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Chapter 1
General Introduction

1.1. Two Sides of the Same Coin
In 1895, Wihelm Ostwald gave the first scientifically precise definition of the term “catalyst”,
which means “a substance which alters the rate of a chemical reaction without itself appearing
in the products”. Interestingly, in the Eastern world the Chinese ideogram (chu mei) for
catalysts, used to utilize in both China and Japan, means “marriage broker”

[1, 2]

. These two

definitions are nicely linked together, as during a chemical reaction, for the breakage of old
chemical bonds and the formation of new chemical bonds energy barriers have to be lowered,
which is frequently achieved through the “brokering” by a catalyst material.
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Nowadays, catalysts are of crucial importance in many chemical and petrochemical
industries, where the synthesis of more than 85% of all transportation fuels and chemicals
involves at least one catalytic step

[3]

. Catalysts can be roughly divided into three types:

heterogeneous, homogeneous and enzymatic catalysts. Within the group of heterogeneous
catalysts, which are heavily used in chemical industry nowadays, zeolites and zeo-type
materials play an important role in the manufacturing of transportation fuels, chemicals and
materials, including but not limited to polymers [4, 5]. This PhD Thesis will focus on the study
of zeolites and zeo-type materials for the production of polymers, namely light olefins. As a
consequence, this introduction will elaborate on the basic characteristics of zeolites and zeotype materials as well as on the current knowledge on the process to synthesize light olefins
from methanol via the so-called methanol-to-olefin (MTO) process.

1.2. Zeolites and Zeo-type Materials
Zeolites are crystalline microporous aluminosilicates, which classically consist of silicon (Si4+)
and aluminium (Al3+) cations tetrahedrally coordinated by four oxygen anions (O2-) [6]. While
zeo-type materials are constructed in the same way as zeolites, and they contain a wider
variety of chemical elements, such as P, B, Ga, Ti, Mn and Fe

[7]

. There are two important

characteristics of zeolites and zeo-type materials, which make them ideally suited for catalytic
applications [7]. The first one is the ability to have Brønsted acidity, whereas the second one is
their well-defined/ordered network of micropores. The presence of Brønsted acidity arises
from the protons used to compensate the negative charges of the zeolitic framework, which
are generated through the replacement of silicon (Si4+) ions by aluminium (Al3+) ions

[4]

. By

3+

definition, one proton should then be introduced for each framework Al . Thus by altering
the framework Si/Al ratio during zeolite synthesis, a different number of acid sites can be
obtained. Furthermore, the strength of Brønsted acid sites can also be varied by altering for
example the framework chemical composition [7]. This can be rationalized by noting that any
change of the zeolite composition would modify the electronegativity of the framework, and
the higher it is, the stronger is the acidity [7].
Another important characteristic of zeolites is their well-ordered microporous network,
which consists of channels and cavities with molecular dimensions. These porous structures
are constructed from the connection of distinct secondary building units (e.g. six rings, four
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rings and double six rings), which are obtained from the AlO4 and SiO4 tetrahedral primary
building entities

[6]

. As a result, a number of different structures can be made, which are

classified by their framework topology. Today, 213 distinct zeolite topologies exist in nature
and are accepted by the International Zeolite Association (IZA) as recently announced at the
17th International Zeolite Conference (IZC) [8]. Moreover, the zeolite topology also influences
the Brønsted acidity due to the long-range effects and the local structure around the Brønsted
acid site (e.g. bond angle and distance in the Al-OH-Si group)

[7]

. Additionally, the zeolite

topology is of importance for the development of the so-called shape-selectivity effects

[9]

. It

also has lead to the alternative name for zeolites and zeo-type materials, namely molecular
sieves.
In short, their tunable acid site density, acid strength, and different pore systems with
distinct molecular shape selectivity provide zeolites and zeo-type materials with unique
properties to catalyze various industrially important chemical reactions

[4, 7, 9]

. However, only

a few of the 213 known zeolite framework structures have been commercially utilized so far.
These topologies include MFI (ZSM-5), CHA (SAPO-34 and SSZ-13), FAU (Y), FER
(Ferrierite), BEA (Zeolite Beta) and MOR (Mordenite) [10]. This PhD Thesis will focus on the
CHA structure, which we will now discuss in more detail.
The CHA topology is known to have a three-dimensional pore system, which consists
of large cavities (6.7 × 10.9 Å) interconnected through small 8-ring windows (3.8 × 3.8 Å), as
shown in Figure 1.1. There are two important catalyst materials possessing the CHA topology,
namely SAPO-34 and SSZ-13.

Figure 1.1. Pore architecture of the CHA framework topology, as taken from the website of International
Zeolite Association (IZA) [8].
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SAPO-34 is a zeo-type molecular sieve as it is a microporous silicoaluminophosphate.
It is synthesized by introducing silicon atoms into the neutral aluminophosphate-34 (ALPO34) molecular sieve, thus creating Brønsted acidity in the material. In order to obtain the
Brønsted acidity, two different substitution mechanisms have been proposed for Si
incorporation [11, 12]. The first one refers to the substitution of one P atom with one Si atom to
form Si(4Al) entities, giving one localized negative charge for forming Brønsted acidity. The
other substitution mechanism is described as double substitution of neighboring Al and P by
two Si atoms, resulting in Si(nAl) (N=3-0) units with stronger Brønsted acid sites [13]. Due to
its medium acidity and unique architecture, SAPO-34 has found application in the promising
MTO process.
SSZ-13, a microporous aluminosilicate with the CHA structure, has been reported to
display a higher acid strength than SAPO-34

[14]

. It has been suggested that this higher acid

strength may enhance the coke formation during e.g. the MTO process via favoring the
intermolecular hydride transfer reactions, which therefore could limit the application of the
SSZ-13 material

[15]

. However, a higher conversion capacity and a lower optimum operation

temperature have been found during MTO when using the more acidic SSZ-13 as compared
to SAPO-34, which suggests that SSZ-13 could be an interesting alternative to SAPO-34 as
MTO catalyst [16]. In addition, Cu-exchanged SSZ-13 materials have recently attracted a lot of
attention due to their high and stable activity in the selective catalytic reduction (SCR) of
nitrogen oxides (NOx) with ammonia, which is a very important process for exhaust catalyst
systems [17].

1.3. Conversion of Light Alcohols into Light Olefins
In modern petrochemical industry, light olefins (e.g. propylene) are key building blocks to
produce several materials, such as polymers

[18, 19]

. The majority of the olefin production

comes from steam cracking of naphtha and natural gas liquid, as well as from fluid catalytic
cracking (FCC) units

[20, 21]

. However, the current high price of crude oil and the growing

environmental concerns have simulated increasing efforts towards the development of new
and improved catalytic technologies based on oil-alternative feedstocks [22-24].
Within this context, methanol has gained a lot of attention since it can be converted
into either gasoline (MTG, methanol-to-gasoline) and/or olefins (MTO/MTP, methanol-to-
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olefins/methanol-to-propylene) depending on the applied process conditions and the type of
acidic zeolite catalysts

[25-27]

. Although different zeolite materials have been studied

extensively by industry and academia, SAPO-34 and ZSM-5 are investigated the most and
even industrially applied for the methanol-to-hydrocarbons (MTH) process [23, 28, 29]. Methanol
can be produced from synthesis gas (syn-gas), a mixture of CO and H2, which can be
alternatively obtained from any gasifiable carbon-rich feedstocks, including natural gas, coal
and biomass [24, 30].
Regarding the production of olefins, several commercial MTO/MTP processes have
been developed so far. Their main properties, including the choice of zeolite or zeo-type
materials, reaction conditions, as well as their current state of development are summarized in
Table 1.1.
Table 1.1. Summary of commercial MTO/MTP processes worldwide [31-33].

Process

Norsk Hydro (now
INEOS) /UOP
MTO

Lurgi’s MTP

DMTO (Dalian
Institute of
Chemical Physics
MTO)

Reaction conditions

Current state of
development

SAPO-34

Low-pressure fluidized-bed
reactor with efficient
temperature control and
continuous regeneration

2009: Build of a semicommercial demonstration unit
in Feluy, Belgium, which
processes up to 10 tonnes per
day of methanol feed.
2011: Announcement of the
construction of a 295 kt/y plant
in Nanjing, China.

Highly siliceous
H-ZSM-5

Parallel fixed-bed quench
reactors enabling
intermittent regeneration,
with feed injection between
beds to control temperature

2010: Start of the first plant in
China with an annual propylene
capacity close to 500 kt/y with
gasoline (185 kt/y) being the
major by-product.

SAPO-34

Fluidized-bed reactor with
recycle of C4+ olefins to
maximize ethylene and
propylene production

2010: Start of a 600 kt/y
(ethylene+propylene) plant in
Baotou, China.

Catalyst

Alternatively, growing attention has been devoted to the full utilization of other light
alcohols, which can be obtained in a large quantity from modern lignocellulosic biorefineries
[34-36]

. Ethanol is such a promising candidate, which can be either generated indirectly via a
11
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syn-gas route from the thermochemical conversion of biomass route, or directly via the
[37-39]

fermentation of biomass, such as cellulose

. Although dehydration of ethanol into

ethylene is catalytically straightforward, the formation of propylene via the ethanol-to-olefins
(ETO) reaction is more preferred due to the increasing demand of propylene relative to
ethylene nowadays. Although the ETO process has not yet been commercialized, it has the
potential to do so since the same hydrocarbon molecules have been found in the products
during the ETO and MTO processes when making use of a ZSM-5 catalyst

[40, 41]

. However,

several challenges remain to be solved in the ETO process, which are mainly related to the
relatively rapid catalyst deactivation due to the formation of ethylene as coke precursor [42]. It
has been suggested that this deactivation could be suppressed by adding water to the feed or
using lightly distilled bio-ethanol [40, 42].
In the following subsections, we will summarize the most important mechanistic and
kinetic features of the MTO process, and also indicate which experimental approaches have
been used to gather fundamental insights in the activation and deactivation processes taking
place in zeolites active for the MTO and ETO processes.
1.3.1. Developments in Mechanistic Understanding of the MTO Process
Understanding the reaction mechanism and related catalyst deactivation pathways of MTO
has been the core research for more than three decades, but still proven to be very challenging.
Before introducing landmark developments on this topic, in Figure 1.2 a scheme of the MTH
process on a acidic zeolite/zeotype material with simplified reaction steps is given, but no
further mechanistic insight is provided

[28, 43]

. The first step is the equilibrium of methanol,

dimethyl ether (DME) and water. The second step involves the primary olefins formation,
unusually being ascribed as an induction period. Afterwards, the formation of more or higher
olefins, alkanes and aromatics occur as shown in the third and forth steps in Figure 1.2, which
means that the MTO process performs at its steady active state. Eventually in the fifth step
large hydrocarbon residuals/coke are being formed, blocking the active sites and pore system
of the catalyst, leading to a complete deactivation. Now, in the following part, attention will
be devoted into mechanistic understanding of three important steps/periods of the MTO
process, namely induction period, active stage for olefins production and deactivation period.
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Figure 1.2. Simplified scheme of conversion of methanol to hydrocarbons. (Figure reproduced from ref. [28,
43]

).

During the steady active state of the MTO, there is a general consensus that the
reaction follows so-called “hydrocarbon pool” (HCP) mechanism, which was first proposed
by Dahl and Kolboe and later on proved experimentally by Haw and co-workers [28, 43-45]. This
mechanism attributes the active site as an organic scaffold that consists of a Brønsted acid site
with an organic reaction center, onto which methanol is subsequently added to split light
olefins

[46, 47]

. Further studies have shown that the chemical nature as well as the catalytic

performance of the functional HCP species highly depend on the combination of reaction
conditions as well as composition and topology of the zeolites [47-51]. More specifically, it has
been intensively investigated the role of zeolite topology on the chemistry nature of HCP
species. It is well-documented that in the case of SAPO-34 catalyst, the most active HCP
species are proven to be highly methylated benzene carbocations although methylated
naphthalenes also exhibit some activity [51-53]; while for ZSM-5, as shown in Figure 1.3 there
exist two interconnected mechanistic HCP cycles, namely the alkene and aromatic cycle,
running simultaneously during MTH. Furthermore, zeolite topology also plays an important
role on the performance of the formed HCP species, in other words, on the product
distribution. SAPO-34 produces mostly ethylene and propylene with a small amount of linear
C4 and C5 fractions due to its unique structure with narrow pore openings

[28]

. In contrast for

ZSM-5, the aromatic cycle is the dominant source for producing ethylene, while propylene
and higher alkenes to a large extent are generated via the alkene cycle

[46, 48]

. In addition,

ZSM-5 also produces a sizeable amount of aromatics owing to its larger pore opening size
than SAPO-34 that can trap such aromatics inside [28]. Besides the topology, the properties of
HCP species as well as other hydrocarbon residuals also critically depend on the reaction
conditions and zeolite composition, which will be discussed later in this subsection.
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Figure 1.3. Suggested dual-cycle concept for the conversion of methanol over ZSM-5 catalyst (Reprinted
from ref. [31, 54]).

Another interesting question regarding the mechanistic understanding of how olefins
are produced from these HCP species (e.g. aromatics), is highlighted as two distinct pathways
are proposed, namely paring and side-chain methylation models (Figure 1.4). Paring-type
reactions were first proposed by Sullivan and co-workers in 1961 and should be seen as
subsequent ring contraction and expansion reactions

[31, 55]

. Later on, investigations of the

unimolecular decomposition of protonated methylbenzenes using mass spectrometry provided
direct evidence of this type of reactions

[31]

. Alternatively, the side-chain mechanism,

introduced by Mole and co-workers in 1983 and further elaborated by Haw et al. highlights
olefin formation by deprotonation to form an exocyclic bond, followed by successive sidechain methylations and subsequent side-chain elimination

[56-58]

. This type of reaction was

also evidenced during MTH on ZSM-5 catalyst by using in-situ NMR as illustrated by Hunger
et al. [59-61].
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Figure 1.4. Overview of the paring and side-chain schemes for MTO conversion based on aromatic HCP
species. (Reprinted from ref. [62])

Prior to the steady-state of the MTO where the HCP engine is fully operating, there
always exists an induction period i.e. an initial time where no conversion takes place. Earlier
research mainly focused on the origin of the first C-C bond, which was believed to be a key
process during the induction period. Thus several mechanisms based on the direct conversion
of methanol/DME to species with the “first” C-C bond were proposed, including carbenium
ions, oxonium-ylide, carbocations and radical routes [31, 33]. However, almost no experimental
evidences confirm any of the proposals, instead, theoretical calculations often yield
prohibitively high-energy barriers of these direct routes. An important result devoted to this
issue came from extremely careful and methodical experiments by Haw’s group, which
showed for the first time that the initial C-C bond is rather from the feed impurities than from
the methanol directly [63]. Another more recent work evidenced that the organic remains from
the detemplation process can be the primordial species that initiate the formation of HCP
compounds [64].
After the MTO performs at steady-state for some time, the catalysts start to experience
deactivation by carbon deposition that eventually blocks the active sites or pore systems. The
origin of the deactivating species is suggested to be mainly from the reactions involving
methanol instead of products

[31]

. Interestingly, it was suggested by theoretic modeling that
15
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the side-chain methylation might be a deactivating route leading to coke precursors rather
than olefin production

[62]

on the catalyst topology

. Moreover, the type and location of coke species strongly depend

[31]

. It is well established that SAPO-34 suffers from deactivation by

the deposition of poly aromatics in its large cavities, while external coke is the main cause for
the activity loss of ZSM-5

[52, 65, 66]

. Additionally, reaction conditions, specifically reaction

temperature, also influence the formation of hydrocarbon residuals (e.g. active HCP species or
inert coke), which mainly comes from the alkylation-dealkylation equilibrium of benzenes [65].
It was reported that for a ZSM-5 catalyst, this equilibrium shifts to the dealkylation side to
form alkenes at temperatures above 623 K, further leading to longer catalyst lifetimes and less
retained hydrocarbons in/on the catalyst

[65]

. While for a SAPO-34 catalyst, a decreased

amount of hydrocarbon residues as well as ratios between bicyclic- and monocyclic-aromatics
[16]

were observed with increasing temperatures when performing MTO at 573-673 K

.

Moreover, the zeolite framework composition also has an impact on the deactivation process,
which may result from its influence on the acid strength and acid site density of the zeolites as
discussed in section 1.2. Higher acid strength may elevate the reaction speed of chemical
steps and enhance the retention of coke precursors or coke species, resulting in a faster coke
formation; while high acid sites density brings acid sites closer to each other, increases the
number of successive chemical steps undergone by reactant molecules along the diffusion
path and favors the condensation reactions, hence the coking rate is also enhanced

[67]

. An

evidence was a single-parameter variation MTO study performed on two CHA materials,
namely SAPO-34 (low acid strength) and SSZ-13 (high acid strength) catalysts, where a
higher activity and more rapid deactivation for SSZ-13 was reported [16].
1.3.2. Kinetic Studies of Individual Reaction Steps
The understanding of the reaction mechanism always involves the study of individual reaction
steps kinetics, as it can provide indispensible insight into the energy barriers and rate constant
of distinct reaction pathways for forming desired products. However, the dynamic nature of
the MTO process always complicates such kinetic analyses as side reactions are easily
involved in the process. Therefore careful experimental designs are critically required

[51]

.

There have been only a few successful experimental studies on elucidating individual reaction
steps so far, most of which are devoted to the methylation reactions

16
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reactions are first steps during the HCP kinetic cycle to produce olefins, which are also
believed to be the key reaction steps and the rate determining steps depending on the topology
and organic species to be methylated

[47, 51, 72]

. By using extremely high feed rates and a

microreactor, it has been possible to collect data at very low conversions, thus the kinetic data
towards the methylation can be obtained from a set of reactions varying partial pressure of
reactant molecules as well as reaction temperatures

[70, 71]

. For example, it was reported that

the reaction order for the methylation of ethylene to form propylene has been found to be one
with respect to ethylene and zero with respect to methanol and the apparent activation energy
was determined to be 109 kJ·mol-1 [70].
On the other hand, state-of-the-art computational methods have assisted on
mechanistic understanding by performing kinetic modeling on individual reaction steps for
the prediction of reaction barriers and rate constants with near-chemical accuracy [55, 73, 74]. For
a complete MTO cycle modeling on zeolite catalyst with different topologies, we refer to a
recent review on this topic [55]. Within the context of olefins production, an often-studied case
worth mentioning is the comparison of side-chain and paring cycles

[31]

. A recent study has

shown a complete low-barrier side-chain route for ethylene and propylene formation during
MTO over SAPO-34 catalyst [75].
1.3.3. Experimental Approaches Employed to Characterize HCP Species
It is known from a vast amount of studies that the MTO performance relies on the interplay
between HCP species and zeolite structures

[48, 49]

. Therefore, the characterization of HCP

species during MTO is of great interest. So far, a variety of experimental approaches has been
developed to identify the location, chemical nature and reactivity of HCP species. It is
important to note that the cumulative benefits should arise from different approaches
integrated together. Table 1.2 summarizes the applied methods, which have been frequently
employed to tackle those questions. However, those approaches are often not performed under
realistic reaction conditions, which can be crucial to the ultimate mechanism elucidation due
to the dynamic nature of the systems. Moreover, most of them are bulk techniques thus
averaging out the information over the whole sample volume.
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Table 1.2. Main experimental approaches described in literature to characterize HCP species.

