for the productivity, where the amount of methanol is normalized on the Cu-content. In this
graph, the productivity decreases with increasing Cu-loading. This shows that an increase
of Cu in SAPO-34 is not directly correlated to an increase in active Cu-sites for the direct
conversion of methane to methanol. The material with the lowest Cu-content (Cu/Si =
0.03), exhibits a high productivity since it is normalized to the Cu content indicating a
higher concentration of active sites. However, it is evident that the yield is low when
looking at the graph on the right, due to the low Cu loading. From the materials with a
higher Cu loading than the latter, it seemed that the best performing materials were the
0.08CuSAPO-34/LIE, 0.22CuSAPO-34/SSIE and 0.25CuSAPO-34/3xLIE when looking
at the yield per gram of sample. At first sight, it was somewhat puzzling that 0.22CuSAPO-
34/SSIE performed so well, after proving with SEM/EDX and PXRD that large amounts
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of the Cu in this material exists as CuO. However, since the material was made with an
excess amount of Cu, and as seen from the mapping in Figure 27, it seems that some Cu
has also properly migrated to the exchange sites. A blind test on H-SAPO-34 produced a
small amount of COyx, but no traces of methanol were detected in the effluents. This
observation suggests that all CH3OH produced from the Cu-loaded materials, comes from
activated CuxOy. The COx produced by H-SAPO-34 most likely comes from methane being
physisorbed in the framework, which is then oxidized and desorbed when reacted with
water during the extraction step. The COx produced from the framework appears to be an
explanation for the low selectivity of the Cu-materials. All performance data of the

materials are presented in Table A3 in Appendix 7.3.
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Figure 31. Graph on the left shows the comparison of normalized productivity of all the samples. Graph on
the right shows the total yield of methanol obtained from the reaction. The test conditions applied here was
O activation @500 °C (8 h), CH4-dosing @200 °C (3 h), and methanol extraction with 10 % H,O in Ne/He
@200 °C (2 h).

The productivities of all the samples lie between 0.003 — 0.009 molmeon/molcy. In Figure
32, the performance of the SAPO-34 samples is compared to a similar Cu-loaded SSZ-13,
which has a Cu/Si ratio of 0.34, and Si/Al =12. As seen in Figure 32, the Cu-SSZ.13 has a
performance that is nearly ten times better than SAPO-34 under the same reaction
conditions. Oord et al. investigated a set of Cu—incorporated Na-SSZ-13 for the methane to
methanol reaction, with similar weight percentage of Cu introduced, and obtained
productivities in the same range as the SSZ-13 material tested in this study (0.03-0.045
molmeor/molcy). Wulfers et al. studied the performance of a number of small pore zeolites
incorporated with Cu for the DMTM-conversion, including SSZ-13 and SAPO-34. The

SSZ-13 materials that Wulfers et al. tested also had approximately the same productivity
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as the other SSZ-13 materials mentioned (0.03-0.06 molmeon/molcy). With respect to
SAPO-34, they also see a significantly lower productivity. During the in situ solid-state ion
exchange procedure they performed (presented in chapter 2.3.2), which had a high excess
of CuzCl, they obtained a productivity of 0.01 molmeon/molcy. For their LIE exchanged
sample, they obtained a productivity of < 0.001 molmeon/molcy, Which is significantly
lower than what was obtained in this study. The process conditions were however, not
optimized in this study, as it was a preliminary study to show that it was possible to activate

methane over the small pore zeolites.
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Figure 32. Productivity and yield of SAPO-34 compared with 0.3CuSSZ-13/LIE (Si/Al=12), measured
under the same conditions.

This enhanced performance in Cu-SSZ-13 can be attributed to different factors. Most of
the framework in SSZ-13 is mainly built from SiO4 tetrahedra, while SAPO-34 consists of
the same structure. However, with Al and P based tetrahedra instead, one possible
explanation is that the difference in the polarity of the framework affects the probability of
the activation of methane at the Cu-sites. In addition, it may be that the reaction conditions
based on optimal conditions for the activation of methane over Cu-SSZ-13 are not
facilitating the reaction in SAPO-34. It is also possible that the ion exchange sites are not
situated in the same places in SAPO-34 as it is in SSZ-13, which is likely, since the
dispersion of Brgnsted acid sites in SAPO-34 are more restricted than in SSZ-13. In SSZ-
13, two Brgnsted acid sites can be separated by one or more Si-atoms. However, in SAPO-
34, it is only possible with an odd number of Si-atoms between the acid sites, leading to
fewer possible formations of the activated CuxOy moieties in the framework. It is also

possible that the Cu-sites formed in the material are inactive in the reaction — either as redox
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inactive sites, or as sites that are not able to form methyl groups. This will be further
discussed in Chapter 5.5, where the materials were investigated with various spectroscopy

techniques.

5.3.2 Normalized Activity

Based on the results above, it was evident that more testing was required to come to any
conclusions about the performance of Cu-loaded SAPO-34. Waulfers et al. [41] performed
the selective oxidation of methane to methanol over a series of small pore zeolites,
including SAPO-34. Here they showed that the methanol was released from the pores much
faster in SAPO-34 than in the other materials. This could suggest that the Cu-sites in SAPO-
34 do not hold the methyl groups as strongly as in aluminosilicate based zeolites. Therefore,
we decided to reduce the temperature of the extraction step in order to see if it would be
possible to slow down the reaction and make it possible to detect more of the methanol
released from the reaction with the GC-MS. In addition, based on findings from Raman,
which will be discussed in section 5.5.2, it could appear that the activated CuxOy moieties
are more pronounced at 600 °C compared to 500 °C. Based on these findings, three more
test conditions were employed (Figure 33), and tested on the three highest performing
materials from the standard conditions. All the results are displayed in Figure 33.

The performance of the three samples during the four different tests are plotted as bars for
an easy comparison. The extra point on 0.08CuSAPO-34/LIE in the first test and on
0.25CuSAPO-34/3xLIE in the third test are reproducibility tests performed on the samples.
Especially in 0.08CuSAPO-34/LIE, the difference in productivity appears to be significant.
However, when the values obtained are so small, even minor changes in the experimental
procedure or analysis of the data will have a great impact on the productivity. Based on
this, more data points would be necessary to come to any tangible conclusions about the
differences in productivity between the samples and tests. Nevertheless, some trends are

observed, and are discussed briefly below.
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Figure 33. Total normalized methanol yield of 0.08CuSAPO-34/LIE, 0.22CuSAPO-34/SSIE and
0.25CuSAPO-34/3xLIE for different reaction conditions. Test#1 is O, activation @500 °C with extraction
@ 200 °C, test#2 is O, activation @500 °C with extraction @ 140 °C, test#3 is O, activation @600 °C with
extraction @ 200 °C and test #4 is O, activation @600 °C with extraction @ 140 °C. The two points are
reproducibility tests performed on two of the materials. The CH4 loading step was performed at 200 °C for 3
h during all the tests.

From Figure 33 we see that the performance of 0.08 CuSAPO-34/LIE was better when the
extraction step was performed at 200 °C, while 0.25CuSAPO-34/3xLIE seems to be better
performing with an extraction step at 140 °C. 0.22CuSAPO-34/SSIE was the lowest
performing material overall when considering the normalized yield of the three samples. It
appears that this material was more dependent on the activation temperature, and that the
productivity slightly decreased when the activation temperature was 600 °C. Reasons for

this will be discussed further in the next section.

5.3.3 Stability Tests

It is important to observe how the materials would behave over multiple reaction cycles.

As seen in Figure 33, it is not straightforward which test conditions are the optimal for all
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the materials. A more thorough investigation into all sets of parameters would be necessary
in order to settle on the optimal conditions. Three consecutive tests over the three best
performing materials were performed to evaluate the stability of the samples. For the
multiple process cycles, the conditions from test #4 were applied, with activation in O at
600°C (8 h), methane loading at 200 °C (3 h) and H.O-assisted extraction of methanol at
140 °C (2 h). After each reaction cycle, the materials were kept in a He flow at 160 °C, and
then subjected to a new full cycle. 0.08CuSAPO-34/LIE exhibits a slight increase in
productivity, as has been observed previously for Cu-exchanged SSZ-13 [11] and MOR
materials [9]. 0.25CuSAPO-34/3xLIE seems to lose some of its productivity after the first
cycle, before it stabilizes. Last, 0.22CuSAPO-34/SSIE, that overall has proven to be the
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worst performing sample, appears to lose its productivity after the second cycle.

Figure 34. Stability tests of 0.08CuSAPO-34/LIE (left), 0.25CuSAPO-34/3xLIE (middle) and
0.22CuSAPO-34/SSIE (right) performed over three reaction cycles. Activation in O, was performed at 600
°C (8 h), Loading of methane was done at 200 °C (3 h), while H,O-assisted extraction of methanol was
performed at 140 °C (2 h). Flushing with He (45 min) was done between each reaction step.

A general trend observed is that the LIE materials have more stable Cu-species, as seen
from the decrease in productivity of 0.22CuSAPO-34/SSIE at 600 °C in Figure 33 as well
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as the multiple reaction cycles tests (Figure 34). This decline in performance can possibly
be attributed to CuO particles in 0.22CuSAPO-34/SSIE that become mobile under the
reaction conditions, and migrate inside the pores in such a way that they eventually block
the active sites from reacting with methane.

5.4 Spectroscopic Characterization of the Acidity
and Framework

SAPO-34 has acid characteristics as a result of the polarizable surface hydroxyl groups and
the incorporation of silicon into the framework. When introducing Cu to the framework,
the Bragnsted acidity should decrease, as Cu ideally replaces protons in the material. There
are several different techniques that can be employed in order to investigate the acidity of
a zeolite. In this study, FTIR of adsorbed CO at 77K was applied to monitor the change in
the OH-stretching region in order to investigate the decrease in Brensted acid sites. The
results and discussion of the CO-stretching region are presented in section 5.5.1 as a part
of the discussion on possible CuxOy species in the material. For more acidity
characterization, the materials were investigated with FTIR during probing with
acetonitrile to get an indication of the density of Lewis and Bransted acid. Finally, 2’Al and
3P MAS-NMR spectroscopy was used to investigate the nuclear environment of the

respective nuclei and thus the stability and integrity of the framework at an atomic level.

5.4.1 CO Probing of Acid Sites with FT-IR Spetroscopy

Figure 35 illustrates the —OH stretching region of (a) the parent material, and (b-d) the three
Cu-containing samples. The spectra have been normalized to the zeolite framework
vibration at 1853 cm™, and vertically translated for better visual representation. The two
bands at 3632 and 3604 cm™ is assigned to two different Bransted sites (Si(OH)AI) of the
materials. Martins et al.[71] showed with deconvolution of the spectra, that there are in fact
three peaks in this region. The third band is hidden under the first two at around 3614 cm"
! This band is present in a minor concentration, and are assigned to Bransted sites situated

on the edge of Si-islands in the material, derived from SM3 substitution of Si into the
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material [71]. The assumption that this band is present is necessary to assign all features
found in the CO-adsorbed spectra. The bands at 3632, 3604 and 3614 cm™ are labeled OHa,
OHg and OHc, respectively. The low frequency of the OHc band is due to perturbation of
the proton by hydrogen-bonding interactions with framework oxygen atoms in the six ring
windows [71]. OHa and OHg are presumed to be unperturbed sites, implicating that their
frequencies are only affected by structural and chemical factors of the framework. The
intensity of the Brensted stretching region decreases significantly when Cu is introduced
to the framework, indicating that Cu was exchanged with protons to form the Brgnsted
sites. Comparing the Cu-exchanged samples, it is apparent that the sample with the least
amount of Cu also is the sample with highest intensity of the Brgnsted acidity, which is

reasonable since Bransted acidity should decrease with increasing Cu loading.

(a) H-SAPO-34 (b) 0.08CuSAPO-34/LIE
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Figure 35. Spectra of the OH-stretching region of (a) H-SAPO-34, (b) 0.22CuSAPO-34/SSIE, (c)
0.08CuSAPO-34/LIE and (d) 0.25CuSAPO-34/3xLIE during desorption of CO at -196 °C.
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Upon interaction of CO with the OH vibrations, the OHg band clearly has the strongest
acidic character of the three, with a downward shift of ~319 cm™. OHa and OHc have a
milder acidity, with a shift of ~287 and ~139 cm™, respectively. In the comparison of H-
SAPO-34 with the Cu-containing material, a decrease in acidity of the various Brgnsted
sites was observed. The corresponding values are listed in Table 7.The acidity of the OHc
species decreases the most and appears to be highly affected by the presence of Cu. The
small band at approximately 3745 cm™ is the stretching of AI-OH and Si-OH, which are
essentially unaffected by the presence of CO. The band at 3680 cm™ is due to P-OH
vibrations in the materials. This band appears to be slightly reduced in the presence of CO,
and might be correlated to the band appearing at 3562 cm™ with increasing CO-loading.
The peak at 3562 cm™ seems to be affected by the presence of Cu in the sample, which is
especially apparent in 0.22CuSAPO-34/SSIE. No assignment of the peak observed at 3562
cm? has been found in literature, and further investigation is required for proper

assignment.

Table 7. Overview of all peaks observed in the —OH stretching region of (Cu-)SAPO-34.

vor (cm™) observed for
voH (cm?) 0.08CuSAPO-34/LIE,
co observed for | 0.25CuSAPO-34/3xLIE and
pressure H-SAPO-34 0.22CuSAPO-34/SSIE site reference
Akolekar et al. [72]/
3745 3745 Si-OH Martins et al. [71]
3680 3680 P-OH Martins et al. [71]
3632 3630 Si(OHa)Al Martins et al. [71]
3604 3602 Si(OHc)AI Martins et al. [71]
high 3562 3559 shift of P-OH
high 3465 (broad) 3478, 3493, 3500 (broad) shift of AI(OHc)Si Martins et al. [71]
high 3345 3353 shift of Al(OHa)Si Martins et al. [71]
high 3295 3305, 3315,3315 (sh) shift of Al(OH3g)Si* Martins et al. [71]

* Species detected by Martins et al. after performing a deconvolution of the peaks.
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5.4.2 Acetonitrile Probing of Acid Sites with FT-IR Spectroscopy

Several bases can be used to probe guantitatively the acid site density of zeolites using
FTIR spectroscopy. Among them, NHz and pyridine are used extensively. However, with
NHs, it is complicated to differentiate between Lewis and Brgnsted acid sites, because of
its strong basic character. Pyridine, however, is too bulky to enter the small pores and
cavities of SAPO-34 [71]. Therefore, the best choice in this case was acetonitrile [24]. Upon
adsorption of deuterated acetonitrile at room temperature and subsequent degassing for 10
min, the bands in the OH-stretch region were completely gone. The depletion of these bands
was due to the lone pair-electrons in CN groups interacting with the protons. Since all acid
sites appear to be accessible to CD3CN, it indicates that the pore system, and thus the Cu-
sites, should also be accessible for methane to react and methanol to desorb during the
DMTM conversion. The adsorption of acetonitrile gives rise to several bands in the 2400 —
2100 cm region of the four samples that have been analyzed, and are depicted in Figure
36. The strongest bands at ~2317 cm™ and ~2293 cm™ are caused by CN groups interacting
with Lewis and Brgnsted sites, respectively [58]. The slight blue shift in the position of the
latter band of the two materials with a high loading of Cu is likely due to an overlap of
multiple bands, and the fact that it is positioned on the right shoulder of a much stronger
band. The Brgnsted band of the parent material is positioned at 2293 cm™, and
0.25CuSAPO-34/3xLIE has the highest shift with a band at 2298 cm™.

Deconvolution of the spectra were performed to investigate the concentration of the acid
sites. These spectra and all related calculations are presented in Appendix 7.6. In order to
get a reliable fit when performing deconvolution of the spectra, two additional shoulders
were also detected, one at approximately 2283 cm™ and one in the 2251 — 2256 cm™ region.
The latter is assigned to asymmetric stretching mode of CDs groups, together with a
symmetric stretching mode found at 2114 cm™ [24]. The band at 2283 cm™ is assumed to

correspond to CN groups interacting with terminal Al-/P-/Si-OH groups or defect sites [58].
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Figure 36. Spectra collected after acetonitrile dosing at RT for 20 min (~20mbar), and degassing for 10
min. (a) H-SAPO-34, (b) 0.08CuSAPO-34/LIE, (c) 0.25CuSAPO-34/3xLIE and (d) 0.22CuSAPO-34/SSIE.