Type of
information for
HCP species
Content/ Amount

Approach

Detailed findings/knowledge

TGA (thermogravimetric analysis)
XRD
(X-ray diffraction)
Solid state 13C/1H NMR
(nuclear magnetic
resonance)
UV-Vis
(ultraviolet-visible)

Amount of deposited coke species by measuring
weight loss
Content of retained species represented by lattice
strain by measuring the unit cell dimension
(Quantify) chemical shift of C/H atoms in
aromatic, aliphatic compounds as well as H
atom in hydroxyl groups

IR (infrared)
Zeolites dissolution-GC
(gas chromatography)

Chemical nature

TPO (temperatureprogrammed oxidation)
CFM (confocal
fluorescence microscopy)
Raman
XPS
(X-ray photoelectron
spectroscopy)
TOF-SIMS (time-offlight secondary-ion
mass spectrometry)
ESR (electron spin
resonance)

Formation and
reactivity

Chemical structure of retained stable
molecules in zeolites
H/C ratio of the deposits
Types of fluorescent coke can be distinguished by
the wavelength of emission light
Vibration feature from functional groups,
complementary information for IR
Element composition of the HCP species
on the surface
Chemical structure of hydrocarbon
species on the surface
Radical species
Composition of HCP species by measuring
the carbon K-edge

(Transient) isotopic
labeling-GC/MS (mass
spectrometry)

Insight on reactive intermediates vs.
spectator species

STXM
CFM
XPS

18

fingerprints of the type and amount of aromatic and
aliphatic hydrocarbons formed, as well as of the
hydroxyl groups interacting with the organics

STXM
(scanning transmission
X-ray microscopy)

TOF-SIMS

Location

Carbenium ions and aromatics

Distribution of the HCP species on surface with
sufficient lateral resolution
2-D Distribution of HCP species over the whole
sample volume with a few nanometers’ resolution
3-D distribution of fluorescent HCP species in
spatiotemporal resolved manner
Distinguish between external or internal coke

Ref.
[76-78]

[79, 80]

[28, 81, 82]
[78, 83]

[78, 84, 85]

[19, 84, 86]

[46, 48, 50,
87]
[88-90]

[91-93]

[79, 90, 94]

[95, 96]

[97]

[98-100]

[101, 102]

[44, 103]

[97]

[101, 102]

[91-93]
[95, 96]
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1.4. Scope and Outline of the PhD Thesis
This PhD research aims to obtain new physicochemical insights in two important zeolitebased catalytic processes, namely the methanol-to-olefins (MTO) and ethanol-to-olefins (ETO)
reactions. For this purpose, a combination of bulk and micro-spectroscopic techniques are
employed, the latter type being indispensible to study catalyst materials at the single particle
level.
In Part I of this PhD thesis, consisting of Chapters 2, 3, 4 and 5, two micrometersized CHA type crystals, namely SAPO-34 and SSZ-13 catalysts, are investigated as model
systems during MTO and ETO processes. Prior to catalytic reaction, template molecules,
which are used during the synthesis of molecular sieve to provide their long-range highly
ordered porous structure, have to be removed from the framework structure. Chapter 2
examines this detemplation process on a series of micro-sized SAPO-34 crystals under
realistic detemplation conditions with the aid of in-situ UV-Vis micro-spectroscopy. More
specifically, the influence of different gas atmospheres (O2 vs. N2) as well as crystal sizes
(7.5-58 μm) has been studied. Based on these UV-Vis spectral results and further quantitative
data analysis it is possible to discuss how crystal sizes affect the easiness of the template
removal process within SAPO-34 materials. Further application of these detemplated 50 μmsized SAPO-34 single crystals is discussed in Chapter 3, where MTO and ETO processes are
thoroughly compared. A set of micro-spectroscopic methods are employed, providing direct
insight into the spatiotemporal genesis of HCP species within individual SAPO-34 crystals.
More specifically, UV-Vis micro-spectroscopy is applied to calculate the kinetics of
formation of active HCP species, while confocal fluorescence microscopy provided
complementary data on the 2-D spatial distribution of the generated HCP species. Finally,
synchrotron-based IR micro-spectroscopy revealed more insight into the location and nature
of the trapped hydrocarbons within the SAPO-34 crystals under study. Chapter 4 extends this
mechanistic and kinetic approach further for the study of SSZ-13 large crystals, a material
with the same topology but stronger acidity and, in this specific case, lower acid site density.
For this purpose, the same set of micro-spectroscopic methods, as presented in Chapter 3, is
employed. A thorough comparison between SAPO-34 and SSZ-13 is therefore conducted.
After that, the role of acid strength and acid site density on the kinetics, location and nature of
distinct hydrocarbon species during the distinct reaction steps (activation and deactivation)
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during MTO and ETO processes are assessed. After this, the active and deactivating periods
during the MTO and ETO processes are visualized in more detail under in-situ conditions in
Chapter 5. Thus both reactions over individual 50 µm-sized SAPO-34 crystals are
investigated by using an experimental approach combining synchrotron-based IR and UV-Vis
microscopy. Importantly, for the first time the spatiotemporal distribution and accessibility of
the Brønsted acid sites (BAS) as well as the evolution of distinct HCP species through the
different reaction stages of the MTO and ETO processes are investigated. This methodology
has been done in combination with H/D exchange experiments, which provide more detailed
insights into the nature, activity and accessibility of the HCP species formed.
Part II of this PhD thesis, namely Chapter 6, is based on the study of SAPO-34
submicrometer crystals as industrially relevant MTO catalyst systems. It reports a
methodology which combines UV-Vis spectroscopy and IR spectroscopy in an in-situ cell in
order to study the species formed during the MTO reaction on bulk SAPO-34 catalyst. In such
an approach, the IR and UV-Vis information are collected at the same spot of the catalyst
sample, meanwhile the catalytic performance of the catalyst is followed by mass spectrometry.
The formation and nature of the formed hydrocarbon species at different reaction period are
therefore thoroughly investigated. In addition, mechanistic and kinetic studies of two
important steps during the MTO, namely olefins formation (activation step) and poly
aromatics formation (deactivation step) are also investigated.
Finally, Chapter 7 summarizes the main findings described in this PhD thesis. In
addition, some concluding remarks as well as future perspectives are presented.
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Chapter 2
Single-Catalyst Particle Spectroscopy of the
Template Removal Processes within SAPO-34

Detemplation as Studied by UV-Vis Micro-spectroscopy
The detemplation process in SAPO-34 crystals was studied at the single particle level by UVVis micro-spectroscopy. A faster and more complete removal of morpholine as template
molecule occurs in O2 than in N2. Small-sized crystals suffer from less severe pore blocking,
while large-sized crystals experience a slower template burning.
Based on the manuscript: Q. Qian, D. Mores, J. Kornatowski, B. M. Weckhuysen, Microporous Mesoporous
Mater. 2011, 146, 28-35.
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2.1. Introduction
Synthesis of molecular sieves, such as microporous silica-aluminophosphates, often occurs in
the presence of template molecules, which provide their long-range highly ordered porous
structure. As a result, in order to allow accessibility of reactants, the template molecules have
to be removed from the porous network prior to catalytic reaction, a process that is usually
known as thermal detemplation

[1, 2]

. Interestingly, organic remains of the detemplation

process can be the primordial species that initiate the formation of e.g. hydrocarbon pool
compounds in the methanol-to-olefin process

[3, 4]

. Therefore, understanding the process of

template removal has gained general interest as it may provide additional insight in the
activation of SAPO-34 catalysts.
SAPO-34 molecular sieves are commonly synthesized with morpholine as template
and the thermal decomposition of as-synthesized SAPO-34 under air results in three distinct
temperature regions [5]. Furthermore, during the detemplation of tetrapropylammonium (TPA+)
in as-synthesized ZSM-5 zeolite crystals, varying O2 concentration suggested that both
Hoffman elimination and radical reactions occurred on Brønsted acid sites, while only radical
reactions occurred on Lewis acid sites [6].
The characterization studies used so far are mainly performed with bulk analytical
techniques, such as thermo-analytical techniques
diffraction

[8, 9]

[5, 7]

and nuclear magnetic resonance

information over the whole sample volume

[11]

, mass spectrometry
[10]

[6]

, X-ray powder

, thereby averaging the chemical

. Nevertheless, the detemplation process is

delicate and it is important to carefully control it in order to maintain optimal catalyst
properties. For example, the template removal process is strongly dependent on the applied
gas atmosphere, which could be ascribed to an oxidative (calcination) or inert (pyrolysis)
atmosphere. In addition, the nature and rate with which template derivates form can be
influenced by the crystal size and the corresponding internal diffusion properties of the
molecular sieve

[12]

. In other words, during the template removal process, a variety of

reactions occur inside the individual microporous crystals and physicochemical insights into
this process can therefore be valuable

[13]

. Along this line of thinking, spatiotemporal

techniques may be of assistance when combined with a series of well-synthesized micronsized crystals.
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In this PhD Chapter we have investigated the detemplation process of individual
micron-sized morpholine-containing SAPO-34 crystals under realistic working conditions
with the aid of in-situ UV-Vis micro-spectroscopy. More specifically, the influence of
different gas atmospheres (O2 vs. N2) as well as crystal sizes (7.5-58 µm) has been studied
and based on these experiments it is possible to discuss how crystal sizes affect the easiness of
the template removal process within SAPO-34 materials.

2.2. Experimental
The as-synthesized SAPO-34 crystals under study have crystal sizes ranging from 7.5 × 7.5 ×
7.5 µm3 to 58 × 58 × 58 µm3. Their synthesis procedure is reported elsewhere [1, 2]. The Si/(Al
+ P) ratio is 0.204, which corresponds to a theoretical amount of two Brønsted acid sites per
cage. The crystals were placed on the heating stage of an in-situ cell (Linkam FT-IR 600)
equipped with a temperature controller (Linkam TMS 93) where they were heated. During
heating in either O2 or N2 two temperature conditions were applied. In a first series of
detemplation experiments, the crystals were heated with a rate of 2 K·min-1 up to 873 K and
held for 1 h at that temperature. In a second series of experiments, samples were heated with a
rate of 50 K·min-1 to 423 K, 523 K, 623 K, 723 K and 873 K and held for 1 h at each heating
temperature.
The UV-Vis measurements were performed with an Olympus BX41 upright
microscope using a 50×0.5 NA high working-distance microscope objective lens. A 75 W
tungsten lamp was used for illumination. In addition, the microscope has a 50/50 double
viewpoint tube, which accommodates a CCD video camera (ColorView IIIu, Soft Imaging
System GmbH) and an optical fiber mount. A 200 µm core fiber connects the microscope to a
CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV).

2.3. Results and Discussion
2.3.1. Effect of the Gas Atmosphere on the Detemplation Behavior of SAPO-34
In a first series of detemplation experiments, the micron-sized SAPO-34 crystals were slowly
heated at a rate of 2 K·min-1 up to 873 K and subsequently held at this temperature for 60 min.
Throughout this process, either performed in O2 or N2, a constant gas flow was directed
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through the in-situ UV-Vis cell guaranteeing the removal of gaseous products from the
micron-sized crystals. As a result of this detemplation procedure, morpholine undergoes
chemical transformations leading to distinct changes in the color of the crystals. The colors
vary with applied temperatures and gas atmosphere. Figure 2.1 illustrates these color changes
by showing a selection of the optical micro-photographs of a SAPO-34 crystal taken
throughout the detemplation process in both O2 and N2.

Figure 2.1. A selection of optical micro-photographs of 51 μm-sized SAPO-34 crystals during the
detemplation process performed in a) O2 and b) N2 at indicated temperatures.

The observed color changes are indicative for the formation of different hydrocarbon
species and it is clear that the crystal coloration is more intense and occurs at a faster rate in
O2 than in N2. More specifically, at around 548 K the crystal starts to turn yellow when
treated in O2, then changes to orange-red at around 723-773 K and finally becomes
translucent again at around 873 K. In contrast, detemplation in N2 starts at around 623 K and
the color gradually changes from yellow over orange-red to black with increasing temperature.
In other words, the detemplation process in N2 does not lead to a complete template removal.
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SAPO--34
34

Figure 2.2
2.2. In-situ UV
UV-Vis
Vis spectra of 51 µm
µm-sized
sized SAPO
SAPO-34
34 crystals taken during the detemplation process
done in O2 (a & b) and N2 (c & d) under different experimental conditions: heating with a rate of 2 K
K·min
min-11
until reaching 873 K and holding the crystal at this temperature for 1 h (a & c); and heating with a rate of
50 K··min
min-1 to 423 K
K, 523 K
K,, 623 K
K, 723 K and 873 K,
K, respectively, and holding the crystal at these
temperatures for 1 h each (b & d). The spectra were taken every 2 min from a spot in the center of the
SAPO
SAPO-34
34 crystal.

Because different crystal colors indicate the formation of different hydrocarbon
species it is important to translate the color changes in the formation of specific molecules
within the microporous network of the SAPO
SAPO-34
34 crystals. For this purpose, it is essential to
analyze in more detail the corresponding in
in-situ
situ UV-Vis
UV Vis micro
micro-spectroscopy
spectroscopy data measured
during the detemplation processes. A set of representative UV-Vis
UV Vis spectra of SAP
SAPO--34
34
crystals heated in either O2 or N2 are given in Figure 2.2.
2. Two different heating programs have
been compared; i.e., heating
heating with a rate of 2 K··min
min-1 until reaching 873 K and holding the
sample at this temperature for 1 h; and heating with a rate of 50 K·min
K min-11 to 423 K,
K 523 K
K, 623
K,, 723 K and 873 K
K,, respectively, and holding the sample at these temperatures for 1 h. It can
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be concluded that the heating rate does not significantly affect the detemplation process and
that specific organics are only generated from morpholine when the temperature reaches
certain values.
The generated organic compounds are responsible for the formation of characteristic
UV-Vis absorption bands. Both in O2 and N2 the detemplation process starts with the
generation of a UV-Vis absorption band at around 400 nm. With increasing detemplation
temperature, additional absorption bands at longer wavelengths are generated. Previous
studies on individual ZSM-5 crystals showed that Hoffman and ß-elimination initiate the
detemplation via breaking the template molecules, more in particularly ß-elimination,
followed by the formation of alkenes, which readily oligomerize into aromatic-type
compounds [13]. In this way, the UV-Vis absorption bands observed at longer wavelengths can
be assigned to π-π* transitions that originate from aromatic-type hydrocarbons [13-15].
In O2 the 400 nm absorption band forms at lower temperature and grows at a faster
rate than in N2. This finding is in line with the color changes observed in the optical microphotographs of partially detemplated SAPO-34 crystals (Figure 2.1). It is further noted that in
an O2 atmosphere the 400 nm absorption band reaches a maximum in intensity at around 673
K, whereas in the case of a N2 atmosphere, the intensity of the 400 nm absorption band further
increases beyond this detemplation temperature. Moreover in O2, larger carbonaceous
compounds, as evidenced by the broad absorption band at around 500 nm, are generated up to
723 K. Above this heating temperature, the overall absorption intensity decreases, starting
from the absorption bands with the longest wavelength and consecutively shifting to the
absorption bands with shorter wavelengths.
While comparing the detemplation process in N2 with that in O2, an even broader
absorption band stretching over the entire visible region is observed and it becomes
increasingly apparent till the end of the detemplation process. It indicates the formation of
progressively more extended hydrocarbon species, which absorb at higher wavelengths. These
species, responsible for the background absorption, have graphitic or highly conjugated
character therefore are most probably located at the external zeolite surface

[16]

. Therefore

they are responsible for the pronounced darkening of the crystals and the darkening starts
from the corner part of the crystal towards the middle as can be seen from the optical
microphotographs (Figure 2.1). Based on the above observations, it can be concluded that an
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O2 atmosphere accelerates the decomposition of morpholine and the consecutive formation of
alkenes, which can react further into larger conjugated compounds absorbing light in the
visible region. Moreover, when the detemplation temperature is elevated above 723 K, the
formed extended organic compounds start to decompose, leading to a complete detemplation
process. In contrast, in N2 the graphitic-like species keep growing in size during heating.
Hence, one can conclude that in order to remove morpholine from the SAPO-34 crystals, an
oxidative atmosphere is needed.
From the above discussion of Figure 2.2 it is clear that the UV-Vis spectra are broad
and consists of overlapping absorption bands. In order to elucidate the obtained UV-Vis data
in more detail, all spectra measured under both O2 and N2 atmosphere have been
deconvoluted in a systematic manner. In the case of UV-Vis spectra measured in O2, five
Gaussian functions are needed to properly reconstruct the UV-Vis absorption spectra, while in
the case of UV-Vis spectra measured in N2 four Gaussian bands are required. The positions
and widths of the different Gaussian curves for the two gas atmospheres are shown in Figure
2.3 and summarized in Table 2.1. The maximum band position shift, allowed for the series of
deconvoluted UV-Vis spectra, was 4 nm [16]. Based on this analysis it is now possible to plot
the absorption values for the different Gaussian curves as a function of the detemplation
temperature. The result of this analysis is shown in Figure 2.4, which compares temperature
dependent absorbance values of the Gaussian curves for SAPO-34 crystals detemplated in
either O2 or N2.
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Figure 2.3. Selection of UV-Vis spectra of 51 µm-sized SAPO-34 crystals taken during detemplation under
(a) O2 at 723 K, (b) O2 at 873 K, (c) N2 at 723 K and (d) N2 at 873 K. The spectra have been deconvoluted
into a number of Gaussian functions.

Table 2.1. Overview of the band positions and widths of the Gaussian functions used to deconvolute the
UV-Vis absorption spectra in O2 or N2.

Gas atmosphere

Position and width (between brackets) in nanometers of
the Gaussian functions

O2

405 (30), 450 (45), 505 (41), 555 (46), 608 (51)

N2

405 (56), 488 (66), 593 (66), 690 (60)

In the case of O2 as detemplation atmosphere, two different temperature trends can be
distinguished for the five UV-Vis absorption bands. The Gaussian functions at low
wavelengths, i.e. 405 and 450 nm, have a similar temperature behavior illustrating a bimodal
34
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distribution
distribution.. To be more specific, the absorption intensity rapidly increases starting from 523
K and reaches a maximum when the temperature is about 623 K
K.. From this point, the
absorption intensity slightly diminishes until 723 K.
K. At this detemplation temperature a
second
econd raise in UV
UV-Vis
Vis absorption starts, which reaches a maximum at 873 K
K.. In contrast, the
Gaussian functions at higher wavelengths, located at respectively 555 and 610 nm, generate a
mono
mono-modal
modal absorption
absorption-detemplation
detemplation temperature slope. Here, the UV
UV-Vis
Vis absorption
intensity increases starting from 623 K
K,, reaches a maximum at 723 K and then decreases
rapidly at higher detemplation temperatures.

Figure 2.4
2.4. Absorption intensities of the Gaussian functions as a function of the detemplation temperature
in a) O2 ( solid ― 405 nm, dashed --- 450 nm, dotted ··· 505 nm, dashed dotted -··- 555 nm, dashed not
dotted -··
··-610
610 nm), and b) N2 (solid ― 405 nm, dashed --- 488 nm, dotted ··· 593 nm, dashed dotted --·- 690
nm).

It is evident that it is not straightforward to assign these Gaussian functions to specific
hydrocarbon molecular structures. However, the observed temperature dependence of the two
groups of Gaussian curves can be best rationalized in terms of two sets of hydrocarbons
varying in their molecular sizes. The Gaussian functions with maxima at 405 and 450 nm are
ascribed to small conjugated organic species, most probably mono
mono-aromatic
aromatic molecules,
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whereas the Gaussian functions with maxima at higher wavelengths originate from more
extended conjugated hydrocarbons. In this manner, the detemplation process of morpholinecontaining SAPO-34 crystals in O2 can be described in more detail. At the start of the
detemplation process, mono-aromatic species are first generated, followed by the formation of
poly-aromatic compounds. The formation of the latter species is accelerated by the
consumption of the former species, causing a decrease of the overall band intensities of the
mono-aromatic species. The oligomerization of single aromatic molecules continues until the
amount of formed extended hydrocarbons reaches a maximum at 723 K. At this temperature
the zeolite crystal suffers from the most severe pore blocking. When the detemplation
temperature is further increased the trapped large molecules start to decompose into smaller
molecules, explaining the increase in the absorption intensities of the Gaussian functions at
405 and 450 nm. Near the end of the detemplation process, the decomposition of the large
organic compounds completes at 873 K, meanwhile, the removal of the small molecules leads
to a fast drop in the absorption intensities of the 405 and 450 nm Gaussian functions.
The temperature dependent Gaussian functions obtained in a N2 gas atmosphere differ
from those obtained in an O2 gas atmosphere. As mentioned before only four Gaussian
functions build up the experimental UV-Vis spectra, which means that a fewer distinct
hydrocarbon compounds are generated during the detemplation process. Furthermore, the
band widths of these Gaussian functions are broader than those obtained with O2 as gas
atmosphere, as illustrated in Table 2.1. Secondly, the UV-Vis deconvolution data obtained in
N2 indicates a different trend in which all four Gaussian functions follow a similar pattern.
More specifically, the absorption intensity of the four Gaussian functions increases in
intensity and slowly reaches a maximum. In any case, the intensities of the Gaussian functions
did not decrease with increasing detemplation temperature. In analogy with the detemplation
process in O2, the Gaussian functions can be explained in terms of hydrocarbons with
different molecular sizes; i.e., the 405 nm Gaussian function is assigned to small monoaromatic species and this species initiates the detemplation process. With increasing
detemplation temperature, larger compounds are formed and at 648 K the intensity of the 405
nm Gaussian function tops, which coincides with the growth of the 488 nm Gaussian function.
At 698 K, the Gaussian functions with maxima located at 593 and 690 nm, ascribed to more
extended hydrocarbons, start to increase in intensity. The elevated detemplation temperatures
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needed to form these compounds implies that N2 as anticipated is a less aggressive gas
atmosphere for the detemplation process.