The concentrations of Lewis and Bregnsted acid sites are tabulated in Table 8. The
concentration values herein will only be discussed relative to each other, because the value
of the extension coefficient is questionable, especially evident when Cu present is present,
as it can affect the various sites found. Cortés-Reyes et al. [16], have previously performed
acetonitrile probing with FTIR on Cu-SAPO-34 samples; they observed a band at ~2328
cm, which they assigned to acetonitrile coordinated over Cu ions. In Figure 36, no such
bands are seen. However, after degassing, the materials were reheated to 200 °C, and a
small band was then observed at 2312 cm™, which was not present in the parent material.
This indicates that the band corresponding to CN groups interacting with Cu are hidden
under the large absorbance intensities of CN groups interacting with Lewis and Brgnsted
acid sites. Because of this, it is apparent that the procedure employed is not precise enough
to distinguish between the concentration of Cu-, Lewis and Brgnsted sites. Since the Cu
seems to have a stronger interaction with acetonitrile, a way to improve the procedure
would be to slowly heat the material, and use the spectra from the various temperatures to

separate between the different acid sites.
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The three Cu-samples appear to have approximately a third of the total acid sites of the
parent sample. This could indicate that even though some of the Cu in the materials have
Lewis acidity, some of the sites might be blocked due to the presence of CuO agglomerates,
or that the various ion exchange treatments have slightly altered the framework.

Table 8. Concentration of Lewis and Brgnsted acid sites, determined by FTIR spectroscopy
of adsorbed CD3CN.

Total

concentration of

Lewis sites* Brgnsted sites* acid sites

(mmol CDsCN/g) (mmol CDs;CN/g) (mmol CDs;CN/g)
H-SAPO-34 0.19 0.11 0.30
0.08CuSAPO-34/LIE 0.13 0.06 0.19
0.25CuSAPO-34/3xLIE 0.13 0.09 0.22
0.22CuSAPO-34/SSIE 0.16 0.03 0.19

*The deconvoluted spectra, as well as all calculations used to obtain these numbers are presented in the
appendix.

5.4.3 SAPO Framework Investigation by ?’Al and 3P MAS-NMR
Spectroscopy

Figure 37 shows the 2’Al and 3P MAS NMR spectra of the three SAPO-34 samples. In the
21 Al spectrum of the templated material, a strong peak is observed at 39 ppm, a broader one
at 9 ppm, and a minor peak -7 ppm. In the 3P spectrum of the same material, the strongest
peak is observed at -28 ppm, with minor peaks at -13 and -7 ppm. All of these shifts are
typical for a TEAOH templated trigonal SAPO-34 [55]. After removal of the template, the
peak at 39 ppm (assigned to tetrahedrally coordinated Al) shifts to 35 ppm, and the two
other peaks are almost absent. However, there is a very small peak at -10 ppm that is
assigned to octahedrally coordinated Al, meaning that these sites are coordinated to two
extra water molecules. In the hydrated sample, a very small shift at 15 ppm is visible and a
small peak appeared at -13 ppm, which is likely a shift of the peak at -10 ppm. The peak at

a chemical shift of 15 ppm is pentacoordinated aluminum atoms (framework Al
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coordinated to one water molecule). After template removal, the peak at -28 ppm in the 3P
spectrum is shifted to -30 ppm, and is assigned to tetrahedrally coordinated Phosphorous
atoms bound to four Al atoms (P(OAl)s) [73].

77A1 MAS NMR 1P MAS NMR
-28
9 |
H-SAPO-34 / \ R A
w/template (RT) , « .
" -30
: 15 .10
H-SAPO-34 (RT) ; : \ e
H-SAPO-34 (hydrated) ! . .
50 0 -50 -100
527A| Ippm S34p | PPM

Figure 37. 27Al (left) and P MAS NMR spectra (right) of template-containing SAPO-34, H-SAPO-34 and
hydrated H-SAPO-34. All spectra are measured at T = 298 K. The asterisks indicate spinning sidebands.
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Figure 38. 2’Al (left) and P MAS NMR spectra (right) of SAPO-34, 0.22CuSAPQ-34/SSIE,
0.08CuSAPO-34/LIE and 0.25CuSAPO-34/3xLIE. All spectra are measured at T = 25°C. The asterisks
indicate spinning sidebands.

Figure 38 shows the ?’Al and 3P MAS NMR spectra of the Cu-loaded samples in
comparison to the parent material. In the 3'P spectra, there are not a lot of differences, with
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the exception of a shoulder at -26 ppm. Since this peak is only present in the Cu-loaded
samples, it might be due to a de-shielding effect of P nuclei close to Cu(ll)-ions, or
coordinated water molecules towards P-O-Al units. The absence of a peak at around -15
ppm suggests that no broken Al-O-P bonds exists in the material even after the various

exchange procedures, as suggested by Buchholz et al. [74].

In the 2’Al spectra of the Cu-loaded samples, a shoulder at ~ 42 ppm, as well as a broad
peak at -16 ppm appears. The peak at -10 ppm, assigned to extra-framework Al, could be
hidden under the broad shift at -16 ppm. The broad peak at -16 ppm is assigned to strongly
hydrated octahedrally coordinated Al atoms [75], and is most likely a shift of the peak
observed at -13 ppm in the hydrated sample due to distortion of the Al from the Cu-
environment. When SAPO-34 is fully hydrated at RT, the peak at 35 ppm usually shifts to
42 — 43 ppm due to distorted tetrahedrally coordinated Al [75-76]. Since the materials in
this case have been measured post exchange, without any hydration/ dehydration measures
taken, they are only partially hydrated which could explain why the shift to 42 ppm only
appearing as a shoulder, and not a complete shift of the peak. Buchholz et al. followed the
hydration of SAPO-34 from a complete dehydrated state by treating it with steam. They
propose that the water first attacks the Bransted sites in the material, and that the shift from
35 to 43 does not occur until all Brgnsted sites have been covered by water [74]. This effect
could explain why we do not see this peak in the parent sample at RT, and only see it after
the sample has been hydrated. However, since the material with the least amount of Cu also
shows the highest intensity of the shoulder at 42 ppm, the shift is most likely affected by
the various treatments performed on the samples. Another factor is the different hydration
states of the materials, which can be induced by the presence of the Cu in the samples. In
fact, Gao et al. [77], has previously proposed that the shoulder at 42 ppm could be due to
extra framework Cu?* ions in close proximity to the tetrahedrally coordinated Al. More
data is necessary to form any conclusions about this, but at least it appears as though there
was no strong damage to the samples after the various treatments, and negligible amounts

of extra-framework aluminum in the samples.
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5.5 CuxOy Species Characterization

5.5.1 Adsorption of CO on Vacuum-Activated Cu-SAPO-34

By probing the Cu-samples with CO in a controlled manner at RT, it is possible to follow
the interaction of CO with Cu” sites in the sample and avoid the contribution from Brgnsted
acid sites, after it has been activated in vacuum at 450 °C. Figure 39 (a-c), shows the
evolution of the mono- and dicarbonyl species on Cu. The band evolution at 2153 cm™ is
due to the vibration of monocarbonyl adducts (Cu*(CQ)). As the amount of CO increases,
there is a development of bands at 2176 cm™ and 2148 cm™, which are assigned to the
symmetric and antisymmetric stretching vibration of dicarbonyl adducts (Cu*(CO)2) [39,
78]. The band at 2135 cm™ is assigned to a Cu*(CO) stretch in a more constrained
environment, while the band at 2111 cm™ is assigned by Bulanek et al. [79] to be the **CO
stretch of the band observed at 2153 cm™. Bulanek et al. [79] also assigned the two bands
at 2135 cm™ and 2111 cm™ to a heterogeneous, dual cationic site in their study of Cu,M-
FER zeolites. However, in the case of Cu-H-FER, Bulanek et al. [79] did not observe the
band at 2135 cm™, making it complicated to assign these species observed in SAPO-34 to
a dual catalytic site. Although, one could imagine that the two peaks are due to a
homogeneous dual site, with two Cu-atoms in close proximity. If this is the case, it could
be an indication that multinuclear sites exists in the material, which will be elaborated on

later in this section and with complementary techniques in section 5.5.2.

The spectra of the three samples have been normalized to the Cu content of the samples,
and it is clear that 0.22CuSAPO-34/SSIE (c) appears to have the ability to host more CO
molecules, both as mono- and di- carbonyl adducts. These results suggest that the material
made with solid state ion exchange has more accessible Cu(l) species that are under-
coordinated by having only two or three oxygen framework neighbors [39]. This type of
species are more prone to form the active CuxOy moieties. Still, it is important to keep in
mind that 0.22CuSAPO-34/SSIE is made with a different type of ion exchange than the

other two, and the correlation between the materials are therefore not straightforward.
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Figure 39. FTIR spectra of the samples 0.25CuSAPO-34/3xLIE (a+d), 0.22CuSAPO-34/SSIE (b+e) and
0.08CuSAPO-34/LIE (c+f) after probing with CO at RT. All samples was first activated at 450 °C in
vacuum. For comparison, all spectra are normalized to the framework vibration as well as on the Cu-
loading in the samples. (a-c) shows the typical CO-stretching region, where CO interacts with the Cu* sites.
(d-f) is from the typical region of framework vibrations, where it is clear that we have contributions from
Cu species.
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The two LIE-materials appear to be relatively similar. 0.08 CuSAPO-34/LIE (a) seems to
have slightly higher intensities corresponding to the Cu*(CO) band than 0.25CuSAPO-
34/3xLIE (b). However, the Cu*(CO). species seem to be more pronounced in
0.25CuSAPO-34/3xLIE. Since 0.08CuSAPO-34/LIE has a lower Cu/Si ratio, these
findings could indicate that Cu atoms are more prone to first form sites with a higher
coordination to the framework. As the amount of Cu increases, these sites become

saturated, and less coordinated Cu sites are formed.

The right column of graphs seen in Figure 39 (d-f) shows the region for T-O-T framework
vibrations in the FTIR spectra. Before CO-probing, there is one band at 894 cm™*, which is
assigned to Cu?* perturbating the framework in an oxygen bridge as [Cu-O-Cu]?* species
[80-81]. For these to be present during the experimental conditions, it appears that
activation at 450 °C in vacuum is not enough for these species to “self-reduce”. This is
supported with findings for Cu-MOR materials [82], where it is shown that di-nuclear
species are less prone to “self-reduction”. As the CO dosage increased, the band at 894 cm"
! decreased and a band at 940 cm™ developed, leading to an isosbestic point. The band at
940 cm is assigned to isolated Cu* species formation as the CO facilitates the reduction
of the [Cu-O-Cu]?* species [83]. At higher CO-loadings, a band at 971 cm™ started to
appear, which is most likely CO adsorbed on Cu® [80]. When comparing the two LIE
materials, it is apparent that the bands are more pronounced in the material with higher Cu
content. Indeed, in 0.25CuSAPO-34/3xLIE (e), the higher Cu/Si ratio could facilitate a

higher probability of two Cu atoms in close proximity forming a [Cu-O-Cu]?* species.
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Figure 40. FTIR spectra of the samples 0.25CuSAPO-34/3xLIE (a+d), 0.22CuSAPO-34/SSIE (b+e) and

0.08CuSAPO-34/LIE (c+f) after cooling to -196°C. All samples was purged with ~20mbar of CO before

cooling. For comparison, all spectra have been normalized to the framework. (a-c) shows the typical CO-

stretching region, where CO interacts with the Cu* sites. (d-f) is from the typical region of framework

vibrations, where it is clear that we have interactions from Cu.
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After CO probing at RT, the samples were degassed to around 20mbar of CO were left in
the cell and cooled down to -196 °C. At this temperature, new features appeared in the CO-
stretch region, and are presented in Figure 40 (a-c). Indeed, a band arising at 2192 cm™ due
to the formation of Cu*(CO)s species was observed. In addition, bands at 2171 and 2158
cm, which are CO interacting with Brgnsted sites and silanols/phosphanols respectively,
were also evident [78]. The band that is growing at 2141 cm™ is liquid- like CO interacting
with the framework. When comparing the two LIE samples, both the band at 2171 and the
one at 2158 cm™ appeared to be more pronounced in 0.25CuUSAPO-34/3xLIE (b), than in
0.08CuSAPO-34/LIE (a). At first glance, this was a little puzzling, since the interaction of
CO with Brgnsted sites should be more pronounced in the material with the lowest Cu/Si
ratio. However, as also seen from the acetonitrile experiment, the stretching interaction of
molecules adsorbed on the Brensted sites in 0.25CuSAPO-34/3xLIE appeared to be
enhanced in the IR spectra. However, it is hard to clearly deconvolute the contribution of
the Cu species and Bregnsted sites to the intensity of the peaks, and thus no clear correlation
to the acidity can be made.

Finally, in the framework vibration region (d-f), a band at 950 cm™* appears as the material
is cooled. This peak is likely due to a blue shift of the isolated Cu* band at 940 cm™ [80].

0.22CuSAPO-34/SSIE (c) has the highest intensity of all peaks in the CO-stretching region,
as well as in the region for framework vibrations compared to the LIE samples. Since this
material has been made with a different starting compound, as well as the high amount of
CuO particles, it is not very likely that this material is more prone to forming the active Cu-

sites, as suggested by Pappas et al. [39].

In Figure A1l in the appendix, the spectra from the OH-stretching region in addition to the
framework vibration region of 0.08CuSAPO-34/LIE only partially hydrated (300 °C)
versus the spectra that are fully hydrated (450 °C) are illustrated. The water is gone in the
partially hydrated material, but there are still some OH- species left in the material. In the
OH region, a band is present at ~3660 cm™ that corresponds to a Cu-OH vibration,
indicating the existence of Cu-OH species in the material. In the framework vibration
region, the band correlating to [Cu-O-Cu]?* at 894 cm™ is missing in the partially hydrated
material. This suggests the oxygen is occupied by another species, which in this case is
most likely an OH-group. The assignment of Cu- species will be further discussed in the

next section.
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5.5.2 Raman Spectroscopy

Capillary Measurements — Comparison to SSZ-13

Raman spectroscopy is an excellent technique to use for the detection of CuxOy species in
zeolites. This is due to the resonance effect that occurs when the materials interact with a
laser in the blue light range of the electromagnetic spectrum. The Raman spectra of the four
samples, H-SAPO-34, 0.22CuSAPO-34/SSIE, 0.08CuSAPO-34/LIE and 0.25CuSAPO-
34/3xLIE, were collected after being activated in air at 550 °C over night (Figure 41). The
two samples with the higher loading of Cu show several bands, neither of which were
present in the parent sample, nor in the spectra collected with a red laser (Figure 42),
proving the presence of oxygen-activated species. All the bands correlating to the CuxOy
species are marked in Figure 41. The strongest band at 549 cm™ is assigned as the
symmetric vibration of Cu-O in an end-on superoxo Cu(ll) species. The O-O vibration is
observed at 1006 cm™. These bands have earlier been assigned by Solomon and coworkers
at 554 and 1043 cm™ respectively [84].

The shoulders at 524 and 589 cm™, in addition to the band at 812 cm™ are assigned to a
[Cu(trans-pi-1,2-02)Cu]?* species by comparison to similar positioned bands found on Cu-
SSZ-13 by Pappas et al. and Ipek et al. [11, 85]. Here, the bands at 524 and 589cm™ is
assigned to the stretching vibration of the Cu-O bond, while the band at 812 cm™ is the O-

O stretching vibration of the peroxide.

The two broad bands observed at a resonance Raman frequency of 314 and 894 cm™ seem
to correlate well with a p-1,1-hydroperoxo-bridged copper dimer. Root et al. [86] have used
180 /180 isotope Raman measurements to assign the bands. The band at 314 cm™ is assigned
to the Cu-(O2H)-Cu metal ligand stretches, while the Raman band at 894 cm™ is assigned
as the intra-peroxide stretch of the hydroperoxide bridge. The observation of this
hydroperoxo copper dimer supports the observations done with CO-probing in FTIR, that

these species are the precursors to the “self-reduction” resistant [Cu-O-Cu]?*.

Two bands in the Cu-loaded spectra at 265 and 864 cm™ have not been assigned previously
in the literature, and would need a deeper investigation, coupled with DFT calculations to

be determined. Table 9 summarizes all the assigned bands, as well as values from literature.
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Figure 41. Normalized Raman spectra of samples in capillaries (488nm). The band assignments are for the
bands not present in the parent material, and thus related to Cu. The spectra are normalized to the

framework vibration at 479 cm™.

Table 9. Overview of bands correlating to CuxOy species observed in this study, and their

comparison to assignments found in literature.