2.3.2. Effect of the Crystal Size on the Detemplation Behavior of SAPO-34
It has been previously reported that different molecular diffusion barriers and micropore
accessibility within zeolite crystals may have an effect on the activity and selectivity of
catalytic reactions

[17, 18]

. Inspired by this work we have performed in this study a systematic

series of detemplation experiments in an O2 atmosphere on 11 SAPO-34 materials differing in
their crystal sizes. When comparing these detemplation processes, similar crystal colorations
were observed as those shown in Figure 2.1a. In other words, the SAPO-34 crystals first
undergo an intensified coloration and then become translucent at elevated detemplation
temperatures. Interestingly, an increasing crystal size results in a slightly higher temperature
from when the color of the SAPO-34 crystal starts becoming lighter, which means that a
higher detemplation temperature is needed to start decomposing the extended template
derivates within a large zeolite crystal. A selection of optical micro-photographs obtained
from six SAPO-34 crystals differing in size is given in Figure 2.5. These micro-photographs
were taken once the darkest color was reached during the detemplation process.
As shown in Figure 2.5, the darkest crystal coloration, which represents the most
severe pore blocking, strongly depends on the crystal size and increases with increasing
crystal size. Again these color variations are reflected in the time-resolved UV-Vis absorption
spectra and a selection of spectra are given in Figure 2.6. In a similar manner, a deconvolution
procedure has been applied for the different SAPO-34 crystal sizes. The result of this analysis
is given in Figure 2.7.
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Figure 2.5
2.5. Optical micro-photographs
micro photographs of a selection of SAPO-34
SAPO 34 crystals differing in their crystal size
during the detemplation process. The images were selected when the darkest color was reached in an O2
atmosphere. The SAPO
SAPO-34
34 crystal sizes are: a) 58 µm, b) 40.5 µm, c) 29 µm, d) 19.5 µm, e) 13.5 µm and f)
7.5 µm
µm.

Figure 2.6
2.6. UV-Vis
UV Vis spectra taken every 2 min from different SAPO
SAPO-34
34 crystals during the detemplation
process in an O2 atmosphere as a function of the crystal size: a) 58 µm, b) 40.5 µm, c) 29 µm, d) 19.5 µm, e)
13.5 µm and f) 7.5 µm.

38

Single-Catalyst
SingleCatalyst Particle Spectroscopy of the Template Removal Process within SAPO
SAPO--34
34

Comparison of the UV
UV-Vis
Vis spectra and the Gaussian deconvolution results between
the SAPO
SAPO-34
34 materials with different crystal sizes reveals two distinct features. First, we
observe an evolution of the short wavelength UV
UV-Vis
Vis absorption bands, typical for small
hydrocarbon molecules. It is found from the UV
UV-Vis
Vis absorption spectra that the light
absorption at shorter wavelengths cannot stay long at its initial high intensity for smallsmall-sized
sized
SAPO
SAPO-34
34 crystals (e.g., a crystal size of 13.5 µm). This finding means that small molecules
are not able to be retained within the crystals for a long time once they are produced from the
decomposition of more extended hydrocarbons. Thus, a faster template removal can be
obtained for smaller
smaller sized SAPO
SAPO-34
34 crystals. Accordingly, the Gaussian functions at shorter
wavelengths; i.e., the absorption bands with maxima at 405 nm and 450 nm, have different
timetime-temperature
temperature distributions when varying the SAPO-34
SAPO 34 crystal sizes. Here, the mentioned
two
two Gaussian bands give a bimodal distribution for largelarge-sized
sized SAPO
SAPO-34
34 crystals; whilst they
behave more or less in a mono
mono-modal
modal trend for small-sized
small sized SAPO
SAPO--34
34 crystals.

Figure 2.7
2.7. Absorption intensities of the Gaussian functions (solid ― 405 nm, dashed --- 450 nm, dotted ···
505 nm, dashed dotted -·-- 555 nm, dashed not dotted -··-610
- 610 nm) as a function of temperature/time
deconvoluted from the spectra taken every 2 min during the detemplation process of SAPO
SAPO--34
34 crystals with
size of a) 58 µm, b) 40.5 µm, c) 29 µm, d) 19.5 µm, e) 13.5 µm and f) 7.5 µm.
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Another discussion point is to evaluate when the crystals suffer from the most severe
pore blocking during template removal. This time corresponds with the point where the UV
UV-Vis absorption intensity
intensity of the large hydrocarbon molecules reaches a maximum, while that of
the small hydrocarbon molecules reaches a local minimum, as indicated in Figure 2.8a.
2.8a. For
the small hydrocarbon molecules, that absorb at 405 nm and 450 nm, relative absorption
intensities
intensities (AS) were calculated as the ratio of absolute absorption intensity of the 405 and 450
nm Gaussian curves to the intensity of the 608 nm Gaussian curve. Similarly, for the large
hydrocarbon molecules that absorb at 555 and 608 nm, relative absorption
absorption intensities (AL)
have been calculated as the ratio of the absolute absorption intensity of the 555 and 608 nm
Gaussian curves to the intensity of the 405 nm Gaussian curve. Interestingly, the calculated
AS and AL values show a different dependency on th
thee crystal size, as illustrated in Figure 2.8b.
2.8b.
Indeed, the relative amount of “small molecules” decreases exponentially with increasing
crystal size, while the relative amount of “large molecules” increases proportionally with
increasing crystal size.

Figure 2.8
2.8. a) Absorption intensities of the Gaussian curves (solid ― 405 nm, dashed --- 450 nm, dotted ···
505 nm, dashed dotted -··- 555 nm, dashed not dotted -··--610
610 nm) deduced from the UVUV-Vis
Vis spectra of a 51
µm SAPO
SAPO-34
34 crystal as a function of temperature and time; b) Relative absorption intensities (As) for the
405 ((− −)) and 450 nm (−
(
(−
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−)
−) Gaussian curves and the relative absorption intensities (AL) for the 555

−
−)) and 608 nm (−
(− −)) Gaussian curves as a function of crystal size.
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2.4. Conclusions
UV-Vis micro-spectroscopy measurements on morpholine-containing SAPO-34 crystals, in
combination with a systematic deconvolution procedure, allow discriminating different
intermediates formed within the microporous network during a thermal template removal
process. The formation and disappearance of these species, and the related UV-Vis absorption
bands, are clearly dependent on the crystal size and applied gas atmosphere. In an O2
atmosphere SAPO-34 crystals give rise during heating to the fast formation and disappearance
of five UV-Vis absorption bands (405, 450, 505, 555 and 608 nm), while in the case of a N2
atmosphere heated SAPO-34 crystals are characterized by four UV-Vis absorption bands (405,
488, 593 and 690 nm), which remain present at heating temperatures of 873 K. Crystal sizedependent detemplation studies of SAPO-34 crystals in O2 indicate that the molecules
generated inside the crystals have different retention times. It is found that the relative
amounts of “small molecules”, characterized by UV-Vis absorption bands at 405 and 450 nm,
exponentially decrease with increasing crystal size, while the relative amounts of “large
molecules”, characterized by UV-Vis absorption bands at 555 and 608 nm, increase
proportionally with increasing crystal size. In other words, the detemplation process of smallsized SAPO-34 crystals generates more single-aromatic molecules and fewer extended
aromatic molecules compared to large-sized SAPO-34 crystals. Furthermore, the “small
molecules” show a bimodal intensity distribution at the low and high end of the heating ramp
for large-sized SAPO-34 crystals, while the “large molecules” generate a mono-modal
distribution at intermediate heating temperatures for both small- and large-sized SAPO-34
crystals.
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Chapter 3
Single-Catalyst Particle Spectroscopy of SAPO-34:
Methanol-to-Olefins vs. Ethanol-to-Olefins

Spectroscopy and Kinetics Hand in Hand
UV-Vis micro-spectroscopy was used to investigate the kinetics, taking place inside
individual SAPO-34 crystals during alcohol-to-olefins reactions. At low reaction temperatures,
the formation of hydrocarbon pool species is leading, while dealkylation and cracking of these
molecules are dominant at high reaction temperatures. Activation energies deduced from low
temperature regions suggest distinct reaction pathways for using different alcohols.

Based on the manuscript: Q. Qian, J. Ruiz-Martínez, M. Mokhtar, A. M. Asiri, S. A. Al-Thabaiti, S. N. Basahel,
H. E. van der Bij, J. Kornatowski, B. M. Weckhuysen, Chem. Eur. J. 2013, 19, 11204-11215.
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3.1. Introduction
As described in the Chapter 1 of this PhD thesis, methanol-to-olefins (MTO) and ethanol-toolefins (ETO) processes are promising catalytic technologies to produce light olefins based on
oil-alternative feedstocks
their active steady stages

[1-4]

, which follow the hydrocarbon pool (HCP) mechanism during

[5-9]

. However, the generation of HCP species is still under debate

for both processes and more detailed insight could help to further improve the performance of
the catalyst materials currently used.
To the best of our knowledge, there are only a limited number of in-situ spectroscopic
investigations on the formation of HCP species during MTO, while none of these studies
makes a detailed comparison between MTO and ETO. In this PhD Chapter, we report on the
first characterization study of both MTO and ETO processes taking place over 50 µm -sized
SAPO-34 crystals possessing a uniform spatial distribution of Brønsted acid sites. In addition,
it is already known from the Chapter 2 that after the detemplation procedure under a O2
atmosphere, these SAPO-34 crystals are ready to use for catalyzing reactions as template
molecules can be completely removed from the pore system. With these large and welldefined SAPO-34 crystals in hand we were able to deploy a set of powerful microspectroscopic methods, providing direct insight into the spatiotemporal genesis of HCP
species within individual SAPO-34 crystals. More specifically, UV-Vis micro-spectroscopy
was applied to deduce the kinetics of HCP formation, while confocal fluorescence microscopy
provided complementary data on the 3-D spatial distribution of the generated HCP species.
Finally, synchrotron-based IR micro-spectroscopy allowed the identification of the trapped
hydrocarbons within the SAPO-34 crystals under study. MTO and ETO reactions on these
crystals have been performed in a wide temperature region, aiming to study the differences in
generated HCP species with special emphasis on the kinetics of their formation, their
chemical nature as well as their spatiotemporal changes within these individual crystals.

3.2. Experimental
3.2.1. Materials and Experiments
The as-synthesized SAPO-34 materials under study have crystal sizes ranging from 16 × 16 ×
16 µm3 to 60 × 60 × 60 µm3 and their synthesis procedure is reported elsewhere
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Si/(Al + P) ratio is 0.204, which corresponds to a theoretical amount of two Brønsted acid
sites per cage

[11]

. The crystals were placed on the heating stage of an in-situ cell (Linkam

FTIR 600) equipped with a temperature controller (Linkam TMS 93) where they were heated.
During each measurement, the calcined crystals were first heated to 673 K at a rate of 15
K·min-1, then heated to 823 K with a rate of 5 K·min-1, and held at this temperature for 1 h
under O2 atmosphere. Subsequently, the temperature was brought to the required reaction
temperature at a rate of 15 K·min-1 after which the N2 flow was introduced to a methanol or
ethanol solution thereby acting as carrier gas.

3.2.2. In-situ UV-Vis Micro-spectroscopy
The UV-Vis micro-spectroscopy measurements were performed with an Olympus BX41
upright microscope using a 50×0.5 NA high working-distance microscope objective lens. A
75 W tungsten lamp was used for illumination. In addition, the microscope has a 50/50 double
viewpoint tube, which accommodates a CCD video camera (ColorView IIIu, Soft Imaging
System GmbH) and an optical fiber mount. A 200 µm core fiber connects the microscope to a
CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV).

3.2.3. In-situ Confocal Fluorescence Microscopy
The confocal fluorescence microscopy studies were performed with a Nikon Eclipse LV150
upright microscope with a 50×0.55 NA dry objective lens. The confocal fluorescence
microscopy images were collected with the use of a Nikon-Eclipse C1 head connected to the
laser light sources (405, 488 and 561 nm). The emission was detected with three
photomultiplier tubes in the range 425-475, 510-550 and 575-635 nm for the three lasers,
respectively (in order to avoid channel overlap).

3.2.4. In-situ Synchrotron-based IR Micro-spectroscopy
Synchrotron-based IR spectra and related 2-D images were collected at beamline SMIS
located at the French National Synchrotron SOLEIL (Paris, France). A Thermo Nicolet
NEXUS 70 spectrometer, coupled to a Continuum XL microscope was used with the
synchrotron light as the IR source. The microscope was equipped with a 15×0.5 NA
Schwarzschild objective, a motorized x and y mapping stage and an adjustable rectangular
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aperture. For typical MTO and ETO measurements, SAPO-34 crystals were placed in the insitu cell (Linkam FTIR 600) and heated up to 723 K in dry air (heating rate 15 K·min-1) for 30
min to activate the molecular sieve. Subsequently, the in-situ cell was brought to reaction
temperatures (15 K·min-1), and the alcohols were fed into the cell with several pulses. Spectra
were collected during and after each pulse. For each measurement, the crystals were placed on
a CaF2 window located on the motorized (in x/y) mapping stage, recording the mid-IR (4000–
1300 cm-1) spectrum in transmission mode with a spectral resolution of 4 cm-1 and 32 or 16
scans co-added. An aperture of IR beam 20 × 20 µm2 was used to follow the MTO and ETO
reactions in-situ. For spatially resolved IR spectroscopy experiments, an aperture of 8 × 8 µm2
was utilized. Background measurements were performed with a spectral resolution of 4 cm-1
and 64 scans per spectrum.

3.3. Results and Discussion
3.3.1. In-situ UV-Vis Micro-spectroscopy Study on the MTO and ETO over SAPO-34
3.3.1.1. Effect of Temperature on the MTO and ETO over SAPO-34
For each MTO or ETO experiment performed, the 50 µm-sized SAPO-34 crystals were
heated to the reaction temperatures ranging from 509-773 K and 443-791 K, respectively. As
a result of both MTO and ETO reactions, the reactant molecules undergo chemical
transformations, in which the retained organic molecules inside the cages of SAPO-34
provide distinct color changes into the original molecular sieve crystals. Figure 3.1 presents a
selection of optical micro-photographs and corresponding UV-Vis spectra of an individual
SAPO-34 crystal taken throughout the MTO reaction at a reaction temperature of 528 K and
773 K. From visual inspection of Figures 3.1a and 3.1c, it can be observed that the SAPO-34
crystal gets different colors depending on the reaction temperature applied. This observation
is in line with previous results from our group

[12]

. More specifically, a strong yellow

coloration is observed along the edges of the SAPO-34 crystal with the highest color intensity
after ~ 400 s time-on-stream at the reaction temperature of 528 K. After reaching this stage,
the sample becomes more translucent, and the rate of fading is dependent on the reaction
temperature. In contrast, in the case of a high reaction temperature of 773 K, the crystal
rapidly turns into yellow after 30 s and then remains constant with time-on-stream.
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Figure 3.1. Selection of optical micro-photographs and corresponding UV-Vis spectra of an individual 50
μm-sized SAPO-34 crystal during the methanol-to-olefins reaction conducted at 528 K (a and b) and 773 K
(c and d), ethanol-to-olefins reaction conducted at 461 K (e and f) and 791 K (g and h) as a function of
time-on-stream.
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These color changes are fully reflected in the corresponding UV-Vis spectra, which
are shown in Figures 3.1b and 3.1d. These spectra have been taken from a 2 µm spot in the
central region of the SAPO-34 crystals. The most prominent feature in the spectra is a strong
absorption band at around 400 nm, which initiates the yellow coloration and is assigned to
highly methylated benzene carbocations

[12]

. At 528 K, the intensity of this absorption band

decreases after reaching a maximum at 400 s time-on-stream. Also at 773 K, the UV-Vis
spectra show the formation of the 400 nm absorption band, however, its intensity does not
decrease with time-on-stream. In addition, a second absorption band appears at 480 nm,
which can be ascribed to the formation of poly-aromatic species [12].
In the case of the ETO reaction, the coloration of the SAPO-34 crystal is different. The
crystal gradually turns from yellow to light orange with time-on-stream at 461 K and as
shown in Figure 3.1e, the color is homogeneously distributed throughout the whole SAPO-34
crystal. In contrast, the crystal coloration rapidly changes from brown to black at a reaction
temperature of 791 K (Figure 3.1g). The darkening of the SAPO-34 crystal starts from the
external surface area and moves inwards, leading to an inhomogeneous color distribution. The
corresponding UV-Vis spectra are shown in Figure 3.1f and 3.1h. At 461 K, the only
dominant absorption band at around 400 nm continuously grows with time-on-stream until
reaching a maximum. This behavior is different from the above-discussed MTO results at low
reaction temperatures (e.g., 528 K), where a decrease of the band intensity was observed.
These findings may imply that there exist different reaction paths for MTO and ETO
processes at the low reaction temperature regime. At 791 K, as shown in Figure 3.1h, the
formation of the HCP species is much faster, as reflected in the changes in the intensities of
the characteristic absorption bands. The ETO process starts with the generation of an
absorption band at 405 nm and its intensity first rapidly increases and then slightly decreases
with time-on-stream. A second absorption band located at around 480 nm becomes
predominant at the end of the reaction. Moreover, a broad background absorption all over the
visible region grows while the reaction progresses. The observation of a stable intensity of the
absorption band 405 nm for ETO process is very similar to that observed for the MTO process
at 773 K, suggesting a similar reaction path at high temperatures.
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Figure 3.2. Selection of UV-Vis spectra of an individual 50 µm-sized SAPO-34 crystal during the
methanol-to-olefins reaction conducted (a) at 528 K after 350 s; and (b) at 773 K after 30 s, including the
applied deconvolution procedure and related Gaussian bands at 403, 448, 505, 580, 670 and 700 nm.

Table 3.1. Overview of the band positions and widths of the Gaussian functions used for the deconvolution
of the in-situ UV-Vis absorption spectra for the methanol-to-olefins (MTO) and ethanol-to-olefins (ETO)
processes over SAPO-34 crystals.

Position and width (between brackets) in nanometers
of the Gaussian functions
MTO

403 (31)

448 (42)

505 (46)

580 (50)

670 (65)

700 (800)

ETO

405 (33)

448 (46)

510 (55)

590 (60)

675 (62)

700 (800)

The large variety of carbonaceous species formed during both MTO and ETO
reactions is reflected by the complexity of the UV-Vis spectra, as illustrated by the two
showcase examples in Figure 3.2. For a reliable quantification of the intensities of the UV-Vis
absorption bands, a systematic deconvolution procedure, as illustrated in Figure 3.2, was
performed. Six Gaussian functions were chosen to properly reconstruct the UV-Vis
spectroscopy data, as reported in previous work

[13]

. It is important to remark that the

Gaussian bands building up the experimental UV-Vis spectra for the MTO and ETO
processes have similar positions, suggesting a similar nature of the HCP species formed
within the cages of the SAPO-34 crystals

[14]

. Table 3.1 summarizes the deconvolution

analysis of the MTO and ETO UV-Vis micro-spectroscopy datasets. The Gaussian band at
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700 nm forms a broad background, which accounts for the contribution of coke deposits at the
external surface of the SAPO-34 crystals. The other five Gaussian bands, located at 403, 448,
505, 580 and 670 nm for MTO, and 405, 448, 510, 590 and 675 nm for ETO determine the
overall shape of the experimental absorption spectra. The maximum band position shift,
allowed for the series of deconvoluted UV-Vis spectra, was set to 4 nm

[11, 15]

. For each

absorption band, the evolution of its intensity as a function of time-on-stream was monitored
for different reaction temperatures. It must be noted here that it is not straightforward to
assign these absorption bands to specific trapped organic compounds, although the
assignment of the 400 nm absorption band to π-π* transitions of poly-alkylated benzene
(PAB) carbocations is well accepted

[7, 12, 16, 17]

. In addition, SAPO-34 possesses a unique

nanostructure consisting of large cages interconnected with small windows, which makes it an
ideal system to study the formation of HCP species, since they cannot migrate outwards and
the largest ring system that can be formed within the cages is limited to pyrene

[18]

. Along

these lines of thought, the Gaussian bands with increasing wavelengths can be rationalized in
terms of an increasing size of the trapped methylated aromatic compounds. Moreover, with
the aids of recent time-dependent DFT calculations combined with molecular dynamics (MD),
as shown in Figure 3.3

[19]

, we can give insight into the chemistry of the species absorbing

light in this region of the spectrum. Most of the single-ring aromatic cations contribute to the
400 nm band. In addition, bicyclic species with up to four methyl groups show broader
absorption bands extending to 450 nm, while heavily ones contribute to the absorption band
around 505 nm. The phenanthrenic species shows high absorbance at longer wavelengths, in
particular around 560 nm. Moreover, the background absorption can be ascribed to even
larger conjugated molecules, which cannot be accommodated inside the cage anymore and are
most likely to be located at the external surface of the SAPO-34 crystals [15].
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Figure 3.3. First vertical excitation energies (in nm) of charged HP compounds in vacuo, computed using
MD combined with TD-DFT B3LYP/DGTZV calculations on extracted snapshots. (Taken from ref.[19] )

By applying the above developed deconvolution procedure to the set of UV-Vis
absorption spectroscopy data obtained for the MTO and ETO reactions over individual
SAPO-34 crystals it has been possible to determine the absorbance of the Gaussian curve at
around 400 nm for both reactions at different reaction temperatures. The results are
summarized in Figures 3.4a and 3.4b. In the case of MTO, as illustrated in Figure 3.4a, two
temperature regimes can be discriminated. For temperatures between 509 K and 617 K, the
reaction rates for the HCP species increase with the rising temperature; while the kinetics
slow down when the temperatures are above 617 K. Within this temperature region, the
intensity of the 400 nm band rather stays the same after reaching a maximum. While for ETO,
it can be seen from Figure 3.4b, that faster kinetics takes place with increasing reaction
temperature, indicating a positive value for the activation energy of the overall reaction in the
entire temperature region under investigation. The reason to choose this absorption band for
further kinetic analysis is because it reflects the formation of PAB carbocations, which are
considered to be the most active HCP species towards olefin formation. In other words, by
monitoring the intensity of this absorption band we can directly assess the contribution of the
most reactive HCP species within SAPO-34.
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Figure 3.4. Absorption intensities of the Gaussian band at 400 nm as a function of time-on-stream over
individual 50 µm-sized SAPO-34 crystals for a) the methanol-to-olefins and b) the ethanol-to-olefins
reactions at different reaction temperatures.