Previously
SAPO-34  characterized SSZ-13 Assianments
(this work) species Ref: [11] g
Ref: [87]
Cu’” _OH
314 322 u-1,1-hydroperoxo ‘CI)/
dicopper(ll 23
894 892 per(ll) o0
524 510 -
Trans- p-1,2- Cul O< . 2.
587 580 peroxo dicopper(1) O Cu
812 830
549 554 _0O
Superoxo O\Cl -
copper(ll) side-on u
1006 1043
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Figure 42. Raman spectra of samples in capillaries (632 nm). The band at 549 is the only Cu-related
species observed in the red light range.

As seen in Figure 43, Raman spectra of Cu-SSZ-13 was compared to Cu-SAPO-34. Pappas
et al. [11] has already assigned the bands for the Cu-SSZ-13 sample. The bands observed
in both SSZ-13 and SAPO-34 are summarized in Table 9 together with band assignments
for the other species observed in SAPO-34. The two samples have the same CHA type
framework, but from comparing the Raman intensities, it is evident that the Cu-sites in the
samples are rather different. As already explained above, the most pronounced band in
SAPO-34 is at 549 cm™, and is assigned to a mono-copper superoxo side-on species. The
most pronounced species in Cu-SSZ-13 however, is the trans-p-1,2-peroxo dicopper
species. Pappas et al. suggest that a three-fold coordinated Cu'' site may be the most
favorable geometric site for methane conversion. This may indicate that the more
pronounced species formed in SAPO-34, which has a four-fold coordination, are not as
active in the reaction as the species formed in SSZ-13. The TEAOH template used to make
SAPO-34 will ideally create one Si atom per cage, while the template used to make SSZ-
13 (N,N,N-trimethhyl-1-adamantanamine hydroxide (TMAdaOH) does not have this
restriction. This gives the SSZ-13 sample more freedom with respect to the possibility of

multiple Brgnsted sites to be situated in the same cage, even though the Si/Al ratio is close
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to one Al atom per cage. As presented in Chapter 2.2.1, and discussed in section 5.2.2, the
Si-islands that may form in SAPO-34 during synthesis via the SM3 mechanism can lead to
fewer ion exchange sites for Cu, because Brgnsted acid sites only form on the edges of the
Si-islands. Therefore, it is possible that, in SAPO-34, there are fewer sites available to
create the various dicopper species than in SSZ-13. To examine this further, the samples

were also investigated with XAS-measurements.
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Figure 43. Comparison of SAPO-34 and SSZ-13. The band assignments are only given to the Cu-related
bands.

In Situ Raman Measurements

After observing the CuxOy species in the activated capillary-measurements, we decided to
investigate further to see if it was possible to follow the whole reaction process with Raman.
The in situ measurements were conducted in a Linkam cell. The particular setup had a
relatively high dead volume around the holder for the material, making it more prone to air
leaks and cold spots. Due to the aforementioned factors, the samples had a lot of
fluorescence in the spectra when they were heated to higher temperatures making it difficult
to detect bands corresponding to CuxOy species. These bands should, in fact, be forming at

high activation temperature, and stay present when cooling down to 200°C in O, as well
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as during purging with He. Then, when CHj is being dosed after the He purging step, the

CuO species should gradually go away as the methane starts reducing the active sites.

Figure 44 and Figure 45 depicts two spectra acquired after gradually decreasing the
temperature from 600°C to 200°C in an O2/Ar mixture for the two high loaded Cu materials,
showing how the most intense band at 549 cm™ were present at 600°C, and then gradually
went away when the temperature decreased. Because of thermal induced effects, the bands
were broadened, and it is only the most intense bands that were observed at this

temperature.

0.25CuSAPO-34/3xLIE

Normalized Intensity

T T T T T T T T T T T T T T T
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Figure 44. Raman measurements in a Linkam cell. Controlled decrease after activating in O2 at 600 °C.

0.22CuSAPO-34/SSIE
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Figure 45. Raman measurements in a Linkam cell. Collection of spectra after activating in O2 at 600 °C
with a cooling ramp of 5 °C/min.
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Several measures were taken to improve the set-up. A water-trap on the O2/Ar mixture was
installed, as well as increasing the temperature of the heating traces. Even with our best
efforts in the limited amount of time, the gas line set-up was a rather complicated system,
and we were never able to remove all the water impurities that entered the system. Despite
the outcome, the fact that the band at 549 cm™ was observed when cooling down was very
interesting. Moreover, the prospects of the technique, when complete control of the set-up

is obtained are intriguing.

Since it turned out that the dead volume and impurities had strong influence on the
experiment, the employment of a quarts capillary or reactor instead of the Linkam cell is
suggested, if one was to follow up on this in situ experiment. This way, more control of the
reaction over the material would be obtained. In addition, all the gas lines should be
separated before arriving at the reactor, to make sure that no impurities from another step

interferes with the reaction.

5.5.3 In Situ X-Ray Absorption Spectroscopy

In the previous section, the Raman spectroscopy results indicated peaks that corresponded
to different three- and four- folded Cu" coordinated species. To study the Cu speciation
further, we performed X-ray absorption spectroscopy measurements at the Cu K-edge on
the two materials with the highest Cu-loading, 0.22CuSAPO-34/SSIE and 0.25CuSAPO-
34/3xLIE. The X-ray absorption near edge spectroscopy (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra collected for the two samples are shown in
Figure 46. (a) shows the XANES spectra of 0.25CuSAPO-34/3xLIE compared to 0.5Cu-
SSZ-13(Si/Al =15), following the same pretreatments. The spectra were collected after
pretreatment in He at 500 °C (red) and further exposure to O, at 500 °C (blue) and 600 °C
(purple). The dotted orange line is He-activation for the Cu-SSZ13 material, and the dotted
blue line is further exposure to O, at 500 °C for the same material. The inset in Figure 46
(a) shows the FT-EXAFS spectra corresponding to the aforementioned pretreatments. The
features observed in the XANES and FT-EXAFS spectra are characterized based on the
publication by Borfecchia et al. [2] and Pappas et al. [11], who did in depth analyses of the
XAS features of Cu-SSZ-13 samples after different pretreatments. The first feature on the

rising edge at around 8983 eV, is assigned to 1s — 4p transitions of Cu(l) ions. The peak
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at slightly higher energy (8986 eV), are also 1s — 4p transitions of Cu(l)/Cu(ll) ions. The
He-activated spectrum shows a highly developed Cu(l) state in Cu-SAPO-34, indicating
that the Cu in the material has a high “self-reduction” potential; even more than Cu-SSZ-
13. This finding is supported by H>-TPR experiments, comparing the two CHA-materials
by Gao et al. [77]. After the material is contacted with Oz, an important fraction of Cu(l) is
reoxidised to Cu(ll), as seen by the decrease of the peak corresponding to the 1s — 4p
transition of Cu(l) ions, while the peak at higher energy rises, when compared to the He-

activated material.

It is only small modifications in the Cu-SAPO-34 spectra when the material is activated in
0O, at 600 °C, but the higher intensity of the first peak at 8983 eV on the rising edge indicates
a slightly higher amount of Cu(l) in the system. This could be due to thermal instability of
the O-derived species that form at 500 °C. In addition, an increase in the white line (WL)
is observed after exposure to Oz, and is slightly higher when the material is pretreated at

500 °C, compared to when it is pretreated at 600 °C.

The WL intensity is linked to the average coordination number of Cu [2, 11]. Thisisin line
with the re-oxidation of bare Cu(l) species to Cu(ll) containing CuxOy moieties formed
after Oz reaction of the pre-reduced sample, and it appears that more Cu'xO, moieties are
able to form at 500 °C. The FT-EXAFS spectra of Cu-SAPO-34 shows that the first shell
increases when the pre-reduced sample is exposed to O». This coincides with the increase
of the WL intensity observed in the XANES, as well as development in the second and
third shell, indicating the formation of highly coordinated Cu(ll) species. However, some
Cu(l) remains, even after exposure to O2. Qualitatively, it seems that there is a higher
fraction of Cu(l) species in the SAPO-34 sample compared to SSZ-13 after exposure to Os.
The first maximum in the FT-EXAFS spectra comes from Cu-O single scattering paths,

involving two framework (Osw), and extra framework (Oef) 0Xygen atoms.

The second peak has been assigned to a second shell aluminum atom (Ts) in Cu atoms
coordinated to the framework. Cu-SSZ-13 appears to have a higher intensity of the white
line (WL) as well as in the first shell. This indicates that Cu-SSZ-13 contains more four-
fold coordinated Cu than Cu-SAPO-34.
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Figure 46. XAS spectra of (a) a comparison of Cu-SAPO-34 and Cu-SSZ-13 after activation of SAPO-34 in
He @500°C (red line), O, @500°C (blue), O, @500°C (purple) and activation of SSZ-13 in He @500°C
(dotted orange) and O, @500°C (dotted blue). 0.22CuSAPO-34/SSIE (b) is shown in the bottom spectra with
the same treatments. The black dotted line is pure CuO for comparison between the hydrated sample of LIE
(denoted WIE in the figure) and SSIE.

From the Raman spectra, we found that the most pronounced species in Cu-SAPO-34 was
a superoxo Cu(ll) species, which is a four-fold coordination, while the high intensity trans-
peroxo dicopper species in the Raman spectrum of SSZ-13 is a three-fold coordinated
species. This may seem contradictive; however, it is important to keep in mind that a high

79



Raman intensity does not necessarily correlate to the amount of species, since the Raman
intensity is an effect of resonance. In addition, Cu-SSZ-13 contains redox inactive Cu-
species, which are four-fold coordinated to the framework located in the 6-membered ring
(6mr), where Cu coordinates to Ony from two Al sites which contribute in the first shell and
WL intenity [14]. These require two Brgnsted sites inside the same 6mr of the framework,
separated by one or two Si-atoms. For SAPO-34, it is not possible to have an even number
of T-atoms between two Al-atoms, since Si can only exchange with the phosphorous atoms
to form Brgnsted sites, or in a Si-rich patch, it can exchange with two P, and one Al atoms
(see Figure 47 for graphical representation). Therefore, the only possible configuration of
two Bregnsted sites in SAPO-34 are with one Si atom between the two Al atoms. This kind
of species has been shown to be less stable than when the configuration has two Si between
the Al atoms [14].

0 0
P~ Al T/ \’l\' P/O\AI
I | |
0 0- 0 0L 0 0
/Tl/ \S|i /I\' Sll /|\|/ \Sli
0 0 0
O\P/O\AI/O \Si/ \AI/ O\Qi/o\ei/’o

Figure 47. Scheme of possible Si environments in the 6mr of SAPO-34.

XAS measurements were also performed on 0.22CuSAPQO-34/SSIE, as presented in Figure
46 (b), but already from the spectra of the hydrated sample collected at RT, it is evident
that this SSIE sample had CuO particles in it, as already detected by PXRD. Because of
this, it is difficult to directly compare the XANES and FT-EXAFS spectra of the two
SAPO-34 materials. Preliminary linear combination fitting (LCF) analysis shows almost
52 % of the total Cu existing as CuO. The activated spectra in He and O follows the same
trend as the 0.25CuSAPO-34/3xLIE, but involving only the isolated Cu-components, while
the CuO aggregates are most likely to be stable under these reaction conditions. Since so
much of the Cu in the sample exists as CuO, it could be an explanation of the poor
normalized productivity of the sample. The reason that we do not see the great influence of
this in the other characterization techniques applied is because the other techniques mostly
focuses on the surface, while XAS probes the bulk of the sample.
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6 Conclusions and Further Work

Initially, NHs-facilitated incorporation of Cu into Mordenites was attempted. Even though
this approach was judged to be unsuccessful for the conditions tested in this work, it should
be subjected to further investigation. This is due to the prospects of a simple and low
temperature setup that can be used as an alternative to the more harsh conditions employed

by the solid-state ion exchange method.

SAPO-34 was successfully ion exchanged with Cu, utilizing both a liquid (LIE) and a solid-
state (SSIE) ion exchange method. The LIE exchanges were proven to be successful (i.e.
to yield well dispersed Cu and no detectable particles) based on the results obtained by
SEM/EDX, PXRD, Nz-adsorption and 2’Al and 3P MAS-NMR characterization of the
materials. The materials made from SSIE were also found to yield well dispersed Cu,

however, some CuO agglomerates were detected.

The Cu-exchanged SAPO-34 materials showed the ability to activate CHa in a setup for the
direct methane to methanol conversion (DMTM). The Oz-activation temperature and the
H>O-assisted extraction temperature were varied to observe the effects of the different
conditions on the materials. Cu-SAPO-34 materials exchanged with liquid ion exchange
proved to be the most promising candidates for the activation of methane at the process
conditions employed as they exhibit a higher yield of methanol per Cu atom. However, it
is clear that the performance found for Cu-SAPO-34 here is inferior to that found for

aluminosilicates, such as the isostructural SSZ-13.

CO- and acetonitrile FTIR were performed on the materials to investigate the acid sites.
These techniques showed that there is a significant decrease in acidity as Cu is incorporated
into the materials, proving that Cu had been ion exchanged at the Brgnsted acid sites as

intended.

The materials were further studied to investigate the nature of the active sites in Cu-
incorporated SAPO-34. CO was used as a probe with FTIR spectroscopy to investigate the
ability of the materials to form mono-, di- and tricarbonyl species on Cu'*. The materials
with the highest Cu-loading had a higher absorbance of multi-carbonyl species, which
indicated that a greater amount of lower coordinated Cu-species that are more prone to Oa-

activation exists in these materials.
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CO-FTIR also showed the existence of a mono-p-oxo dicopper ([Cu-O-Cu]?*) species less
prone to self reduction. The observation of this species was supported by Raman
spectroscopy, where a p-1,1-hydroperoxo bridged dicopper ([Cu-O-(OH)-Cu]?") species
was observed under O;-activation of the material. This species is assumed to be a precursor
for the mono-p-oxo dicopper species, which forms when the p-1,1-hydroperoxo bridged
dicopper species is exposed to a reducing atmosphere. Mono-p-0xo dicopper species are
found on Cu-SSZ-13 as well, and is believed to be one of the active species in the direct
conversion of methane to methanol over Cu-CHA [11]. From the results obtained from
Raman, XAS and FTIR, it was also evident that a monomeric end-on superoxo copper(ll)
species was present in the material. This species has a four-fold coordination, and is

possibly a less favorable site for methane conversion.

When comparing the activated Cu-sites found in SAPO-34 materials to coordinated species
found to be active in Cu-SSZ-13, it was evident that the CuxOy species that form in SAPO-
34 differ from the ones found in SSZ-13. The dissimilarities in activity and Cu species
formation of these two materials are likely caused by the obvious differences in the
framework composition. The species believed to be the most active in SSZ-13, the peroxo
[Cu(trans-p-1,2-02)Cu]?* species [11] is unlikely to be formed to a high extent in SAPO-
34. This is because SAPO-34 has a higher dispersion, as well as fewer Bransted acid sites

for ion exchange to occur, leading directly to a higher formation of monocopper species.

Further contributions to the study of these SAPO-34 materials for the activation of methane
in the DMTM conversion would be to perform more reproducibility tests to obtain a better
understanding of the structure-activity relationships. A deeper investigation with in situ, as
well as operando Raman spectroscopy to investigate which Cu-species are affected by
exposure to methane would also be very interesting.

In general, it would be of value to investigate other (Al+P)/Si ratios of SAPO-34 for the
reaction, as well as the effect of using other structure directing agents in the synthesis. This
might lead to a different distribution of the Brgnsted sites, and hence a different
environment of Cu species. It could also be important to test different ion exchange
procedures, to obtain a higher Cu-content in the materials. Finally, it would also be very
interesting to study Cu-SAPO-34 with DFT calculations in particular to compare to Cu-
SSZ-13 materials, and to investigate the exchange positions that lead to the most stable

configurations in the two CHA-frameworks.
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7 Appendix

7.1 Calculations for the lon Exchange Procedures

Calculations performed to find the amount of Cu(l)O for NHs-facilitated Cu-
incorporation in Mordenite:

Constants used for the calculations:

Material weight: my;orgenite
Molar mass of Cu(1)O: My, ;)0 (143.0914 g/mol)

Al/gMordenite (1-39 mmOI/g) : bAl

Cu/Al =x

First, the amount of Al (n,;) in the weighed amount of Mordenite is found:
Na1 = Myordenite * Dat
Amount of Cu (ng,1+) is found from the intended Cu /Al ratio:
Neyux) = Mar X
Neyt+ © Neyyo = 2 ¢ 1, leading to;

New(x)
Neu(Hox) = )

Meunox) = Neuox) ~ Mcumno
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Calculations performed to find the amount of CuAcz needed for full
exchange of the material in the repeated Liquid ion exchange