In order to analyze the data in more detail, the time evolution profiles from the MTO
and ETO processes were fitted into a first-order reaction. The two chosen fitting procedures as
well as statistic accuracy of these data can be found in previous work

[13]

. More specifically,

for each band the evolution of the maximal absorbance as a function of time was monitored at
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different temperatures. The rapidly increasing regions in the absorbance (A) versus time (t)
curves (see Figure 3.4) that follow first-order kinetics were selected and fitted to the equation
ln(Amax-A)= ln(Amax)-kt. Thus we corrected for an induction period at the beginning and for
the occurrence of secondary reactions near the end of the process; the regions between
0.2Amax and 0.5Amax for MTO and between 0.2Amax and 0.7Amax for ETO were used. Therefore,
from this fitting procedure the rate constant k for each reaction temperature (T) can be
determined. Consequently, the ln(k) as a function of 1/T is depicted in Figure 3.5. The slope
of these Arrhenius curves is denoted as the activation energy (Ea) of formation of the PAB
carbocations responsible for the increase of the 400 nm absorption band in the UV-Vis spectra.
Moreover, the time interval (∆t) of the first-order reaction region is also used as a second
method to determine the activation energy (Ea), as calculated from the slope of the ln(1/∆t)1/T plot.
In the low temperature region, using the two above-mentioned procedures, the Ea for
the intensity increase of the 400 nm absorption band equaled 98±8 and 60±5 kJ·mol-1 for the
MTO and ETO processes, respectively (Figure 3.5). These values cannot be straightforwardly
assigned to Ea of one particular reaction. However, in the case of MTO, a previous study
shows a strong correlation between this experimentally derived Ea for growth of the 400 nm
band and the theoretical rates of methylation reactions. More specifically, methylation
reactions here refer to the process where a methylating agent (e.g. methanol) is protonated and
a methyl group is transferred to a ring carbon atom, leading to the formation of a cationic
HCP species

[13]

. Thus the strong correlation indicates that the methylation reactions are rate

determining steps for the formation of PAB carbocations

[13]

. In the high temperature region

of the MTO process, a negative Ea suggests a change in the reaction mechanism. This is in
agreement with previous observations, where the formation of aromatics is dominant at low
temperatures, while cracking of those into olefins takes place at higher temperatures [8, 12, 20].
In the case of ETO, the Ea value is ~ 60 kJ·mol-1 in the low temperature region (from
443 to 553 K) and it is comparable to the Ea for condensation of light olefins into aromatic
species

[21]

. In other words, it strongly suggests that ETO exhibits different mechanisms with

respect to the generation of PAB carbocations at low temperatures as compared to MTO.
When the temperature is increased slightly above 553 K, the apparent Ea is decreased into
nearly half the value of that at the low temperature region, and it keeps decreasing when the
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temperature is increased further. This finding can be rationalized considering two different
predominant mechanisms during the ETO reaction. On one hand, the apparent Ea of the 400
nm band for the ETO is much lower than that of the MTO leading to a faster formation of
PAB carbocations and coke. On the other hand, the molecular diameter of ethanol is close to
the pores of SAPO-34, which makes the diffusion of ethanol molecules much more difficult
than methanol. As a competition of the above two processes, different apparent Ea values of
ETO can be explained. At relative low reaction temperatures, the formation of PAB
carbocations is slow and the diffusion is not hindered by the coke formation, thus, the overall
reaction in this temperature region (443-553 K) is controlled by the kinetics. Hence, the
apparent Ea can be ascribed to the real Ea of the overall reaction. In contrast, when the ETO is
performed at higher temperatures, the reaction rate is elevated rapidly, thus resulting in a fast
coke formation. As a consequence, the diffusion rate of ethanol is suppressed by the large
amount of coke. Pore diffusion and mass transportation contribute dominantly in the apparent
reaction rate, therefore the apparent Ea is half the value of the real Ea, which is in line with our
first-order reaction assumption

[22]

. When the reaction temperature is elevated even further,

the observed Ea value decreased to a larger extent. It could be the reason that mass transport
limitation outside the crystals also occurred, moreover, a change in the reaction mechanism
similar to MTO may also play a role as high temperatures favor dealkylation and/or cracking
reactions.
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Figure 3.5. Arrhenius plot of the fitted curves corresponding to the intensity profiles of the absorption band
at 400 nm for the methanol-to-olefins (MTO) and ethanol-to-olefins (ETO) reactions over individual 50
µm-sized SAPO-34 crystals, as shown in Figure 3.4a and 3.4b.

In order to gain more insight into the mechanisms of generation of PAB carbocations,
two additional UV-Vis micro-spectroscopy experiments with subsequent kinetic analysis
were performed, which were devoted to further investigate the observed kinetic differences.
Figure 3.6 gives the Arrhenius plot of the intensity of the Gaussian band at 400 nm for three
MTH reactions at different reaction temperatures. The first and second experiments make use
of methanol and ethanol as feed molecule, while the third additional experiment is based on
the co-feeding of methanol and ethanol in a methanol to ethanol ratio of 2:1. Further analysis
of these kinetic data reveals two distinct features. First, the reactant molecules show different
reactivity with respect to the rates of PAB formation and follow the order: methanol/ethanol
mixture > ethanol > methanol, whereas the Ea value of this process exhibits the opposite
behavior: methanol > ethanol > methanol/ethanol mixture. Increasing the reaction rate leads
to a faster growing of the amount of PAB carbocations, while a decreasing Ea value eases this
process. Secondly, the starting temperature for the co-feeding reaction is decreased as
compared to MTO, and the conversion of the methanol/ethanol mixture exhibits a faster rate
compared to either ETO or MTO reactions. This again confirms that the two reactions follow
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different pathways towards formation of PAB carbocations, else the two competitive reactions
follow the same pathway would not lead to a drastically increased overall reaction rate and
decreased Ea value. Therefore, condensation of olefins in the case of ETO seems very logical,
since this process can provide vast amount of aromatics which can readily be methylated by
methylating agents (e.g. methanol).

Figure 3.6. Arrhenius plot of the intensity of the Gaussian band at 400 nm for three distinct alcohol-toolefins reactions for methanol, ethanol and a methanol/ethanol mixture (2:1) over individual 50 µm-sized
SAPO-34 crystals.

The second additional experiment involves the use of pre-coked SAPO-34 crystals,
which have been tested for the MTO and ETO reactions. These pre-coked samples have been
prepared from a partially detemplation procedure where the crystals were heated in O2 at 791
K for 15 min. The optical images for the MTO process show that the coked SAPO-34 crystal
displays a faster coloration compared to non-coked one, while in the case of the ETO process,
the coked SAPO-34 crystal exhibits similar coloration rates as the fresh one. The observation
of the coloration is entirely reflected in the calculated rate constant k of the 400 nm Gaussian
band. These results for the MTO reaction over the coked and fresh SAPO-34 crystals are
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shown in Figure 3.7. It is evidenced that the reaction rate k for the coked sample is much
larger and increases more drastically with increasing reaction temperatures as compared to the
fresh one. Interestingly, the calculated Ea for the MTO process, as shown in Figure 3.7, are
rather comparable, which means that the dominant reactions for the generation of active HCP
species (in other words, PAB carbocations) are the same for both cases. It has been shown
that this Ea is corresponding to the methylation of aromatic species. In this respect, the
increased reaction rate in coked SAPO-34 can be ascribed to a higher chance of colliding with
aromatic molecules since the partly detemplated samples contain much more pronounced
pyramidal HCP species

[23]

. In contrast, the ETO reaction over coked SAPO-34 gives

comparable or lower k values. It is proposed that the formation of active HCP species in the
ETO process is related to the condensation of ethylene, formed via dehydration of ethanol.
This means that the organic compounds originated from the detemplation process are not
governing the formation of PAB carbocations during ETO. Instead, they are partly covering
the active sites, leading to a lower formation rate of HCP species.

Figure 3.7. Arrhenius plot for rate constant k of the 400 nm Gaussian band as a function of reaction
temperature during the methanol-to-olefins process over a pre-coked and fresh individual 50 µm-sized
SAPO-34 crystals.
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3.3.1.2. Effect of Crystal Size on MTO over SAPO-34
In this section we aim to understand in more detail the effect of the crystal size in the
formation of HCP species during the MTO reactions. Figure 3.8 compares the optical microphotographs as well as the corresponding UV-Vis spectra of two SAPO-34 crystals with sizes
of 16 and 60 µm during MTO reaction at 600 K. As reported above, at this reaction
temperature the crystals follow a similar color evolution for both crystals, a yellow coloration
at the outer rim of the crystal followed by a fading of the color. This behavior is also reflected
in the corresponding UV-Vis spectra, as the intensity of the 400 nm band increases first and
then decreases with time-on-stream in both cases. However, differences between the two
crystals are also clear. First, the induction time is longer and the rate of formation
/disappearance of the 400 nm band is slower in the case of the 16 µm-sized crystal, which
means that the generation of PAB is delayed and PAB species have a longer lifetime in the
small-sized crystal. In addition, the absorption band observed at 580 nm, which can be
assigned to PA species, is more intense for the 16 µm-sized crystal, reflected by a green blue
color of the crystal (Figure 3.8a). The results suggest that there are more PA species in smallsized crystals as compared to large-sized ones, which is in line with a previous study [24].
In order to have a systematic comparison of the species formed in the crystals, the
MTO reactions were performed at 600 K over five SAPO-34 crystals with different particle
sizes. The time evolutions of the 400 nm and 580 nm bands are shown in Figure 3.9 and
confirm our previous findings. First, the induction period is more extended in the case of
small-sized crystals. Besides, the lifetime of the 400 nm band is longer when the crystal gets
smaller as shown in Figure 3.9a. This suggests that the SAPO-34 crystal deactivates faster
with increasing crystal sizes, as the 400 nm band represents the most active HCP species. In
addition, the absorption band at 580 nm increases with decreasing the crystal size, which
implies a larger amount of PA species in small-sized crystals.
Our observations can be rationalized in terms of the diffusion path length in the
crystals. More specifically, large crystals possess longer diffusion paths, which promote
secondary reactions of methanol and products into monoaromatics and PA. Hence, this leads
to a longer induction time as the formation of monoaromatics is required for the activation of
the crystal, and also to a shorter lifetime of the catalytic material as the formation of PA
species is considered the main reason for deactivation of SAPO-34 crystals. In addition, due
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to the longer lifetime of small crystals, the microporous cavities of the SAPO-34 can be more
efficiently utilized and therefore a larger amount of PA species is observed.

Figure 3.8. Selection of optical micro-photographs and corresponding UV-Vis spectra of an individual (a
and b) 16 µm-sized and (c and d) 60 µm-sized SAPO-34 crystal during the methanol-to-olefins reactions
conducted at 600 K as a function of time-on-stream.

Figure 3.9. Intensity evolutions of the a) 400 nm band and b) 580 nm band deconvoluted from the UV-Vis
spectra of individual SAPO-34 crystals varying in sizes during the methanol-to-olefins reactions conducted
at 600 K.
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3.3.2. Confocal Fluorescence Microscopy Study on the MTO and ETO over SAPO-34
The spatiotemporal distribution of carbonaceous species within individual SAPO-34 crystals
was monitored by confocal fluorescence microscopy as such species exhibit fluorescence in
the visible light region. As a result, 2-D and 3-D maps of the carbonaceous species can be
constructed with sub-micrometer resolution as described in a previous paper of our group [25].
In addition, the optical properties of the carbon species can be related to their molecular
dimensions, where the more conjugated and extended compounds absorb light at higher
wavelengths

[12, 15]

. This allows us to discriminate between different coke species by exciting

the sample with distinct laser lights. In this PhD work, three different laser lights were used:
405, 488 and 561 nm wavelengths with the fluorescence detection region at 425-475, 510-550
and 575-635 nm, respectively.
Figure 3.10 depicts a series of confocal fluorescence images in the middle plane of a
single SAPO-34 crystal collected during MTO reaction at 600 and 773 K. The images show
the combination of the light emitted upon excitation with a 488 and 561 nm lasers and
illustrate the location of the less and more extended coke species (from green to red as shown
in Figure 3.10c, respectively). It is important to note that this technique was used as an
imaging tool and no quantitative information can be extracted from this studies. This is due to
the fact that the sensitivity of the fluorescence detectors for the two lasers might differ from
each experiment because those settings were chosen for the best display of the fluorescence
species. Therefore the evolution of the HCP species with respect to the size and distribution
can be followed within one crystal. At 600 K, shown in Figure 3.10a, the formation of the
fluorescent species is limited to the outer rim of the crystal and the light emitted goes from
green to red with time-on-stream, which can be translated to the formation of more extended
species with the evolution of the reaction. Bearing in mind that methanol has no diffusion
limitation in the pore system of the SAPO-34 crystal, this illustrates that the aromatic species
are formed near the external surface of the crystal and hinder the methanol diffusion and
formation of more carbonaceous species inwards.
When the reaction is performed at 773 K, as shown in Figure 3.10b, the same pattern
is observed in the first seconds of the reaction. Subsequently, there is a gradual formation of
carbonaceous species in the interior of the crystal, with an increase in their sizes with the
evolution of the reaction. These fluorescent patterns can be explained with our UV-Vis kinetic

60

Single-Catalyst Particle Spectroscopy of SAPO-34: Methanol-to-Olefins vs. Ethanol-to-Olefins

results, which suggest a cracking mechanism of the aromatic species at such a high
temperature. Hence, the aromatics created at the periphery of the crystal, which block the
crystal at low reaction temperatures, are cracked into smaller molecules, such as olefins that
can easily diffuse towards the interior of the crystal and further generate more HCP species.

Figure 3.10. Confocal fluorescence microscopy images of an individual 50 µm-sized SAPO-34 crystal
during the methanol-to-olefins reaction with time-on-stream at a) 600 K and b) 773 K. c) Schematics of the
slice, where the confocal fluorescence measurement has been performed. The color shown in the figure is
the fluorescence originated from the overlap of two profiles with a laser excitation of 488 nm (detection at
510-550 nm) and 561 nm (detection 565-635 nm). The color bar illustrate the type of organic molecules,
which might be responsible for the fluorescence generated from the corresponding lasers (Ref. [13]).
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Our kinetic and mechanistic study reveals a change in the reaction mechanism for the
formation of HCP species with the nature of the alcohol used as a reactant. In order to
investigate the influence of the alcohol on the spatial distribution of the carbonaceous species,
the same confocal fluorescence microscopy study was performed for the ETO reaction at 509
and 650 K. Upon exposure to the ethanol stream at 509 K for 1.5 min, fluorescent species
start being formed, as illustrated in Figure 3.11a. At this stage, the fluorescence shows a fourpointed star pattern, due to the accumulation of the fluorescent species in the diffusion
restricted intergrowth structure of the crystal. With the progress of the reaction, the
fluorescent species are formed progressively throughout the whole crystal. This illustrates that
the formation of fluorescent carbonaceous species is limited by the kinetic reaction rates since
the diffusion of reagents to the active sites is faster. A more detailed inspection reveals that
the periphery of the crystal displays less fluorescence intensity during the ETO reaction,
which can be explained by the fact that the external region of the acidic material mainly
catalyzes the dehydration of the ethanol into ethylene. The color of the fluorescence goes
from green to yellow, and finally turns into light-orange with time-on-stream, which suggests
a progressive increase in the molecular size of the carbonaceous species. After 10 min of
reaction, the color and the distribution of the fluorescence are homogeneous across the crystal
with the exception of the most internal part, which is not reachable for the reactants anymore.
When the ETO reaction is performed at 650 K, SAPO-34 displays a different
fluorescence pattern, as depicted in Figure 3.11b. First, the rate of fluorescent species
formation is faster as such species appear after 10 s time-on-stream. Second, the fluorescent
species are created at the periphery of the crystal, and move inwards with a “square-shaped”
distribution. Finally, the color of the fluorescence is heterogeneous and shows green at the
periphery of the crystal, which is gradually turning into red in the interior. This can be
translated into a formation of bulkier coke species at the inner part of the crystal.
The above observations can be rationalized by the diffusion-controlled reaction theory,
inspired by our UV-Vis kinetic results. The high temperature promotes the chemical reaction
faster than the diffusion of the reactant/products. As a result, HCP species are created at the
periphery of the crystal and with time-on-stream the reactant/products slowly diffuse
throughout those species. Finally, the HCP species become bigger and hinder the diffusion of
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the reactants towards the core of the crystal, which is slightly fluorescent due to the reaction
of cracking products.

Figure 3.11. Fluorescence profiles of an individual 50 µm-sized SAPO-34 crystal during the ethanol-toolefins reaction with time-on-stream at reaction temperature a) 509 K and b) 650 K. The color shown in the
figure is the fluorescence originated from the overlap of two profiles with a laser excitation of 488 nm
(detection at 510-550 nm) and 561 nm (detection 565-635 nm).

Figure 3.12. Confocal fluorescence microscopy images taken before and after a) 11 min time-on-stream for
the methanol-to-olefins reaction and b) 15 min time-on-stream for the ethanol-to-olefins reaction at 553 K
over an individual partially detemplated 50 µm-sized SAPO-34 crystal. It is important to note that the
fluorescence images were displayed in black and white mode for all the three lasers in order to obtain the
best contrast.
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Figure 3.12 compares the confocal fluorescence microscopy images taken using three
different lasers before and after MTO and ETO at 553 K over partially detemplated crystals.
Clear differences were observed when comparing MTO and ETO. To be more specific, in the
case of MTO, the fluorescence patterns are similar before and after reaction, with an increase
in the fluorescence intensity after reaction. This is in agreement with the proposed mechanism
where the methylation of the carbon species present in the crystal before the reaction is the
main cause of the HCP species. In contrast, during ETO reaction, the fluorescence increases
in the non-fluorescent regions of the partially detemplated crystal. This demonstrates that
during ETO reaction, the organic remains are not necessary for the formation of cationic HCP
species, but condensation of light olefins, e.g. ethylene formed during the dehydration of
ethanol, is responsible.

Figure 3.13. Fluorescence profiles of an individual 50 µm-sized SAPO-34 crystal during the reaction of a
mixture of methanol and ethanol (2:1) to olefins (a & b) with time-on-stream at a reaction temperature of a)
509 and, b) 773 K. The color shown in the figure is the fluorescence originated from the overlap of two
profiles with a laser excitation of 488 nm (detection at 510-550 nm) and 561 nm (detection 565-635 nm).
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In a final set of confocal fluorescence microscopy experiments we have measured
fluorescence microscopy images during the co-feeding of methanol and ethanol, which are
illustrated in Figure 3.13. The features resemble the fluorescence microscopy patterns
observed for the MTO reaction, where only the periphery of the SAPO-34 crystal displays
fluorescence at 509 K, whereas a gradual coloration of the whole crystal is observed after
reaction at 773 K. The main difference with respect to the MTO reaction is the faster
formation of fluorescent species for the co-feeding experiments. This observation suggests
that the addition of ethanol accelerates the formation of the HCP species via dehydration into
ethylene, which subsequently condensate and form aromatic species.

3.3.3. In-situ IR Micro-spectroscopy Study on the MTO and ETO over SAPO-34
In a third and final part of this micro-spectroscopy investigation we aimed to gain more
insight into the chemical nature of the formed HCP species within an individual SAPO-34
crystal during the MTO and ETO processes. For this purpose, we have used synchrotronbased IR micro-spectroscopy as the typical vibrations of organic molecules provide
fingerprints of the type and amount of aromatic and aliphatic hydrocarbons formed, as well as
of the hydroxyl groups, interacting with the organics.
Figure 3.14 compares the spectra obtained for an individual activated SAPO-34 crystal
before and after three pulses of methanol and ethanol at 553 K, respectively. The spectra were
taken from a spot size of 20 × 20 µm2 in the center of the SAPO-34 crystal. There are three
important regions in the IR spectra, i.e., the O-H stretching vibration region (> 3500 cm-1), the
C-H stretching vibration region (2800-3100 cm-1) and the C=C stretching and C-H
deformation region (1350-1650 cm-1). It is known that SAPO-34 has pronounced Brønsted
acidity with a characteristic IR band located at ~ 3595 cm-1, which is the so-called lowfrequency (LF) band, as previously demonstrated to originate from Brønsted acid sites located
at particularly O(2) positions

[26]

. Bearing in mind that the Si/(Al+P) ratio of our SAPO-34

crystals is 0.204, a theoretical structure of two acid sites per cage with, according to the IR
data, identical acidity. The sharpness of the 3595 cm-1 band and the absence of other bands in
the OH stretching vibration region suggest that Si is homogeneously distributed. Based on
these results, we can conclude that the non-uniform performance over an individual crystal
can be contributed to the accessibility of the crystal and the formation of hydrocarbons during

65

Chapter 3

the alcohol-to-olefins (ATO) reactions rather than to a heterogeneous distribution of Brønsted
acid sites within the crystalline material.

Figure 3.14. Synchrotron-based IR spectra of an individual 50 µm-sized SAPO-34 crystal a) before
alcohol-to-olefins reaction, b) after three pulses of methanol and c) after three pulses of ethanol at 553 K.

After performing ATO reactions, the intensity of the 3595 cm-1 band decreases in all
cases, which indicates a loss of Brønsted acid sites. The loss of these acid sites can be
strongly correlated to the formation of protonated HCP species and alkoxy groups, and the
latter ones are very likely to be consumed at the end of the reactions, while the former are
present during the whole experiment. Therefore, the acidity of the SAPO-34 crystals can be
monitored and complementary information can be provided to the UV-Vis and confocal
fluorescence micro-spectroscopy measurements. In the case of the MTO process, as displayed
in Figure 3.14, the number of Brønsted acid sites decrease in a slightly larger extent than for
the ETO process. Furthermore, these sites are perturbed as the IR band position is shifted to
3590 cm-1 after the MTO reactions are performed at 553 K. Another observation is that the IR
bands in the C-H stretching region (three bands centered at 2955, 2925 and 2870 cm-1 in both
MTO and ETO) are much more pronounced in MTO as compared to ETO. This is indicative
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for the formation of more aliphatic C-H species during MTO. From the above two findings,
one can conclude that there is a much higher alkylation degree of the HCP species formed
during MTO than during ETO. Interestingly, this is confirmed by the distinct dominant bands
generated in the C=C vibration stretching region at 1506 cm-1 and 1590 cm-1 for MTO and
ETO, respectively. Furthermore, the perturbation of the acid sites after MTO is also an
indication of the formation of highly alkylated and/or poly aromatic species as they are
bulkier and possess a stronger interaction with the acid sites compared to non-alkylated
aromatics [17].
Figures 3.15a and 3.15b display the evolution of the synchrotron-based IR spectra in
the first pulse during MTO and ETO in more detail. In order to use this information in a
complementary fashion, the same pulse experiments were performed with in-situ UV-Vis
micro-spectroscopy. Figure 3.15c illustrates the intensity of the 400 nm absorption band
obtained after deconvolution of the corresponding UV-Vis spectra as a function of time-onstream. The IR spectra were taken every 1 min for MTO and ETO, and the pulse for both
cases lasted for 1 min. During the pulse of methanol, a decrease of acidity was observed,
meanwhile two IR bands at ~ 1456 cm-1 and ~ 2978 cm-1 rise in intensity at the beginning of
the MTO, indicating that the reaction is taking place. The two bands are most likely due to the
formation of methoxy groups (methyl deformation mode and stretching vibration mode),
which are responsible for the apparent removal of the acid sites at the early stage of the MTO
reaction

[27, 28]

. When the pulse is off, the two bands disappear and the acid sites are partially

recovered. Simultaneously, a new IR band at ~ 1506 cm-1 appears, indicating the formation of
a new species from the depletion of the methoxy groups. It is reasonable to propose that the
new species are HCP molecules generated via methylation reactions, as evidenced from the
previously described UV-Vis and confocal fluorescence micro-spectroscopy results. As these
HCP species grow in size, the Brønsted acid sites are being more perturbed as a broad band
forms centered at ~ 3556 cm-1. These methylated HCP species, more specifically PAB
carbocations, are therefore responsible for the absorption at ~ 400 nm in the UV-Vis spectra,
as shown in Figure 3.15c, where an induction time is clearly observed.
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Figure 3.15. a) Subtracted synchrotron-based IR spectra from reaction of first pulse of methanol over an
individual 50 µm-sized SAPO-34 crystal at 553 K, the pulse lasted for 1 min and the interval of the
displayed spectra is 1 min. b) Subtracted IR spectra from first pulse of ethanol over an individual 50 µmsized SAPO-34 crystal at 553 K, the pulse lasted for 1 min and the interval of the displayed spectra is 2 min.
c) Comparison between the evolution of the intensity of the 400 nm absorption band deconvoluted from the
corresponding UV-Vis spectra during the first pulse of methanol-to-olefins (MTO) and ethanol-to-olefins
(ETO) reactions at 553 K.
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In the case of the synchrotron-based IR data for ETO, as illustrated in Figure 3.15b, a
weak absorption centered at ~ 1620 cm-1 during the pulse is assigned to the ν (C=C) modes of
a complex mixture of hydrogen-deficient species [29]. These species are formed intermediately
after exposure to ethanol, most likely owing to the fast oligomerization of ethylene. Shortly
afterwards, a new IR band at ~ 1590 cm-1, which can be assigned to C=C ring skeletal
vibration of aromatics

[30]

, is increasing in intensity despite the absence of ethanol, whereas

the bands of the Brønsted acid sites (3595 cm-1 band) are decreasing gradually in intensity.
This observation suggests the continuous formation of cationic aromatic species, which is in
contrast to the recovering acidity when switching off methanol for the MTO process.
Therefore it may indicate that the formation of protonated HCP species in the ETO process is
not related to surface species created from ethanol (e.g., ethoxy groups) owing to their low
reactivity

[31]

, instead, oligomerization of light olefins is a more plausible pathway since

ethylene can be readily generated in large quantities from ethanol. Furthermore, a small band
at ~ 1506 cm-1, also found during the MTO process, suggests the formation of alkylated
aromatics, which clearly are not the dominating species during ETO.
The above observations during the ETO reaction are consistent with complementary
UV-Vis micro-spectroscopy results, summarized in Figure 3.15c, where the evolution of
intensity of the 400 nm absorption band is dependent on the HCP species formed by
condensation of light olefins, thus exhibiting one fast growing mechanism with negligible
induction time. It reinforces the idea that the HCP species, e.g. alkylbenzenes formed during
MTO and ETO, containing different average numbers of alkyl groups, are due to their
different generating mechanisms.
When MTO and ETO reactions are compared under different kinetic regimes, e.g. at
reaction temperatures of 698 and 553 K, as shown in Figure 3.16, clear differences were
observed. First, changes in the O-H stretching band are less pronounced, which suggests that
a lower overall volume of the SAPO-34 crystals is used when the reactions are performed at
698 K. This is in line with the confocal fluorescence and UV-Vis micro-spectroscopy results,
where the faster formation of coke deposits at the periphery of the crystal prevents the
diffusion of reactant molecules inwards. Meanwhile, dramatically decreased intensities of the
aliphatic C-H vibration stretching features at 698 K indicate that the HCP species are less
alkylated as compared to the reaction at 553 K, although IR absorption at similar
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wavenumbers are still observable for both temperatures. This is in line with the previous
kinetic studies based on the UV-Vis micro-spectroscopy data, where a change in mechanism
occurs at high reaction temperatures and the cracking of formed alkylated HCP becomes
dominant [20].

Figure 3.16. Comparison between subtracted IR spectra obtained from the end of second pulse during the
reactions of a) ethanol-to-olefins at 698 K; b) ethanol-to-olefins at 553 K; c) methanol-to-olefins at 698 K;
d) methanol-to-olefins at 553 K, respectively.

In a final series of synchrotron-based IR experiments, the distribution of the Brønsted
acid sites and retained alkylated aromatics over an individual zeolite SAPO-34 crystal were
mapped by scanning the crystal after performing a MTO reaction at 553 K for 10 min. The
Brønsted acidity map is shown in Figure 3.17a, indicating a rather homogeneous distribution
of Brønsted acid sites over the entire SAPO-34 crystal. This finding, in combination with the
broadening of the O-H band, suggests that at the end of MTO the acid sites are interacting
with the hydrocarbons formed during the reaction rather than being consumed. Furthermore,
the alkylated aromatics exhibit stretching vibrations in the aliphatic C-H region [32]. Therefore,
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these molecules can be mapped by integrating the 2750-3030 cm-1 spectral region and the
results are given in Figure 3.17b. It is apparent that these species are more concentrated in the
outer rim of the SAPO-34 crystal, most likely due to the higher local concentration of
methanol in this part during the MTO reaction. Thus, this crystal part actively contributes to
the MTO route since alkylated aromatics interact with methanol and split olefins as suggested
previously [33-35].

Figure 3.17. Concentration maps of a) Brønsted acidity, obtained by integration of the IR absorption in the
3700-3450 cm-1 region, and b) aliphatic C-H vibration, obtained by integration of the IR absorption in the
2750-3030 cm-1 region over a single 50 µm-sized SAPO-34 crystal in a flow of methanol for 10 min at 553
K. The spot size is 8 × 8 µm2.

3.4. Conclusions
The combination of three in-situ micro-spectroscopy techniques was used for the investigation
of the formation and related reactivity of hydrocarbon pool (HCP) species within individual
micron-sized SAPO-34 crystals during methanol-to-olefins (MTO) and ethanol-to-olefins
(ETO) reactions. These large SAPO-34 crystals were characterized by a uniform spatial
distribution of Brønsted acid sites. UV-Vis micro-spectroscopy was applied to follow the
formation of HCP species in a quantitative manner, while confocal fluorescence microscopy
maps these species in-situ within one SAPO-34 crystal in 3-D. Finally, synchrotron-based IR
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micro-spectroscopy provides insight into the type and amount of formed HCP species as well
as the interactions of these HCP species with Brønsted acid sites.
Upon conversion of the two alcohols under study, namely methanol and ethanol, the
formation of the most important HCP species, i.e., poly-alkylated benzene (PAB)
carbocations, were studied in a wide temperature region (443-791 K) with respect to kinetic
and mechanistic differences. From the kinetic point of view, two distinct kinetic regimes were
observed. At low reaction temperatures (509-617 K and 443-553 K for MTO and ETO,
respectively), PAB formation can be fitted into first-order kinetics; while at high reaction
temperatures, a change of kinetics occurs owing to an alteration of the reaction mechanisms,
as well as an increased diffusion limitation especially in the ETO process. Such alterations
were also reflected in the spatial distribution of the HCP species measured by confocal
fluorescence microscopy. More specifically, in the case of the ETO process an egg-white
fluorescence pattern at low reaction temperatures turned into a square-shape fluorescence
pattern at high reaction temperatures. This change is indicative for diffusion restriction with
increasing reaction temperatures, finally leading to a diffusion-controlled regime for the
process. Furthermore, it was found that the induction period gets shorter and the formation/
disappearance of the PAB carbocations is faster with increasing crystal size during the MTO
process. This is due to an increased diffusion path length with large-sized crystals, which
promotes secondary reactions. Consequently, the microporous cavities of the small-sized
crystals can be more efficiently utilized and therefore a larger amount of PA species are
observed.
From the mechanistic point of view, the calculated Ea values from kinetic plots give us
an insight into the leading processes for PAB formation. At low reaction temperatures, the Ea
value of ~ 98 kJ·mol-1 shows a strong connection to the theoretical value for methylation
reactions in the case of MTO; whilst for ETO the Ea value of ~ 60 kJ·mol-1 suggests that the
condensation of light olefins is governing the overall process. This is in agreement with the
infrared micro-spectroscopy results as HCP species in MTO has a higher degree of alkylation
than those in ETO. At high reaction temperatures, dramatically decreased Ea value for ETO
and even a negative Ea value for MTO were observed. This suggests a change in reaction
mechanism, which alters from mainly building up the HCP species (as observed at low
reaction temperatures) into dealkylation and/or cracking reactions of the HCP species for
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olefins production (as observed at high reaction temperatures) and where diffusion becomes
dominant. This reasoning is in line with our confocal fluorescence microscopy data (i.e.,
gradual formation of carbonaceous species in the interior of the crystal) and infrared microspectroscopy data, (i.e., less alkylation degrees of formed HCP studied at high temperatures
and alkylated HCP species are more concentrated in the outer rim of the crystal).
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Chapter 4
Single-Catalyst Particle Spectroscopy of Alcohol-toOlefins Conversions: SAPO-34 vs. SSZ-13

Acid Strength and Acid Site Density Affect Bulk and Local Catalytic
Performance
ATO reactions over single SAPO-34 and SSZ-13 crystals have been compared. Aromatics
alkylation is leading for MTO, while olefins condensation is dominant for ETO towards the
formation of both active and deactivating species. Acid strength plays an important role in
methylation reactions, while olefins condensation is affected more by acid site density. In
addition, acid site density influences the distribution and amount of species in single crystals.

Based on the manuscript: Q. Qian, J. Ruiz-Martínez, M. Mokhtar, A. M. Asiri, S. A. Al-Thabaiti, S. N. Basahel,
B. M. Weckhuysen, Catal. Today 2014, DOI: 10.1016/j.cattod.2013.09.056.
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4.1. Introduction
In Chapter 3 of this PhD thesis, we have shown that on SAPO-34 the active aromatic species,
namely poly-alkylated benzene (PAB) carbocations, follow different formation pathways
during MTO and ETO, i.e. methylation and olefins condensation reactions by using of a
combination of in-situ spectroscopic techniques

[1]

. In this PhD Chapter, we extend this

mechanistic approach for the study of individual SSZ-13 crystals, an aluminosilicate with
CHA structure, stronger acidity and in this specific case lower acid site density. We also
include here an investigation of the formation of bulkier poly aromatic (PA) species, which
are believed to deactivate the material. These results will be compared with SAPO-34 and
after that, the role of acid strength and acid site density on the kinetics, location and nature of
distinct hydrocarbon species during the distinct reaction steps (activation and deactivation) of
MTO and ETO will be assessed.

4.2. Experimental
4.2.1. Materials and Experiments
The as-synthesized SAPO-34 and SSZ-13 materials under study have crystal sizes of 50 × 50
× 50 µm3 and 40 × 40 × 40 µm3, respectively. Their synthesis procedure has been reported
elsewhere

[2, 3]

. The Si/(Al + P) and Si/Al ratios are 0.204 and 17.7, which can be translated

theoretically into two acid sites per cage for the SAPO-34 crystals and two acid sites per three
cages for the SSZ-13 crystals. The crystals were placed on the heating stage of an in-situ cell
(Linkam FTIR 600) equipped with a temperature controller (Linkam TMS 93) where they
were heated. During each measurement, the calcined crystals were first heated to 673 K at a
rate of 15 K·min-1, then heated to 823 K with a rate of 5 K·min-1, and held at this temperature
for 1 h under N2 atmosphere. Subsequently, the temperature was brought to the required
reaction temperature at a rate of 15 K·min-1 after which the N2 was flowing through methanol
or ethanol thereby acting as carrier gas.

4.2.2. N2 Physisorption Analysis
N2-physisorption isotherms were recorded using a Micromeritics Tristar 3000 set-up
operating at 77 K. Prior to physisorption measurements, all samples were degassed for 12 h at
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573 K in a nitrogen flow. BET surface areas were determined using 10 points between 0.06
and 0.25. Micropore volumes (cm3·g-1) were determined by the t-plot analysis for t between
3.3 and 5.4 Å to ensure inclusion of all five minimum required pressure points.

4.2.3. Ammonia Temperature Programmed Desorption
Acidity was investigated by temperature-programmed desorption (TPD) of ammonia under
He flow (25 ml·min-1) using a Micromeritics Autochem II equipped with a TCD detector. 50
mg of catalyst was loaded and dried at 873 K for 1 h, then cooled down to 373 K. After that,
pulses of ammonia were introduced up to saturation of the catalyst material. The TPD was
performed up to 873 K with a heating ramp of 5 K·min-1.

4.2.4. In-situ UV-Vis Micro-spectroscopy
The UV-Vis micro-spectroscopy measurements were performed with an Olympus BX41
upright microscope using a 50×0.5 NA high working-distance microscope objective lens. A
75 W tungsten lamp was used for illumination. In addition, the microscope has a 50/50 double
viewpoint tube, which accommodates a CCD video camera (ColorView IIIu, Soft Imaging
System GmbH) and an optical fiber mount. A 200 µm core fiber connects the microscope to a
CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV).

4.2.5. In-situ Confocal Fluorescence Microscopy
The confocal fluorescence microscopy studies were performed with a Nikon Eclipse LV150
upright microscope with a 50×0.55 NA dry objective lens. The confocal fluorescence
microscopy images were collected with the use of a Nikon-Eclipse C1 head connected to the
laser light sources (488 and 561 nm). The emission was detected with two photomultiplier
tubes in the range 510-550 and 575-635 nm for the two lasers, respectively (in order to avoid
channel overlap).

4.2.6. In-situ Synchrotron-based IR Micro-spectroscopy
Synchrotron-based IR spectra were collected at beamline SMIS located at the French National
Synchrotron SOLEIL (Paris, France). A Thermo Nicolet NEXUS 70 spectrometer, coupled to
a Continuum XL microscope was used with the synchrotron light as the IR source. The
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microscope was equipped with a 15×0.5 NA Schwarzschild objective, a motorized x and y
mapping stage and an adjustable rectangular aperture. For typical MTO and ETO
measurements, the SAPO-34 crystals were placed in the in-situ cell (Linkam FTIR 600) and
heated up to 723 K in dry air (heating rate is 15 K·min-1) for 30 min to activate the molecular
sieves. Subsequently, the in-situ cell was brought to reaction temperatures at a heating rate of
15 K·min-1, and the alcohols were fed into the cell with several pulses. Spectra were collected
during and after each pulse. For each measurement, the crystals were placed on a CaF2
window located on the motorized (in x/y) mapping stage, recording the mid-IR (4000–1300
cm−1) spectrum in transmission mode with a spectral resolution of 4 cm−1 and 32 or 16 scans
co-added. An aperture of IR beam 20 × 20 µm2 was used to follow the MTO and ETO
reactions in-situ. Background measurements were performed with a spectral resolution of 4
cm−1 and 64 scans per spectrum.

4.3. Results and Discussion
4.3.1. Textural Properties and Acidity of the Materials
Table 4.1 summarizes the textural properties of the two materials under study, i.e., SAPO-34
and SSZ-13, as measured by N2 physisorption. The large SAPO-34 crystals are essentially
microporous, which suggest that the crystals possess a low content of defects and the porosity
is coming mainly from the microporous structure of the silicoaluminophosphate. In the case
of its zeolitic counterpart, SSZ-13, despite most of the porosity originates from the
microporous structure of the material, a certain amount of mesoporosity is also observed,
reflecting a less ideal and most likely more accessible material.

Table 4.1. Textural properties of the large SAPO-34 and SSZ-13 crystals under investigation.

SAPO-34

BET surface area
(m2·g-1)
492

Micropore volume
(cm3·g-1)
0.229

Mesopore volume
(cm3·g-1)
0.010

SSZ-13

486

0.231

0.037

Sample

The ammonia TPD profiles of the large SAPO-34 and SSZ-13 crystals are presented in
Figure 4.1. The SSZ-13 and SAPO-34 materials show two distinct peaks at low and high
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temperatures. The ammonia desorption peak at around 423 K is ascribed to weak acid sites
due to hydroxyl groups at the external surface of the material, therefore they are not related to
the active species inside the cages of the molecular sieves [4, 5]. The ammonia desorption peak
at higher temperature corresponds to sites with stronger acidity, most likely due to Brønsted
acid sites inside the cages. This peak is located at around 623 K for SAPO-34 and at around
688 K for SSZ-13. Two main conclusions can be drawn from the ammonia TPD results. First,
the profiles clearly show that the SAPO-34 large crystals possess a higher amount of acid
sites, and consequently a higher acid site density. This observation is in line with the
theoretical values of two acid sites per cage for SAPO-34 and 0.66 acid sites per cage for
SSZ-13. Second, the temperature difference between the second peak of desorption for SSZ13 and SAPO-34 is indicative for stronger acid sites in the former material, which is in line
with literature data [6].