Constants used for the calculations:

Si/gsapo-34 (1.033mmol/g) : bs;, calculated from EDX-data (see appendix 7.3)
Material weight: mgapo_34
Molar mass of CUAC2: M¢y4c, (181.6316 g/mol)

CulSi=x

First, the amount of Si in the weighed amount of SAPO-34 is found:
Ns; = bs; * Msapo—34
The amount of Cu (n,,2+) is further found from the intended Cu/Si ratio:
Ney2+ = Ngi ° X
Neyz+ * Neyae, = 111, leading to;
Ncuac, = Ney2+

Meyac, = Ncuac, * MCuAcz

Example of calculations performed to find the amount of CuCl2 needed for
solid state ion exchange

Constants used for the calculations:

Si/gsapo—34 (1.033mmol/g) : bs;, calculated from EDX-data (see appendix 7.3)

Materlal WEIght Mgapo-34
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Molar mass of CuCla: M¢ycr, 21,0 (170.452 g /mol)

CulSi=x

Ng; = bsi * Mgapo—34
The amount of Cu needed is found from the Cu/Si ratios:
Neux) = Nsi * X

Neyz+ * Neyac, = 11, leading to;

Ncuci,-2H,0 = Ncu(x)

From the BET calculations, the total pore volume of H-SAPQO-34 per gram of zeolite was

found (V0 (0.3059 m7L)), and can be used to find the concetration of CuClz (Ccycr,-21,0)
in the solution:
Vi,0,totat = Vi,0 * Msapo—34

_ Ncuciy2h,0
CCuClz'ZHzo - V
H,0,total

An excess amount of solution is made (Vs,;), and is used to determine the mass of CuCly:

_ Ceuct, 20,0
Ncuct,2H,0 = v
sol

Meuct,2H,0 = Ncucly 28,0 * Mcuct, 2H,0

The volume of V7, , is eventually extracted from the solution, Vs, to mix with the weighed
amount of SAPO-34.
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7.2 Stoichiometry calculations

Table Al. Molar mass and stoichiometric values of the elements in the SAPO-34 material

(Aml(Si02),  (AlOy), - (PO2),] - kH,0)

Molar mass ratio*
(g/mol)
Si 28.085 0.0629
Al 26.982 0.491
P 30.974 0.4462
15.999 2%*
H 1.008 0.0629***
Cu 63.546

*Found with EDX analysis of H-SAPO-34.

**This value was not determined by EDX, it was instead determined from the stoichiometric equation in the
table description.

***Assuming all Si atoms in the material lead to a Brgnsted acid site, the stoichiometric amount of Hydrogen

was set equal to the stoichiometric amount of Si.

From the values presented in Table Al, it is possible to calculate the molar mass (g/mol)
of SAPO-34 per Si atom in the material,

1
Mgppo-34 = Z(MX * Xratio)

Slratio

Here, X = Si, Al, P, O and H, My is the molar mass and X,.,:;, IS the stoichiometric

distribution of each of the elements, X.

For calculations related to the ion exchange (presented in the section above), it is necessary
to know the amount of Si per gram of zeolite. When the molar mass of SAPO-34 per Si

atom is known, it is straightforward to obtain the amount of Si per gram of zeolite (bg;);

1

MSAPO —34

bs;
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To obtain the molar mass per Si atom in the ion exchanged materials, the calculations were

as follows:
Cu
Mcy-sapo-34 = Msapo—34 + ((E) X MCu) -1
ratio
M, is the molar mass of Cu, and the (C—?) is obtained from EDX, and presented in
ratio

Table A2 for all the materials.
The weight percentage (wt%) of Cu is further calculated from these results:

((%)ratio ’ MCu)

MCu—SAPO—34

Wt%¢, = 100 -

Finally, the amount of Cu per the gram of SAPO-34 can be found (b¢,);

(*105)

=|—2 711
bew e 000000

Table A2. Values related to the Cu-content of the ion exchanged materials, needed for
calculations of the productivity, presented in Section 4.3.2.

Cu/Si* Molar mass Wit% Cu Cu
(9/mol) (umol/g)
H-SAPO-34 968.151 -
0.08CuSAPO-34/LIE* 0.084 972.508 0.55 86.7
0.23CuSAPO-34/LIE 0.230 981.763 1.49 234.2
0.25CuSAPO-34/3xLIE 0.245 982.709 1.58 249.1
0.03CuSAPO-34/SSIE 0.033 969.225 0.21 33.7
0.22CuSAPO-34/SSIE 0.220 981.122 1.42 224.1

*Found with EDX analysis of the materials.
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7.3 Performance tests analysis

The yield of X obtained from the formulas presented in section 4.3.2 is plotted against TOS,
so that the integrated area can be substracted as the total yield of the product X. An example
of this integration is given in Figure Al. All performance data obtained for (Cu-)SAPO-34

is presented in the table below.
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Figure Al. Integration of the products obtained after performing the standard test on 0.22CuSAPO-
34/SSIE. The Area is the yield of the products per mass of the zeolite (LMOlx/Jzeolite)-
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Table A3. Performance data of all samples tested in this thesis. Test #1 is

Test conditions MeOH COx Selectivity Productivity
(umol/g) | (umol/g) (%) (molmeon/molcy)
H-SAPO-34 02@500°C(8h)/H20- = 3.20 = R
ext.@200°C(2h)
0.08CuSAPO- Same as above 1) 0.81 1) 3.81 1)17.5 1) 0.009
34/LIE* 2)1.22 2)3.32 2) 26.8 2)0.014
0.23CuSAPO- Same as above 0.63 3.71 14.5 0.003
34/LIE
0.25CuSAPO- Same as above 0.99 7.13 12.2 0.004
34/3xLIE
0.03CuSAPO- Same as above 0.31 5.49 5.4 0.009
34/SSIE
0.22CuSAPO- Same as above 1.26 4.04 23.8 0.006
34/SSIE
0.3CuSSz- Same as above 18.25 12.08 60.2 0.043
13(12)
0.08CuSAPO- 02@500°C(8h)/H20- 0.19 2.29 7.5 0.002
34/LIE ext.@140°C(2h)
0.25CuSAPO- Same as above 2.96 7.54 28.2 0.012
34/3xLIE
0.22CuSAPO- Same as above 1.69 3.28 33.9 0.008
34/SSIE
0.08CuSAPO- O2@600°C(8h)/H20- 1.30 3.67 26.1 0.015
34/LIE ext.@200°C(2h)
0.25CuSAPO- Same as above 1) 1.57 1) 4.69 1) 25.1 1) 0.006
34/3xLIE* 2)1.77 2) 4.25 2)29.4 2) 0.007
0.22CuSAPO- Same as above 1.12 3.59 23.8 0.005
34/SSIE
0.08CuSAPO- 02@600°C(8h)/H20' a) 0.79 a) 3.73 a) 17.5 a) 0.009
34/LIE** ext. @140°C(2h) b) 0.91 b) 3.28 b) 21.7 b) 0.011
c) 0.94 c)3.74 c) 20.1 c) 0.011
0.25CuSAPO- a) 2.21 a) 5.01 a) 30.6 a) 0.009
34/3xLIE** Same as above b) 1.66 b) 4.01 b) 29.2 b) 0.007
c) 1.67 c) 3.26 c) 33.8 c) 0.007
0.22CuSAPO- a) 0.96 a) 3.24 a) 22.8 a) 0.004
34/SSIE** Same as above b) 1.03 b) 2.67 b) 27.9 b) 0.005
c) 0.27 c) 3.74 c) 10.2 c) 0.001

*test performed two times for reproducibility test.
**test performed as a continuous cycle of three runs, (a), b) and c)), to investigate the

stability of the materials.
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7.4 Calibration Factors of MeOH, DME, CO and
CO;

2600 m  Measure ppm of DME
linear fit
y=5.98x10"x + 2.38x10°
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E 1500
o
2
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Integrated Area

Figure A2. The slope of the linear fit is the calibration factor of DME used in the calculations above. The
slope is obtained by plotting the ppm values dosed against the integrated area observed in the mass

spectrometer of the GC-MS.
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Figure A3. The slope of the linear fit is the calibration factor of MeOH used in the calculations above. The
slope is obtained by plotting the ppm values dosed against the integrated area observed in the mass

spectrometer of the GC-MS.
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Figure A4. The slope of the linear fit is the calibration factor of CO used in the calculations above. The

slope is obtained by plotting the ppm values dosed against the integrated area observed in the mass
spectrometer of the GC-MS.
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Figure A5. The slope of the linear fit is the calibration factor of CO, used in the calculations above. The
slope is obtained by plotting the ppm values dosed against the integrated area observed in the mass
spectrometer of the GC-MS.