Figure 4.1. Ammonia temperature programmed desorption profiles for the large SSZ-13 and SAPO-34
crystals under investigation.
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4.3.2. In-situ UV-Vis Micro-spectroscopy
In order to fully compare the differences between SSZ-13 and SAPO-34, with respect to the
activation and deactivation processes, in-situ UV-Vis micro-spectroscopy has been applied.
During each MTO or ETO experiment, the micron-sized SSZ-13 and SAPO-34 crystals were
heated to distinct reaction temperatures at which they were exposed to a flow of alcohol vapor.
During the MTO and ETO reactions, pronounced color changes were observed over SSZ-13
and SAPO-34 crystals, which are indicative for specific chemical transformation processes.
Figures 4.2a and 4.2c present a selection of optical micro-photographs of an individual SSZ13 and SAPO-34 crystal taken throughout the MTO reaction at reaction temperatures of 528
K and 563 K, respectively. Due to the different reactivity of the two catalyst materials under
study, they were evaluated at different temperatures to allow a better comparison

[7]

. For

SAPO-34, a strong yellow coloration is observed along the edges of the crystal, with the
highest color intensity after ~ 75 s on stream. Subsequently, the crystal becomes more
translucent, the fade rate being dependent on the reaction temperature

[1, 8]

. In contrast, when

performing the same MTO on a micron-sized SSZ-13 crystal, the coloration changes into
yellow after 410 s, and the crystal subsequently turns into orange, and displays a brown color
in the end.
To correlate the differences observed in the crystal coloration with changing reactivity,
the corresponding spectra were recorded during each measurement, which were taken from a
2 µm spot in the central area of the crystals. As shown in Figures 4.2b and 4.2d, the most
prominent feature for both sets of UV-Vis spectra is a strong absorption band located at
around 400 nm, which is responsible for the yellow coloration and assigned to highly
methylated benzenium carbocations [8, 9]. With time-on-stream, the intensity of this absorption
band starts to decrease drastically for SAPO-34 as shown in Figure 4.2d, which is in line with
the fading of the crystal color (Figure 4.2c). Instead, in the case of SSZ-13, the intensity of the
400 nm absorption band decreases only to a small extent with time-on-stream. Furthermore,
for longer reaction time, a second absorption band appears at around 480 nm and later on a
weak and broad band rises at around 580 nm, which is particularly evident in the case of the
more acidic SSZ-13 material, as reported previously [10].
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Figure 4.2. Optical micro-photographs and corresponding UV-Vis spectra during the methanol-to-olefins
(MTO) reaction conducted at 528 K over an individual 40 µm-sized SSZ-13 crystal (a and b) and at 563 K
over an individual 50 µm-sized SAPO-34 crystal (c and d) as a function of time-on-stream. The same for
the ethanol-to-olefins (ETO) reaction conducted at 461 K over an individual 40 µm-sized SSZ-13 crystal (e
and f) and at 509 K over an individual 50 µm-sized SAPO-34 crystal (g and h) as a function of time-onstream.
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The ETO performances of the micron-sized SSZ-13 and SAPO-34 crystals were also
compared. Likewise, two different temperatures for the two catalyst materials are displayed,
i.e., 461 K for SSZ-13 and 509 K for SAPO-34. As shown in Figure 4.2e, the SSZ-13 crystal
gradually turns from yellow to light brown with time-on-stream, while in the case of the
SAPO-34 crystal, a faster coloration from yellow to dark orange was observed, as illustrated
in Figure 4.2g. Moreover, the colors for both catalyst materials during the ETO process are
rather homogeneously distributed throughout the whole crystal, which is clearly different as
compared to the MTO process. This observation suggests that the formation of HCP species
follows different pathways, as shown in Chapter 3 [1]. The corresponding UV-Vis spectra are
depicted in Figures 4.2f and 4.2h. The absorption band at around 400 nm steadily grows in
intensity for both crystals, however, the absorption band is increasing faster in intensity for
SAPO-34. Moreover, an additional absorption band at around 500 nm becomes more
evidenced at a later stage of the ETO reaction in the case of SAPO-34.
The large variety of carbonaceous species, formed during the MTO and ETO
processes conducted on both SSZ-13 and SAPO-34 crystals, is clearly reflected by the
complexity of the corresponding UV-Vis spectra. For a reliable quantification of the
intensities of the UV-Vis absorption bands, we have developed and applied a systematic
deconvolution procedure for both reactions over SSZ-13 and SAPO-34 at different
temperatures, as reported in Chapter 3

[1, 8, 10, 11]

. Six Gaussian functions were chosen to

properly reconstruct the experimental UV-Vis data. Table 4.2 summarizes the Gaussian
function dataset to deconvolute the UV-Vis spectra obtained during MTO and ETO on
SAPO-34 and SSZ-13. It is important to remark here that in all four cases under investigation,
similar absorption band positions of the chosen Gaussian functions were required, which
suggests a similar nature of the HCP species formed within the cages of both SAPO-34 and
SSZ-13 crystals. This finding suggests that the nature of the HCP species is likely determined
by the material pore structure. Five Gaussian bands, located at approximately 400, 448, 505,
580 and 670 nm, are necessary to reconstruct the experimental UV-Vis spectra, whereas a
wide absorption band with a maximum at 700 nm is used to correct for the increasing baseline
during the MTO and ETO reactions.
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Table 4.2. Overview of the band positions and widths of the Gaussian functions used for the deconvolution
of the in-situ UV-Vis absorption spectra for the methanol-to-olefins (MTO) and ethanol-to-olefins (ETO)
processes over individual SAPO-34 and SSZ-13 crystals.

Position and width (between brackets) in nanometers
of the Gaussian functions
MTO on SAPO-34

403 (31)

448 (42)

505 (46) 580 (50) 670 (65) 700 (800)

ETO on SAPO-34

405 (33)

448 (46)

510 (55) 590 (60) 675 (62) 700 (800)

MTO on SSZ-13

400 (31)

448 (45)

505(48)

ETO on SSZ-13

405 (33)

448 (46)

510 (50) 585 (60) 670 (65) 700 (800)

575 (60) 665 (65) 700 (800)

As demonstrated in Chapter 3, although it is not straightforward to assign each
Gaussian band to one particular type of HCP species, our latest progress from both
experimental data and theoretical calculations provides useful insight into the chemistry
behind the deconvolution procedure [10]. More specifically, the 400 nm absorption band can be
assigned to π-π* transitions of poly-alkylated benzene (PAB) carbocations, which are
considered to be the most active species during MTO reaction

[8, 12-14]

. Bands with increasing

wavelengths can be rationalized in terms of an increasing size of trapped alkylated aromatic
carbocations

[1, 11]

. In order to confirm that the observed absorption from visible light region

are originating from cationic species, we have performed the MTO experiments at 509 K
followed by an ammonia stream flushing over both SAPO-34 and SSZ-13 crystals [15]. NH3 is
believed to diffuse easily through the nanoporous structure due to its small size. In addition,
NH3 is a relatively strong base and is a good candidate to deprotonate some trapped cationic
aromatics by forming their neutral counterparts, a shift in the absorption to the UV region
should be therefore observed.
As shown in Figures 4.3a and 4.3b, a selection of UV-Vis micro-spectroscopy spectra
were taken before (α, β) and after (γ, δ) ammonia dosing. At time β (1125 s for SAPO-34 and
900 s for SSZ-13) the methanol feed was stopped and at time γ (1400 s for SAPO-34 and
1250 s for SSZ-13) the ammonia feed was started. We now focus on the time evolution of the
Gaussian bands around 400, 450 and 505 nm, and the results are given in Figures 4.3c and
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4.3d. The methanol feeding was stopped when no further increase in the absorption band
around 400 nm was observed. More in particular, this was after 1125 s for SAPO-34 and 900
s for SSZ-13 (Figures 4.3c and 4.3d). Shortly hereafter, 1% NH3 in N2 was introduced into the
system using a flow of approximately 20 ml·min-1. Immediately we see the bands start
dropping in intensity. Upon ammonia interaction (Figures 4.3c-d), the intensity of all bands
decrease monotonically, indicating that they are due to carbocations. The bands however
decrease at different speeds in intensity. In particular, for SAPO-34 the Gaussian bands
around 400 and 450 nm drop faster in intensity as compared to the band at larger wavelength
(505 nm). On the other hand, the absorption intensity of the bands drop much faster in the
SSZ-13 material, while a steady regime is noticed at 2000 s (Figure 2d). For this sample,
outgassing (70 ml·min-1 N2 flow) was performed around 2850 s, after which a small increase
in intensity of the Gaussian bands was observed, suggesting a slow regeneration of protonated
aromatics (see δ in Figure 4.3). The differences between SAPO-34 and SSZ-13 might be due
to differences in pore diffusion, as SSZ-13 is characterized by a larger mesopore volume than
SAPO-34. We do not observe the total disappearance of the bands, as opposed to the situation
in ZSM-5 [9]. This might also be due to the different pore diffusion possibilities comparing the
MFI and CHA topology. The obtained results are in line with a recent investigation of Dai and
co-workers, who combined the study of NH3 with SAPO-34 MTO-reacted samples using UVVis and 1H and 13C speed MAS NMR [16].
Now, we have confirmed experimentally that the absorption above 400 nm in UV-Vis
spectra is indeed originating from cationic species. Furthermore, with the aid of state-of-theart time-dependent DFT calculations combined with molecular dynamics (MD), it is now
possible to assign these UV-Vis bands in more detail, as shown in Chapter 3 [15]. Most of the
single-ring aromatic cations contribute to the 400 nm band; and bicyclic species containing up
to four methyl groups show broader absorption bands extending to 450 nm, while heavily
ones contribute to the absorption band around 505 nm. Additionally, the phenanthrenic
species show high absorbance at longer wavelengths, in particular around 560 nm. Moreover,
the largest ring system that can be accommodated in the cages is pyrene, which absorbs light
at even longer wavelength. On the other hand, methylated naphthalenes only possess very
limited activities towards olefins production and HCP species with a higher number of
aromatic rings are considered to be no longer active [10, 17, 18].
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By applying the above mentioned deconvolution procedure to the four sets of UV
UV-Vis
Vis
absorption spectra obtained for the MTO and ETO reaction over individual SAPOSAPO-34
34 or SSZ
SSZ-13 crystals, it has been possible to determine the absorbance intensities of the Gaussian curves
at 400 and 580 nm at different reaction temperatures as a function of time
time-on
on-stream
stream
stream.. The
main reason to limit our discussion to these two Gaussian functions is because these two
absorption bands are well resolved and no band overlapping occurred. In addition, the 400 nm
band is indicative for the most active HCP species, while the 580 nm band is representative
for PA species, the deactivating HCP species. In other words, by monitoring the intensities of
the 400 nm and 580 nm bands we can directly assess the contributions of specific markers for
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active and deactivating species. The results of this spectroscopic approach are summarized in
Figure 4.4.
In the case of the 400 nm absorption band during the MTO process, as illustrated in
Figures 4.4a and 4.4c, it is evident that in the low temperature region (i.e., below 600 K for
SSZ-13 and below 617 K for SAPO-34), the two crystals behave very similarly. First, the
formation rate for the band of the active HCP species increases with increasing reaction
temperature. Second, for all temperatures in this region the intensity of this absorption band
decreases after reaching a maximum. The similarities suggest a similar PAB formation path
for the two crystals. In the case of the 580 nm absorption band during the MTO process, as
illustrated in Figures 4.4b and 4.4d, clear temperature differences exist when comparing the
two crystals. More specifically, for SAPO-34, the growth of the 580 nm absorption band is
very slow when the reaction temperature is below 553 K (Figure 4.4d), while for SSZ-13
(Figure 4.4b) the intensity of this band is already very pronounced at the lowest reaction
temperatures (i.e., 505 K and 518 K). Interestingly, the onset in the formation of the 580 nm
absorption band corresponds with a drop of the 400 nm absorption band. This observation is
more evidenced in the case of SSZ-13 with less acid site density (condensation of adjacent
HCP species is thus avoided

[19]

), which is an indication that deactivating PA are most likely

formed from the active single-ring aromatics [20, 21]. Furthermore, as discussed in Chapter 1, it
was suggested by theoretic modeling that the side-chain methylation might be a deactivating
route leading to coke precursors rather than olefins production [22]. Thus, the formation of PA
species, as represented by the 580 nm absorption band, is likely based on methylation
followed by condensation of active PAB species.
In the case of the 400 nm absorption band during ETO over SSZ-13 and SAPO-34, as
shown in Figures 4.4e and 4.4g, it can be seen that faster kinetics take place with increasing
reaction temperature in the temperature window under study. Furthermore, the intensity of
this absorption band slightly increases after reaching a maximum for SSZ-13, whilst for
SAPO-34 a slow decrease is observed. In the case of the 580 nm absorption band for ETO,
the temperature dependency for the two crystals is the same, as the fact that a faster kinetics
occurs for both crystals. Nevertheless, the intensity of this absorption band is much more
pronounced for SAPO-34 as compared to SSZ-13, which might be due to its higher acid site
density, as described in the Chapter 1 [19, 23].
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Figure 4.4. Absorbance intensity of the Gaussian bands at 400 nm and 580 nm as a function of time-onstream for the methanol-to-olefins (MTO) reactions over individual 40 µm-sized SSZ-13 crystals (a and b)
and individual 50 µm-sized SAPO-34 crystals (c and d), for the ethanol-to-olefins (ETO) reactions over
individual 40 µm-sized SSZ-13 crystals (e and f) and individual 50 µm-sized SAPO-34 crystals (g and h) at
different reaction temperatures (Figures 4.4c and 4.4g were adapted from Chapter 3 [1]).
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In order to analyze the data in more detail, time evolution profiles of the 400 nm
absorption band from the above mentioned four sets of experiments were fitted into a firstorder reaction. The procedure was already reported in more detail in Chapter 3 of this PhD
Thesis

[1, 10]

. In the Arrhenius plots, depicted in Figure 4.5a and 4.5b, the activation energy

(Ea) for the formation of PAB carbocations can be obtained from the slope of the curve. In the
case of the MTO reaction, the Ea for the formation of the 400 nm band is 98 kJ·mol-1 for
SAPO-34 and 76 kJ·mol-1 for SSZ-13, as shown in Figure 4.4a. These values show a strong
correlation with the theoretical rates of methylation reactions, indicating that the methylation
reactions are thr rate determining steps for the formation of PAB carbonations in both SAPO34 and SSZ-13 crystals

[10]

. Furthermore, the Ea value, denoted to the PAB

formation/methylation reactions, is lower for SSZ-13, which is most probably due to its
higher acid strength as confirmed both experimentally and theoretically

[7, 10]

. Another

evidence for the acid strength governing the PAB formation is that although SSZ-13 crystals
possess a lower acid site density, it still exhibits a much faster formation rate in all measured
temperatures as compared to SAPO-34 crystals.
In contrast, for ETO, the calculated Ea values for PAB formation, represented by the
400 nm absorption band, are rather similar when comparing the SAPO-34 and SSZ-13
crystals, which are 57 and 55 kJ·mol-1, respectively. As reported in Chapter 3, the Ea value is
comparable to the Ea for the condensation of light olefins into aromatic species

[1, 24]

.

Therefore, MTO and ETO exhibit different mechanisms with respect of the generation of
PAB carbocations at low reaction temperatures. The comparable values for the SAPO-34 and
SSZ-13 materials indicate that the acid strength does not play a major role with respect of
PAB formation for ETO. In other words, the acid strength does not influence the condensation
of light olefins into aromatics to a large extent as this is the major route for the formation of
PAB carbocations.
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Figure 4.5. Arrhenius plots of the fitted curves corresponding to the intensity profiles of the absorption
band at around 400 nm, as obtained from the in-situ UV-Vis spectra measured on individual 40 µm-sized
SSZ-13 crystals and individual 50 µm-sized SAPO-34 crystals during a) the methanol-to-olefins (MTO)
and b) ethanol-to-olefins (ETO) reactions, respectively (Data for MTO and ETO reactions on SAPO-34
crystal were taken from Chapter 3 [1], Data for MTO reactions on SSZ-13 crystal was taken from ref [10]) .

In order to monitor the deactivation of the crystals, the intensity ratios of the
absorption bands at 580 nm and 400 nm band has been analyzed. Figure 4.6 displays these
ratios calculated at the reaction time when the 580 nm absorption band in intensity reaches a
maximum. In the case of MTO, it can be deduced from Figure 4.6a that a volcano type of
curve in the measured temperature region exists for both catalyst materials. As PA species are
most likely formed from methylation followed by condensation of PAB species as discussed
above, this observed volcano type temperature-dependency can be rationalized by an
“alkylation-dealkylation” equilibrium of aromatics, as discussed in Chapter 1 [25]. However, a
maximum of the intensity ratio occurs at 518 K and 576 K for SSZ-13 and SAPO-34,
respectively. As the formation of different types of HCP species directly affect the
performance of the catalyst materials, the shift of the observed temperature may strongly
affect the operation temperature of the MTO reactions over SAPO-34 and SSZ-13 samples.
This is in line with previous observations, where the optimum conversion capacity of SSZ-13
was shifted to lower temperature for about 50 K due to its higher acid strength [7]. Therefore,
it seems very reasonable to conclude that it is the different acid strength that affects the
methylation reactions, which induces a temperature shift in the formation of different types of
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HCP species including both PAB and PA carbocations. Therefore, a temperature shift in the
optimum MTO performance can be obtained. Moreover, in the case of SAPO-34, the decrease
in the ratio above 576 K means that the retained hydrocarbons contain less PA, which is in
good agreement with previously reported results [7].
In the case of ETO, the ratio between the amount of PA species (deactivating species)
and PAB carbocations (active species) increases with increasing reaction temperature for both
catalyst materials until reaching a maximum, as illustrated in Figure 4.6b. This is different
from the volcano type temperature-dependency observed from MTO (Figure 4.6a), which
implies that there are no clear direct connection between the formation of PA and PAB
species. In other words, “alkylation-dealkylation” equilibrium/reactions does not apply in the
ETO system for the formation of HCP species, at least not to a large extent. Instead, olefins
condensation is more reasonable to contribute to the PA formation. Therefore, the higher
ratios as well as the faster formation of HCP species (both PA and PAB molecules)
(evidenced by Figures 4.4f, 4.4h and 4.5b) for SAPO-34 at all reaction temperatures can be
well explained. The reason is that higher acid site density favors condensation reactions, as
discussed in subsection 1.3.1 of Chapter 1

[19]

. Thus, different from the case of MTO, the acid

strength of a porous material is not the major factor for governing PA formation during ETO,
instead, acid site density is more important.

Figure 4.6. Absorbance intensity ratios between the Gaussian band at 580 nm and 400 nm as a function of
reaction temperature taken a) during the methanol-to-olefins reaction and b) during the ethanol-to-olefins
reaction when the absorbance of the 580 nm band reaches a maximum.
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4.3.3. Confocal Fluorescence Microscopy
The spatiotemporal distribution of carbonaceous species within individual SSZ-13 crystals
was monitored by confocal fluorescence microscopy as such species exhibit fluorescence in
the visible light region. As a result, 2-D and 3-D maps of carbonaceous species can be
constructed with sub-micrometer resolution

[26, 27]

. Furthermore, the optical properties of the

carbon species can be related to their molecular dimensions, where the more conjugated and
extended compounds absorb light at higher wavelengths.[8, 11] This allows us to discriminate
between different coke species by exciting the sample with distinct laser lines. In this work,
two different laser lines have been used; i.e., at 488 and 561 nm with the fluorescence
detection region set at 510-550 and 575-635 nm, respectively.
Figure 4.7 depicts a series of confocal fluorescence microscopy images in the middle
plane of a single SSZ-13 and SAPO-34 crystals collected during MTO at 600 K and ETO at
509 K. The images show the combination of the light emitted upon excitation with the 488
and 561 nm lasers and illustrate the location of the less and more extended coke species (from
green to red, respectively) [1]. As in Chapter 3, we have utilized this technique for imaging the
fluorescent species and no quantitative information can be extracted since some
measurements might be performed with discrete sensitivity settings. For MTO on SSZ-13 at
600 K, as shown in Figure 4.7a, the formation of the fluorescent species is concentrated in the
outer rim of the crystal and the light emitted goes from green to red with time-on-stream. This
observation can be explained in terms of the formation of more extended HCP species. This is
similar to the results described in Chapter 3 of this PhD Thesis for the MTO process on
SAPO-34 crystal at 600 K (Figure 4.7b), which demonstrates again that HCP species
formation follows the same pathway i.e. methylations for both catalyst materials, and the
outer rim has a higher concentration of methanol [1]. However, the active rim is thicker in the
case of SSZ-13, which is likely due to its less acid site density. Less acid site density leads to
less density of formed HCP species, thus a better overall accessibility of the crystal can be
obtained. Therefore, the size of active zone in a single crystal can be governed by the acid site
density, further affecting the catalytic performance of the material.
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Figure 4.7. Confocal fluorescence microscopy images during the methanol-to-olefins reaction with timeon-stream at 600 K over a) an individual 40 µm-sized SSZ-13 crystal and b) an individual 50 µm-sized
SAPO-34 crystal (b is adapted from Chapter 3

[1]

). Confocal fluorescence microscopy images during the

ethanol-to-olefins reaction with time-on-stream at 509 K over c) an individual 40 µm-sized SSZ-13 crystal
and d) an individual 50 µm-sized SAPO-34 crystal (d is adapted from Chapter 3

[1]

). e) Schematics of the

crystal, the plane represents where the measurement have been performed. The colors shown in the figure
represent the fluorescence originated from two laser lines with a laser excitation of 488 nm (detection at
510-550 nm) and 561 nm (detection 565-635 nm).
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When performing the ETO reaction at 509 K over SSZ-13 (Figure 4.7c), the
fluorescent signal was detected in the outer rim of the crystal at the beginning of the reaction,
and it moves inwards with time-on-stream, where the intergrowth structure is clearly visible
in the same way as for SAPO-34 (Figure 4.7d). This proves again that the fluorescent species,
e.g. PAB and PA carbocations, are formed from mobile olefins in both catalyst materials

[1]

.

After 15 min on-stream, the location of fluorescent species on SSZ-13 is less homogenous as
compared to SAPO-34, which might be due to its lower acid site density, hence a lower
reaction rate of olefins condensation. This experiment confirms again that acid site density
influences the distribution and amount of formed HCP species within single crystals.

4.3.4. In-situ Infrared Micro-spectroscopy
In a final part of our combined micro-spectroscopy investigation we aimed to gain more
insight into the chemical nature of the HCP species formed within individual SSZ-13 and
SAPO-34 crystals during MTO and ETO. For this purpose, we have employed synchrotronbased IR micro-spectroscopy, which – as shown in Chapter 3, provides spectroscopic
fingerprints of the type and amount of aromatic and aliphatic hydrocarbons formed, as well as
of the hydroxyl groups interacting with the encaged organic molecules [1].
Figure 4.8 compares the IR spectra obtained for an individual activated SSZ-13 crystal
before and after three pulses of methanol and ethanol at 553 K, respectively. For sake of
better comparison, the IR spectra taken before and after the same reactions for SAPO-34
crystal as reported in Chapter 3 are also included. The IR spectra were taken from a spot size
of 20 × 20 µm2 in the center of the crystal. One can now consider three important regions in
the measured IR spectra, i.e., the O-H stretching vibration region (> 3500 cm-1), the C-H
stretching vibration region (2800-3100 cm-1) and the C=C stretching and C-H deformation
vibration region (1350-1650 cm-1)

[1]

. As can be concluded from Figure 4.8a, the SSZ-13

crystal has Brønsted acidity with two characteristic bands located at ~ 3600 and 3575 cm-1,
while the band at ~ 3730 cm-1 is assigned to silanol groups. The higher intensity of the O-H
band at 3595 cm-1 for SAPO-34, shown in Figure 4.8a’, correlates with a higher acid site
density as compared to SSZ-13, which is in line with the NH3-TPD results, discussed above.
After performing the ATO reactions, all IR bands in the O-H region decrease in intensity,
which indicates a loss in the number of Brønsted acid sites in both molecular sieves as well as
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in the silanol groups in the SSZ-13 crystal. The loss of those species is strongly attributed to
the formation of protonated HCP species as well as of alkoxy groups. For the IR bands in the
C-H stretching region, three bands centered at around 2955, 2925 and 2870 cm-1 appear
during the ATO reactions on both SAPO-34 and SSZ-13. They are representative for the
formation of alkyl groups on aromatic rings

[28]

. Furthermore, when comparing MTO and

ETO, a much more pronounced C-H stretching region is observed in the MTO reaction than
in the ETO for both catalyst materials. Hence, one can conclude that there is a higher
alkylation degree of the HCP species during MTO than during ETO on both crystals, which is
due to the different formation paths for MTO and ETO as reported in Chapter 3 of this PhD
Thesis [1].
If we compare the same ATO reaction on SSZ-13 and SAPO-34 crystals, the
differences are also clear. The intensity in the aliphatic C-H region is higher for the SAPO-34
than SSZ-13 crystals, which suggests that more alkylated HCP species are formed on SAPO34 most probably due to its higher acid site density. Moreover, in the C=C vibration and C-H
deformation stretching region, for MTO (Figures 4.8b and 4.8b’), the bands at ~ 1460 cm-1
and 1380 cm-1 can be found in both molecular sieves, which are most likely due to the C=C
ring skeletal vibration of aromatics and bending vibration of methyl groups on benzenes
respectively

[29, 30]

. This means that the active HCP species in both catalyst materials are

methylated benzenes. However, an additional band in this region (~ 1425 cm-1 for SSZ-13 and
~ 1506 cm-1 band for SAPO-34) suggests the formation of distinct HCP species (e.g., different
positions of alkyl groups or different number of rings) owing to their distinct activity, i.e. acid
strength.
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Figure 4.8. Synchrotron-based IR spectra of an individual 40 µm-sized SSZ-13 crystal a) before alcoholto-olefins reaction, b) after three pulses of methanol and c) after three pulses of ethanol at 553 K.
Synchrotron-based IR spectra of an individual 50 µm-sized SAPO-34 crystal a’) before reaction, b’) after
three pulses of methanol and c’) after three pulses of ethanol at 553 K (Figures a’, b’, and c’ are adapted
from Chapter 3 [1]). The IR signal intensities in the case of SSZ-13 are multiplied by a factor of 2.

For ETO (Figures 4.8c and 4.8c’), the 1620 cm-1 band is observed for both cases,
while one additional pronounced band at around 1590 cm-1 is evident for the SAPO-34 crystal.
The former band is ascribed to the ring C=C skeletal vibrations for aromatics and the latter
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band is typical when the aromatic ring is conjugated further (e.g. PA molecules)

[30]

. This

shows that HCP species have a more conjugated nature in the case of SAPO-34, which is in
line with the UV-Vis results as more PA species are formed in SAPO-34 due to its higher acid
site density.
Figures 4.9a and 4.9b display the evolution of the synchrotron-based IR spectra in a
single SSZ-13 crystal in the first pulse during MTO and ETO in more detail. The pulse for
both cases lasted for 1 min and 20 s, and the IR spectra were taken every 40 s during the pulse
and 1 min after the pulse in both MTO and ETO. During the pulse of methanol, a decrease of
Brønsted acidity and the amount of silanol groups was observed, meanwhile two IR bands at
~ 1455 cm-1 and ~ 2978 cm-1 (similar as for SAPO-34 crystal

[1]

) rise in intensity at the

beginning of the MTO, indicating that the reaction is taking place. These two bands are most
likely due to the formation of methoxy groups (methyl deformation mode and stretching
vibration mode), which contribute to the removal of the acid sites at the early stage of the
MTO reaction

[31, 32]

. When the pulse is off, the two bands disappear and the acid sites are

partially recovered. Interestingly, the intensity of the silanol groups remains the same after
switching off the methanol flow, indicating that only methoxy species generated from
Brønsted acid sites are reactive. As a result of the depletion of the number of methoxy species,
several new bands are formed. Specifically, two bands located at ~1463 and 1385 cm-1, are
indicative for the formation of methylated benzenes

[29]

. The IR band at ~2925 cm-1 is

assigned to the stretching vibration of the C-H bond from alkyl groups on aromatics

[29]

. In

-1

addition, the 1425 cm band is most likely originating from the C-H bending vibration of
methylated aromatic carbocations. It is reasonable to propose that the new species (e.g.
methylbenzenes) are HCP molecules generated via methylation reactions, as evidenced from
the previously described UV-Vis results. These methylated benzene carbocations are therefore
responsible for the absorption at ~ 400 nm in UV-Vis spectra, as discussed in detail in
Chapter 3 [1].
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Figure 4.9. a) Subtracted synchrotron-based IR spectra from reaction during the first pulse of methanol
over an individual 40 µm-sized SSZ-13 crystal at 553 K, the pulse lasted for 1 min and 20 s, and the
interval of the displayed spectra is 40 s during the pulse and 1 min after the pulse. b) Subtracted IR spectra
from the first pulse of ethanol over an individual 40 µm-sized SSZ-13 crystal at 553 K, the pulse lasted for
1 min and 20 s, and the interval of the displayed spectra is 40 s during the pulse and 1 min after the pulse.
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In the case of the synchrotron-based IR data for ETO, as illustrated in Figure 4.9b, a
slight decrease is observed for both the amount of Brønsted acid sites and the silanol groups
when the pulse starts. Interestingly, the slow decrease in Brønsted acidity continues when the
pulse is off and suggests that the formation of the protonated HCP species in the ETO process
is not related to surface species created exclusively at the Brønsted acid sites

[1]

. The same

behavior was also observed for SAPO-34 during ETO, as described in Chapter 3

[1]

. The

slower decreasing rate of Brønsted acidity for SSZ-13, which corresponds to less HCP species
formation than SAPO-34, as shown in the UV-Vis spectra, is due to the lower acid site
density of this material. In addition, for the SSZ-13 crystal an absorption band at around 1620
cm-1 appears at the beginning of the reaction, and continuously increases in intensity even in
the absence of ethanol. This band has been assigned to the ν(C=C) modes of a complex
mixture of carbonaceous, e.g. aromatic species

[9, 33, 34]

, which is formed from the

oligomerization of ethylene. At the end of the first pulse, the existence of the bands at ~ 2925
and 1460 cm-1, similar to the ones observed for MTO, yet with much lower intensities,
suggest the formation of alkylated aromatic species.

4.4. Conclusions
The catalytic performance of individual micron-sized SSZ-13 and SAPO-34 crystals have
been compared during methanol-to-olefins (MTO) and ethanol-to-olefins (ETO) reactions.
More specifically, UV-Vis micro-spectroscopy has been applied to follow the formation of
two distinct HCP species (i.e., markers of an active and a deactivating species) in a
quantitative manner as a function of reaction time and temperature. In addition, confocal
fluorescence microscopy has been used to unravel the spatiotemporal distribution of formed
HCP species within one crystal. Finally, synchrotron-based IR micro-spectroscopy provided
insight into the molecular structure and amount of the HCP species as well as the interactions
of these molecules with the acid sites.
It was found that the SAPO-34 and SSZ-13 crystals are very similar MTO and ETO
catalyst materials when comparing the nature of the formed HCP species as well as the
formation pathways of these species. The formation of the most active HCP species, i.e.,
poly-alkylated benzene (PAB) carbocatioins, as characterized by an absorption band at around
400 nm, was studied and fitted with first-order kinetics. In the case of MTO, it was found that
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the methylation reactions are responsible for PAB formation in both SAPO-34 and SSZ-13,
whilst for ETO olefin condensation is governing the overall process. This is in agreement
with the IR micro-spectroscopy data as the HCP species formed during MTO has a higher
degree of alkylation than those observed during ETO. Moreover, the deactivating species, e.g.
poly-aromatic (PA) carbocations, as characterized by an absorption band at around 580 nm,
was also studied in a quantitative way. It was found that the PA species are most likely
formed at the expense of the PAB species for both crystals during MTO, more specifically
from methylation followed by condensation of PAB species; while this is not the case for the
ETO process as olefin condensation is more reasonable. Confocal fluorescence microscopy
show that the formed PA species are mainly located in the outer rim of both SAPO-34 and
SSZ-13 crystals during the MTO process at 600 K, thus blocking the reactant molecules from
diffusing into the inner part of the crystals. In contrast, the formation of the PA species during
the ETO process involves the diffusion of reactants, e.g. mobile olefins, as the crystal
intergrowth structures are clearly seen for both SAPO-34 and SSZ-13.
Based on our characterization data we conclude that SAPO-34 and SSZ-13 also show
different reactivity during both MTO and ETO. Furthermore, this difference comes from their
distinct acid strength as well as acid site density. In the case of MTO, a much lower Ea value
of the PAB formation for SSZ-13 than SAPO-34 indicates that the acid strength plays an
important role in the formation of PAB. In addition, SSZ-13 deactivates faster in the low
temperature region (below 563 K), and it possesses the highest PA/PAB ratio at 518 K. In
contrast, for SAPO-34, the temperature for the highest PA/PAB ratio shifts to a higher
temperature (576 K). This temperature shift can be explained by the higher acid strength of
SSZ-13. The reason could be that a higher acid strength plays an important role in
methylation reactions, which are important steps in the formation of both PAB and PA
species. Moreover, the confocal fluorescence microscopy images show a larger active zone
for SSZ-13 than SAPO-34. This can be rationalized by its lower acid site density, which
influences the amount and distribution of formed HCP species and furthermore may have
impact on its catalytic performance.
In the case of ETO, comparable Ea values were found with respect to the formation of
PAB for both crystals. This suggest that olefin condensation, which is the major source to
produce PAB carbocations, is not affected by the acid strength. In addition, a faster PAB
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formation was observed for all the measured temperatures for SAPO-34, which possesses a
higher acid site density that favors condensation reactions. When comparing the PA content
and PA/PAB ratio at reaction temperatures lower than 600 K, an increasing trend with
increasing reaction temperatures was observed for both crystals. However, SAPO-34 contains
more PA species than SSZ-13, although the acid strength of the former material is lower. This
is evidenced by the presence of (a) the more pronounced 580 nm absorption band in the UVVis spectra and (b) an additional band at around 1590 cm-1 in the IR spectra. A plausible
explanation could be the higher acid site density of the SAPO-34 crystals, which favors the
condensation reactions, which is likely the major route contributing to both PAB and PA
formation as discusses above.
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Chapter 5
Single-Catalyst Particle Spectroscopy of Alcohol-toOlefins over SAPO-34 at Different Reaction Stages:
Crystal Accessibility and Hydrocarbons Reactivity

Crystal Accessibility and Reactivity Difference with Methanol and Ethanol
ATO processes conducted over single SAPO-34 crystals at 553 K were studied by a
combination of in-situ synchrotron-based IR and UV-Vis microscopy. With the aid of H/D
exchange experiments, it is possible to determine the precise nature and the activity of the
HCP (i.e. PAB and PA) species through different reaction stages. Furthermore, the spatial
distribution and accessibility of the Brønsted acid sites can be monitored.
Based on the manuscript: Q. Qian, J. Ruiz-Martínez, M. Mokhtar, A. M. Asiri, S. A. Al-Thabaiti, S. N. Basahel,
B. M. Weckhuysen, ChemCatChem, 2014, DOI: 10.1002/cctc.201300962.
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5.1. Introduction
As discussed in Chapters 3 and 4 of this PhD thesis, it is evident that the MTO and ETO
processes over CHA type materials (i.e. SAPO-34 and SSZ-13) follow distinct reaction
pathways with respect to generating both PAB carbocations and PA species [1, 2]. Furthermore,
the results have shown that the performance of the CHA type materials during the MTO and
ETO critically depend on the acid strength as well as on the acid site density

[2]

. In this PhD

chapter, the aim is to better understand the entangled catalytic chemistry involved during
MTO and ETO reactions as well as the molecular accessibilities of the 50 µm-sized SAPO-34
crystals under investigation. For this purpose, we have applied synchrotron-based IR
microscopy to the current research work, since this vibrational spectroscopy method can assist
with the structural identification of the formed hydrocarbon species and their interaction with
Brønsted acid sites (BAS). This information is then connected to the information obtained
during complementary in-situ UV-Vis microscopy studies, which has proven to be a very
powerful technique to elucidate the formation of different HCP species at the single-particle
level

[1-4]

. In addition, this methodology has been done in combination with H/D exchange

experiments, which provide more detailed insights into the precise nature, activity and
accessibility of the HCP species formed.

5.2. Experimental
5.2.1. Materials
The as-synthesized SAPO-34 materials under investigation have crystal sizes of 50 × 50 × 50
μm3 and their synthesis procedure has been reported elsewhere

[5]

. The Si/(Al + P) ratio is

0.204, which corresponds to a theoretical amount of two BAS per cage

[6]

. The crystals were

placed on the heating stage of an in-situ cell (Linkam FTIR 600) equipped with a temperature
controller (Linkam TMS 93) where they have been heated.
5.2.2. In-situ UV-Vis Microscopy
The UV-Vis microscopy measurements were performed with an Olympus BX41 upright
microscope using a 50×0.5 NA high working-distance microscope objective lens. A 75 W
tungsten lamp was used for illumination. In addition, the microscope has a 50/50 double
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viewpoint tube, which accommodates a CCD video camera (ColorView IIIu, Soft Imaging
System GmbH) and an optical fiber mount. A 200 μm core fiber connects the microscope to a
CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV). During each UV-Vis
microscopy measurement, the calcined SAPO-34 crystals were first heated to 673 K at a rate
of 15 K·min-1, then heated to 823 K with a rate of 5 K·min-1, and held at this temperature for 1
h under N2 atmosphere. Subsequently, the temperature was brought to the required reaction
temperature, 553 K at a rate of 15 K·min-1, after which the N2 flow was introduced to a
saturator with methanol or ethanol and subsequently become saturated.
5.2.3. In-situ Synchrotron-based IR Microscopy
Synchrotron-based IR spectra and related 2-D images were collected at beamline SMIS
located at the French National Synchrotron SOLEIL (Paris, France). A Thermo Nicolet
NEXUS 70 spectrometer, coupled to a Continuum XL microscope was used with the
synchrotron light as the IR source. The microscope was equipped with a 15×0.5 NA
Schwarzschild objective, a motorized x and y mapping stage and an adjustable rectangular
aperture. For typical MTO and ETO measurements, SAPO-34 crystals were placed in the insitu cell (Linkam FTIR 600) and heated up to 723 K in dry air (heating rate of 15 K·min-1) for
30 min to activate the molecular sieve. Subsequently, the in-situ cell was brought to reaction
temperature (heating rate of 15 K·min-1), after which the N2 flow was introduced to a
methanol or ethanol saturator thereby acting as carrier gas. Spectra were collected during the
whole process. For each measurement, the crystals were placed on a ZnSe window located on
the motorized (in x/y) mapping stage, recording the mid-IR (4000–650 cm−1) spectrum in
transmission mode with a spectral resolution of 4 cm−1 and 32 or 16 scans co-added. An
aperture of IR beam 30 × 30 μm2 was used to follow the MTO and ETO reactions in-situ. For
spatially resolved IR spectroscopy experiments, an aperture of 15 × 15 μm2 and an
oversampling of 7 μm were utilized. Background measurements were performed with a
spectral resolution of 4 cm−1 and 64 scans per spectrum.
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5.3. Results and Discussion
5.3.1. Correlative In-situ UV-Vis and IR Microscopy of the MTO and ETO Processes
In a first set of experiments, activated SAPO-34 crystals were heated up to the reaction
temperature of 553 K with a constant flow of methanol or ethanol passing through the in-situ
cell. The results from both UV-Vis and synchrotron-based IR microscopy measurements are
summarized in Figure 5.1. It should be emphasized that in both characterization methods, the
experimental conditions were carefully controlled in order to be performed in the same way,
thus complementary information can be obtained. As a result of both MTO and ETO reactions
within the SAPO-34 crystal, the reactant molecules undergo chemical transformations, where
the retained molecules are interacting with acid sites to provide distinct color changes as well
as spectral absorptions. The first visual observation during both processes is the color
evolution of the SAPO-34 crystal from the in-situ UV-Vis measurements, as shown in Figures
5.1a and 5.1b, where a selection of optical micro-photographs of individual SAPO-34 crystals
taken throughout the MTO and ETO reactions are displayed. As reported in Chapters 3 and 4,
the evolution of the crystal color is different during MTO and ETO reactions

[1, 2]

. More

specifically, during the MTO process the intensity of the crystal color, concentrated in the
edge/outer rim of the crystal, increases first followed by a decrease in coloration after ~ 330 s
time-on-stream. In other words, two clearly distinct reaction stages can be observed in Figure
5.1a. In the case of the ETO process, the color of the SAPO-34 crystal gradually changes from
light brown into dark, thus only one reaction stage can be noticed in Figure 5.1b.
Interestingly, the distinct reaction stages, as observed from the time-resolved optical
images, are also reflected in the complementary IR measurements. During the in-situ
synchrotron-based IR microscopy measurements, the evolution of the overall IR signal
(integrated from the frequency region between 4000 cm-1 to 650 cm-1) as well as the Brønsted
acidity of the crystal was followed. The former has been automatically calculated by the IR
software throughout the whole reaction process, while the latter feature can be obtained by
measuring the peak height at around 3595 cm-1. It is known that the strong sharp band at
around 3595 cm-1 originates from the BAS located particularly in the O(2) position of our
micron-sized SAPO-34 crystals
given in Figures 5.1c and 5.1d.
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From Figure 5.1c, two reaction stages can be distinguished during the course of the
MTO experiment. More specifically, in the first stage the number of BAS gradually
decreases, meanwhile the intensity of the overall IR spectral signal increases until reaching a
plateau. In the second stage of the MTO experiment, the Brønsted acidity recovers with
increasing time-on-stream and the IR spectral response starts to grow rapidly for the second
time. The transition time t’ in Figure 5.1c is consistent with the time when the crystal color
starts to fade in Figure 5.1a. In contrast, for ETO (Figure 5.1d) only one stage is visible where
the amount of BAS continuously decreases in a slow fashion, while the spectral response
increases until a maximum is reached.
To obtain a more detailed and complete insight into the formation of HCP species and
their interactions with BAS through the different reaction stages, the spectral changes with
time-on-stream, as obtained with UV-Vis and IR microscopy, during the MTO and ETO
processes are presented in Figures 5.1e and 5.1f. In addition, Figures 5.1g and 5.1h display
the same series as those in Figures 5.1e and 5.1f, but a selection of individual time-dependent
spectra are shown in more detail.
During the MTO process, it is evident that different dominant HCP species are formed
in stages I and II. This is confirmed by the presence of distinct characteristic bands in both
UV-Vis and IR spectra (Figures 5.1e and 5.1g). For the sake of clarity, black and red color
codes were used in Figures 5.1e and 5.1g to distinguish the spectra from the reaction stages I
and II, respectively. In stage I, the major absorption in the UV-Vis spectra is one growing
band at around 400 nm, which initiates the yellow coloration in Figure 5.1a and is assigned to
PAB carbocations

[1, 4]

. During the complementary IR measurement in this reaction stage, a

decrease in the amount of BAS (3596 cm-1 band) is observed, meanwhile a CH stretching
band at ~ 2978 cm-1 appears during the first 110 s, indicating the formation of surface
methoxy species

[1, 8, 9]

. In addition, two more bands located at around 2944 and 2842 cm-1

also emerge at this time, which are assigned to methyl stretching modes from protonated
dimethyl ether (DME) [9]. These two species are therefore the major species formed inside the
SAPO-34 crystal at the beginning (i.e. the first 110 s) of the MTO reaction. This period can be
recognized as the induction period of the MTO process. With the progressing of the MTO
reaction in stage I, the 400 nm UV-Vis band is growing rapidly in intensity, which means that
the SAPO-34 crystal is generating PAB carbocations, the most active HCP species.