7.5 Thermogravimetric Analysis of Template
Removal in SAPO-34

The average template loss is estimated to be 16.8 =17 %, based on the Figure A6, with its
corresponding values reported Table A4.
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- 400 @
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= —
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21 100
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16 0
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Figure A6. Template-loss in H-SAPO-34.

Table A4. Calculated weight loss for H-SAPO-34, reported in mass (g) and percentage
(%).

Weight loss (mg) Weight loss (%0)
Test 1 3.6112 17.6
Test 2 7.5249 16.6
Test 3 4.6567 16.3
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7.6 Acetonitrile Adsorption with FTIR

Table A5. Calculated values of the area density of the three samples used in the Lambert-

Beers law for calculating the concentration of CD3CN per mass of zeolite.

area
Water content Mass dry mass density
(%) (mg) (mg) (mg/cm?
)*
H-SAPO-34 16.4 15.0 12.54 9.5
0.08CuSAPO-
34/LIE 13.8 15.0 12.93 9.7
0.25CuSAPO-
34/3xLIE 17.7 15.0 12.35 9.3
0.22CuSAPO-
34/SSIE 6.94 15.0 13.96 10.5

*Area of pellet: 1.33 cm?

Table A6. Peak position and integrated area of the Lewis and Brgnsted acid sites, found

with deconvolution of the graphs below into Gaussian curves.

Lewis Lewis acid Brgnsted Brensted acid
acid site site - acid site site -
position integrated position integrated

(cm) area (cm™) (cm) area (cm™)

H-SAPO-34 2318 6.60 2293 2.20
0.08CuSAPO- 2318 4.53 2294 1.29
34/LIE
0.25CuSAPO- 2316 4.27 2298 1.71
34/3xLIE
0.22CuSAPO- 2316 5.91 2295 0.69
34/SSIE
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Figure A7. Deconvoluted spectrum of H-SAPO-34. The spectra have been normalized to the framework,
bfore the activated spectrum before dosing has been subtracted as background.
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Figure A8. Deconvoluted spectrum of 0.08CuSAPO-34/LIE. The spectra have been normalized to the
framework, bfore the activated spectrum before dosing has been subtracted as background.

94



R2= 0.999

0.1

Normalized Absorbance (a.u.)

T v T ’ T ’ T v T v T ' T
2350 2300 2250 2200 2150 2100 2050

Wavenumber (cm™)

Figure A9. Deconvoluted spectrum of 0.25CuSAPO-34/3xLIE. The spectra have been normalized to the
framework, bfore the activated spectrum before dosing has been subtracted as background.
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Figure A10. Deconvoluted spectrum of 0.22CuSAPO-34/SSIE. The spectra have been normalized to the
framework, bfore the activated spectrum before dosing has been subtracted as background.



7.7 Difference in FTIR Spectra, Observed for
0.08CuSAPO-34/LIE

(a 1) 0.08CuSAPO-34/LIE (32) 0.08CuSAPO-34/LIE
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Figure All. (al) and (b1) are the spectra of the OH-stretching region interacting with CO, and framework
vibration region of 0.08CuSAPO-34/LIE after activation in vacuum at 450 °C. (a2) and (b2) are the the
same regions of 0.08CuSAPO-34/LIE after activation in vacuum at 300 °C.
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7.8 Data Collected for the Articles Accepted in
JACS and ACS Catalysis, 2018

Data Tested for the Article Accepted in ACS Catalysis [9]

The first three materials in Table A7 was stability tests performed in a multiple process
cycle. First, the materials were dried in He at 150 °C, before the materials were ramped in
O at 5 °C/min, and kept there for 8 h. The materials were then cooled to 200 °C, and purged
with He for 45 min. Then, CH4 was loaded for 6 h, before He was purged again for 45 min.
Finally, the H.O-assisted extraction of methanol was performed at 200 °C. After each
reaction cycle, the materials were kept in a He flow at 200 °C, before the materials were
subjected to a new full cycle. The data obtained from the multiple cycle process are
illustrated in Figure A12, together with other MOR-materials tested by Dimitrios Pappas.
The figure is copied from the published article.

The last three materials in Table A7 was tested with the same reaction conditions as
presented above for one cycle, to compare characterizations of the materials before and

after being exposed to the reaction conditions.

Table A7. Performance data of the Cu-Mordenite zeolites (calculated after 1 extraction)

tested for the ACS Catalysis paper.

Exch. MeOH COx Selectivity Productivity
(umol/g) (umol/g) (%) (molmeon/molcy)
0.11Cu,H- LIE 39.0 6.4 86.0 0.21***
MOR/11 *
0.36Cu,H- LIE 124.3 10.6 92.1 0.25***
MOR/11
0.09Cu,H- SSIE 36.1 5.5 86.9 0.28***
MOR/11/Cl**
0.06Cu,H-MOR/7 | LIE 37.4 7.4 83.5 0.30
0.18Cu,Na- LIE 36.2 6.1 86.9 0.15
MOR/11
0.32Cu,Na- LIE 73.8 11.0 87.0 0.17
MOR/11

*The name is abbreviated as follows: The first value is the Cu/Al ratio, and the number at the end is the Al/Si

ratio of the samples.
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**The Cl at the end of the name indicates that the ion exchange were performed with CuCl, as Cu-precursor.

***Test repeated 3 times, with a flushing step in He at 200 °C, before the test were started again.

® 0.11Cu,H-MOR/11 = 0.09Cu,H-MOR/11/Ac 4 0.09Cu,H-MOR/11/CI
® 0.36Cu,H-MOR/11 m 0.35Cu,H-MOR/11/Ac A 0.35Cu,H-MOR/11/CI|
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Figure A12. Published plot of the stability tests that were performed on the first three materials in the table
above.

Data Tested for the Article Accepted in JACS [82]

All the different test conditions employed are presented in Table A8.

Test #1 was tested on the materials to replicate the Operando XAS test conditions used
during XAS experiments at the BM31 beamline at ESRF, to investigate reproducibility of
values obtained from the MS-spectrometer connected to the setup at ESRF.

Test #2 was tested on the materials to replicate the O activation step used during HERFD
XANES experiments used at ID26 beamline at ESRF, to ensure that the normalized
productivity can be quantitatively correlated with the fraction of active Cu evaluated from

spectroscopy.

Test #2.1 was performed to investigate if a prolonged CHas-activation step would alter the

productivity values obtained from test #2.

Test #4 was tested on MOR samples with Si/Al = 7, to replicate the test conditions used
during HERFD XANES experiments used at ID26 beamline at ESRF.
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In Table A9 are all the productivity values that was obtained for the different materials

presented.

Table A8. Test conditions employed on the different activity tests.

He activation O, activation CH4 loading H.O-assisted Methanol
(°C) (°C) (°C) extraction (°C)
[time(min)] [time(min)] [time(min)] [time(min)]

Test #1 - 500 200 200
[90] [120] [70]
Test #2 - 500 200 200
[30] [360] [70]
Test - 500 200 200
#2.1 [30] [480] [70]
Test #3 500 500 200 200
[240] [150] [360] [70]

Table A9. Productivity data obtained for all materials tested in the different conditions.

Productivity Productivity* Productivity* Productivity
Exch. Test #1 Test #2 Test #2.1 Test #3
(molpeon/molcy) | (MOlactme/MOlcy) | (MOlactme/molcy) | (MOlmeon/molcy)
0.28Cu,H- LIE 0.140
MOR/11
0.36Cu,H- LIE 0.076 0.084 0.087
MOR/11 *
0.18Cu,H- LIE 0.129 0.247 0.237
MOR/7 *
0.24Cu,H- LIE 0.100 0.152
MOR/7*

*Productivity of these tests are reported as the total amount of activated methane per Cu

content.
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-conversion

Table A10. Overview from literature on the effect of composition and reaction conditions

on the productivity of Cu-CHA. Table is published in [14].

7.9 Reported Productivity Values from Literature

for Cu-CHA Used in the DMTM
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*The last six samples in the table are H-SSZ-13, and not Na-SSZ-13.
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