107

Chapter 5

Additionally, during this period the acid sites decrease further in intensity and the absorption
of the distinct bands in the C-H stretching region (2800-3100 cm-1) increases. These changes
in the spectra can be largely ascribed to the formation of methoxy species and DME, although
the formation of PAB carbocations might also contribute to the increasing intensity of the CH stretching region.
During stage II of the reaction, different HCP species start to be formed. First of all, in
the UV-Vis microscopy measurements, the intensity of the 400 nm band decreases with timeon-stream, while a new absorption band at ~ 580 nm is rising in intensity. This new band can
[2, 10]

be assigned to PA carbocations, the species involved in the deactivation of the crystals

.

This deactivation process is most likely caused by subsequent reactions of activated PAB
carbocations with methanol or its derivatives as discussed in Chapters 1 and 4

[2]

. The

complementary IR measurements also provide more detailed chemical information on the
deactivation process. More specifically, the acid sites are partially recovered, which means a
consumption of smaller molecules with relative high proton affinity, e.g. methoxy species,
protonated DME and PAB carbocations generated in the reaction stage I. This is also
demonstrated by the depletion of the 2978 cm-1 band ascribed to C-H stretching from
methoxy species as well as a decrease in the intensity of the 2944 cm-1 band, which originates
from protonated DME.
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Figure 5.1. Combined in-situ UV-Vis and synchrotron-based IR microscopy results of individual 50 µmsized SAPO-34 crystals during the (a, c, e & g) methanol-to-olefins (MTO) and (b, d, f & h) ethanol-toolefins (ETO) reactions conducted at 553 K. More specifically, the results include (a & b) optical microphotographs during the UV-Vis measurements; (c & d) evolution of the intensity of the overall IR signal
(black lines) and the Brønsted acidity of the crystal (yellow lines) during the IR measurements; (e & f)
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time-dependent UV-Vis and IR spectra in color-coded intensity maps; (g & h) selection of individual
spectra taken every 110 s in the case of MTO and every 100 s in the case of ETO. The spectra in black and
red correspond to a time before and after t', respectively.

In addition, the O-H stretching band from the BAS is red shifted and broadened during
stage II, which indicates the formation of hydrogen bonding between acid sites and the
formed new species with relatively low proton affinity and/or large molecular size. The new
species are most likely PA species, as evidenced by the UV-Vis spectra. Along this line of
thinking, PA are formed at the expense of PAB and methanol derivatives (e.g. methoxy
species) as suggested by the IR spectra, which is in line with our previous kinetic study on the
same material in Chapter 4 [2]. Thus, the new band at ~ 2925 cm-1 is probably due to the C-H
stretching vibration of alkyl groups from PA species. While another band at 2955 cm-1 in this
region, can be assigned to asymmetric stretching of methyl groups on discrete aromatics

[11]

.

-1

Additionally, the two bands in the lower frequency region, namely, 1610 and 1458 cm , can
be assigned to the C=C ring skeletal vibration of aromatics

[11]

. In conclusion, in stage I the

SAPO-34 crystal undergoes an induction period followed by an activation process, where the
main HCP species are PAB carbocations; while in stage II the SAPO-34 crystal experiences
deactivation as the PAB carbocations are further converted into PA species.
In contrast, for ETO only the formation of PAB, PA carbocations and larger coke
molecules could be observed by UV-Vis and IR spectroscopy. This explains the slow
decrease in the amount of BAS during the ETO (yellow line in Figure 5.1d), as there is no
surface alkoxy species formed, which is in contrast to the case of MTO. Furthermore, the
position of the UV-Vis absorption bands of PA for the ETO process (~ 510 and 600 nm) are
different than those observed for the MTO process (~ 580 nm), which can be explained by the
different degrees and positions of the alkyl groups on the aromatics

[10]

. IR micro-

spectroscopic measurements, depicted in Figure 5.1h, show a lower absorption in the C-H
stretching vibration region as compared to MTO, which supports a lower degree of alkylation
of the aromatics created during ETO. Additionally, the gradual decrease in the amount of
BAS (~ 3595 cm-1 band) can be attributed to the formation of protonated HCP species, which
occurs slowly through the entire course of the ETO process. Moreover, an IR band at ~ 1592
cm-1, assigned to the ring C=C stretching vibrations, correlates the formation of aromatics [11].
The existence of only one simple stage during the ETO process also implies that the
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formation of PAB and PA species follow the same route, which is the condensation of olefins
as reported previously [2].
5.3.2. In-situ Microscopy of the MTO and ETO Processes with Deuterated Methanol and
Ethanol
In order to assess the accessibility of the crystal when the methoxy and DME species
are present, the conversion of methanol was conducted when the temperature is lower than the
standard MTO temperatures. Figure 5.2 presents the IR spectra taken during the uptake of H4methanol followed by a H/D exchange experiment with D4-methanol at 461 K. When the H4methanol flow is on, we immediately observe a decrease of the intensity of the BAS bands at
3595 cm-1 and the formation of two new IR bands positioned at around 2978 and 2868 cm-1,
which can be attributed to the formation of methoxy species on the acid sites of the zeolite [9].
With increasing time-on-stream, the amount of BAS decreases further and three new IR bands
overtake at 3012, 2944 and 2838 cm-1. These three bands can be assigned to DME adsorbed
on the acid sites in cationic form, which are responsible for the depletion of the BAS after 3
min

[9]

. This means that at 461 K, methoxy species can be formed, and are likely further

converted into cationic DME. Subsequently, D4-methanol was introduced to the system and
all the IR bands from C-H region became absent in less than 7 min, meanwhile a pronounced
absorption appeared in the C-D region. Interestingly, no O-H or O-D bands are visible during
this H/D exchange experiment. It can be concluded that DME is formed continuously most
likely via methoxy species as a major product at this temperature. Thus, the three new bands
at around 2221, 2134 and 2070 cm-1 can be assigned to C-D stretching modes of deuterated
DME in its cationic form and this reveals that zeolite crystal is fully accessible when those
species are present.
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Figure 5.2. Time-resolved IR spectra over an individual 50 µm-sized SAPO-34 crystal during the
conversion of H4-methanol at 461 K, followed by a H/D exchange experiment performed at 461 K with D6methanol. The black curves were taken during the uptake of H4- methanol, while the red curves were
measured during the H/D exchange experiment with D4-methanol.

Next, we have conducted the same MTO and ETO reactions as outlined in subsection
3.1 but using D4-methanol and D6-ethanol as feedstock molecules. In this way, the
accessibility of the crystal at the beginning of the reactions can be assessed. In addition, the
chemistry during the deuterated MTO and ETO can be compared with non-deuterated ones, in
order to rule out isotopic effects during these two processes. The corresponding IR results are
summarized in Figure 5.3. Figures 5.3a and 5.3b show the intensity evolutions of both relative
IR spectral signal and Brønsted acidity of the crystal (both O-H and O-D stretching vibration
mode) during the MTO and ETO, respectively. The intensity of BAS (O-D) was calculated by
measuring the height of the 2651 cm-1 band, which is ascribed to the OD stretching vibration
from the BAS on SAPO-34 [12]. It can be seen that by using deuterated methanol and ethanol,
different reaction stages during the MTO and ETO can still be well observed, which suggests
that deuterated molecules do not influence the course of the reactions. More specifically, two
stages exist in the case of deuterated MTO, which are the same as the MTO with non112
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deuterated methanol. The first stage involves the consumption of BAS, while in the second
stage BAS are partially recovered (yellow and blue lines in Figure 5.3a). Figures 5.3c and
5.3e show the time-dependent IR spectra in a color-coded intensity map and the individual IR
spectra from the same series taken at indicated times, respectively. As discussed in the
previous section, the first stage can be related to the induction and active period, where the
main feature of the SAPO-34 is the loss of BAS and the formation of methoxy species,
protonated DME and PAB carbocations; whilst the second stage i.e. the deactivating period,
perturbation of BAS and the formation of PA species occur. Along this line of thinking, the
IR characteristic bands can be accordingly assigned to these different hydrocarbon species. At
the beginning of the MTO, a decrease of the amount of BAS(O-H) and an increase of the
amount of BAS(O-D) is observed, which are located at 3596 and 2651 cm-1, respectively,
indicating that the isotopic switching is taking place. Subsequently, the amount of BAS(O-D)
starts to decrease, indicating that the reaction is occurring. In this stage, the amount of
BAS(O-H) almost decreases to zero, suggesting that the whole crystal is accessible at the
beginning of the MTO. Additionally, three new bands located at around 2136, 2095 and 2072
cm-1 are rising and then decreasing in intensity during the second stage, which are C-D
stretching vibrations from methoxy and DME species. More specifically, the 2095 cm-1 band
can be assigned to the CD3 symmetric stretching vibration of methoxy species
-1

[9]

; while the

-1

2136 cm and 2072 cm bands originate from protonated DME. This assignment was also
confirmed by performing the H/D switching experiment with methanol at 461 K, shown in
Figure 5.2. With the progressing of the MTO, several new bands appear during stage II. A
band at ~ 2211 cm-1 in the C-D stretching vibration region can be correlated to the band at ~
2925 cm-1 during MTO with non-deuterated methanol (Figure 5.3e), which is most likely due
to the formation of alkylated PA species. In addition, the band at ~ 1459 cm-1 in the C=C
stretching vibration region (Figure 5.3e) is the same as in MTO with non-deuterated methanol
(Figure 5.1g), which can be ascribed to aromatic ring skeletal vibration most likely from PA
species.
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Figure 5.3. In-situ synchrotron-based IR microscopy results of individual 50 µm-sized SAPO-34 crystals
during (a, c & e) the methanol-to-olefins (MTO) process using D4-methanol and (b, d & f) the ethanol-toolefins (ETO) process using D6-ethanol conducted at 553 K. The results include (a & b) the intensity
evolutions of the overall IR signal (black lines), the O-H Brønsted acidity (yellow lines) and the O-D
Brønsted acidity (blue lines) of the crystal; (c & d) the time-dependent IR spectra in color-coded intensity
maps; (e & f) individual spectra taken at the indicated time in seconds. The spectra in black and red
correspond to a time before and after t', respectively.
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In the case of deuterated ETO, only one stage is evident as shown in Figure 5.3b,
which corresponds to the formation of HCP species (including PAB and PA species) as
discussed above in the case of non-deuterated ETO. The decrease of the Brønsted acidity in
its OD form is not as clear as compared to that in MTO, which is due to the formation of less
amount of highly alkylated aromatics that possess higher proton affinity than non-alkylated
ones

[13]

. Figures 5.3d and 5.3f displays the whole (D6-) ETO process in more detail and the

spectra in Figure 5.3f were taken from indicated times. With increasing time-on-stream, a
band at ~ 1585 cm-1 is growing in intensity all the time from the beginning and later on an
additional band at ~ 1498 cm-1 is also rising. These two bands can be assigned to C=C ring
skeletal vibration of aromatics [11]. More specifically, the 1585 cm-1 band, can be an indication
of aromatics in general; while the 1498 cm-1 band is more likely originating from alkylated
aromatic species as it is formed at a later stage. This will be linked to the formation of a new
band centered at ~ 2227 cm-1 after ~ 200 s time-on-stream, suggesting the formation of alkyl
groups in aromatics. Interestingly, there is still a significant amount of BAS(O-H) present at
the end of the ETO, which are not completely exchanged by D6-ethanol. This suggests that
ethanol finds more restriction to diffuse inside the crystal as compared to methanol. The
assignments of the UV-Vis and IR characteristic bands obtained from both the MTO and ETO
reactions performed at 553 K are summarized in Table 5.1.
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Table 5.1. Assignments of the characteristic UV-Vis and IR absorption bands observed in individual 50
µm-sized SAPO-34 crystals during the methanol-to-olefins and ethanol-to-olefins reactions conducted at
553 K by using of H4-methanol, H6-ethanol, D4-methanol and D6-ethanol, respectively.

Methanol-to-olefins
Species
PAB

UV-Vis

Non-deuterated

Ref.

Band

Assignment Species

Ref.

Band

Assignment

[14],[4]

403 nm

π-π* transitions

[14],[4]

407 nm

π-π* transitions

PAB

[15],[13]

[15],[13]

[1],[10]

[1],[10]

PA

[10],[2]

580 nm

π-π* transitions

PA

[10],[2]

510 nm
600 nm

π-π* transitions

BAS

[7],[1]

3596 cm-1

O-H stretching

BAS

[7],[1]

3595 cm-1

O-H stretching

[8],[9]

2978 cm-1

Methyl stretching

[9]

2944 cm-1
2842 cm-1

Methyl stretching PA/PAB [11]

1592 cm-1

C=C stretching

Methoxy
DME+

This work

PA/PAB

[11]

2955 cm-1

Methyl stretching

PA/PAB

[11],[16]

C=C stretching

[17],[18]

1610 cm-1
1458 cm-1

[17]

2925 cm-1

C-H stretching

[12]

2651 cm-1

O-D stretching

[9]

This work

PA

IR

Ethanol-to-olefins

PA

This work

2926 cm-1

C-H stretching

BAS

[12]

2653 cm-1

O-D stretching

2095 cm-1

Methyl stretching

2136 cm-1
2072 cm-1

Methyl stretching PA/PAB [11]

This work

1585 cm-1
1498 cm-1

C=C stretching

This work

2227 cm-1

C-D stretching

This work

BAS

Deuterated

Methoxy
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DME+

PA

This work

2211 cm-1

C-D stretching

PA/PAB

[11],[17]

1459 cm-1

C=C stretching

PA/PAB
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The next step in our study was the investigation of the molecular accessibility of the
SAPO-34 crystal as well as the reactivity of the encaged HCP species during each stage of the
MTO and ETO reactions. For this purpose, we have performed H/D exchange experiments
during the MTO and ETO reactions at different reaction stages. Figure 5.4 presents the IR
results from three MTO experiments at 553 K, by switching the feed molecules from H4methanol to D4-methanol at different switching times (ts) as compared to the transition time
(t’). The first experiment, depicted in Figures 5.4a - 5.4c, was performed at ts >> t’, in other
words, the D4-methanol was introduced to the system to replace H4-methanol when the
reaction reached a steady state during the second stage. From the intensity profiles in Figure
5.4a, we observe that the O-H and O-D stretching bands from BAS are constant after the
switching. This means that the H/D exchange does not proceed due to the inaccessibility of
the crystal. This finding is corroborated in Figure 5.4b and 5.4c, which shows no absorption
in the O-D and C-D stretching vibration region after the switching with the exception of the
stretching vibration absorption coming from the D4-methanol in the gas phase, which lies in
the absorption frequency region between 2130 cm-1 to 2000 cm-1, as highlighted in the dotted
square in Figure 5.4c. The unaffected intensity from the C=C stretching and C-H bending
vibration region also suggests that the HCP engine is not active at this stage. Therefore, the
first H/D exchange experiment leads to the first conclusion that when the MTO reaches the
steady state of the second stage i.e. deactivating stage, the crystal is not accessible and the
retained HCP species are completely inactive.
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Figure 5.4. In-situ synchrotron-based IR microscopy results of individual 50 µm-sized SAPO-34 crystals
during three H/D exchange methanol-to-olefins (MTO) experiments at 553 K. (a, b & c) Switching from
H4-methanol to D4-methanol at the steady state of stage II, (d, e & f) switching from H4-methanol to D4methanol shortly after the MTO reached stage II, and (g, h & i) switching from H4-methanol to D4methanol at stage I. The results include: (a, d & g) the intensity evolution of the overall IR spectral signal
(black lines), Brønsted acidity in O-H form (yellow lines) and Brønsted acidity in O-D form (blue lines) of
the crystal; (b, e & h) time-dependent IR spectra in color-coded intensity maps, where the time for the stage
transition t’ and switching time ts are indicated; (c, f & i) selected individual spectrum taken during the
experiments. In c & f, the spectra are in black during stage I, in red in stage II and in green after the
isotopic switching; in i, the spectra are in black before the switching in stage I, in green after the switching
and in red after reaching stage II.

The second switch experiment was performed shortly after the MTO reaction reaches
the second reaction stage. After the switching to D4-methanol, the intensity of the BAS(O-H)
band is increasing (yellow line in Figure 5.4d) and the IR characteristic bands in the C-H
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stretching/bending region are evolving (Figure 5.4e). Interestingly, there is almost no change
in the intensity of the BAS(O-D) band (blue line in Figure 5.4d), which suggests that acid
sites of the crystal are very likely not accessible at this moment. A more detailed observation
of the IR spectra (Figure 5.4f) shows that the methoxy species, characterized by the 2978 cm-1
band, are almost depleted when the switching to D4-methanol starts. This is another evidence
that the SAPO-34 crystal is not accessible to methanol molecules since methoxy species can
be readily formed at this temperature. However, the retained HCP species are still undergoing
transformations, which most likely result from the interaction of HCP species and the retained
small molecules. The blockage also applies to the retained molecules due to the fact that the
active MTO route as well as the coke formation mainly take place in the outer rim of the
SAPO-34 crystal as evidenced by the confocal fluorescence microscopy in Chapter 3

[1]

. The

observations from this second experiment suggest that the crystal can get blocked even shortly
after the MTO reaches stage II (i.e. the deactivating stage). As a result, methanol cannot
interact with the acid sites to contribute to the active MTO route and the trapped species can
still react further to generate bulkier species.
In the third experiment the switch starts in the first stage (active stage), where the
amount of BAS(O-H) is decreasing, as shown by the yellow line in Figure 5.4g. After the
switching, an increase in the intensity of the O-D band (blue line in Figure 5.4g) and the
formation of characteristic bands in the C-D stretching vibration region (Figure 5.4h) are
observed. This demonstrates that D4-methanol is interacting with BAS as well as participating
in the formation of HCP species due to the fact that the crystal is not (yet) blocked. By
looking at the Figure 5.4i, one can observe that after switching the first species exchanged are
the BAS (bands at 3596 and 3561 cm-1), followed by the methoxy species (band at 2978 cm-1).
The band at 2944 cm-1, assigned to protonated DME, keeps growing in intensity for some
time. Almost at the same time, the intensities of two absorption bands located at 2095 and
2072 cm-1 are rising, which can be ascribed to C-D stretching vibrations from deuterated
methoxy and DME species, respectively. The above findings highlight the fast dynamics of
the methoxy groups which are most likely intimately involved in the formation of HCP
species. When the MTO progresses into stage II, the acid sites in both O-H and O-D forms are
being perturbed, meanwhile three new bands located at 2923, 2210 and 1462 cm-1 are being
formed, which are assigned to the alkylated PA species as discussed above. Additionally, the
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intensities of the 2095 and 2072 cm-1 bands, which are respectively assigned to methoxy,
DME species, decrease even further. This suggests the formation of larger HCP species, e.g.
PA molecules, in stage II, which most likely are generated via the interaction of active HCP
species with methoxy/DME. Interestingly, the PA species which absorb light in the C-H
stretching region at 2925 cm-1 are not isotopically exchanged, suggesting that they are not
very active during the reaction. The observations from this experiment suggest that during the
first stage of MTO the crystal is (still) accessible and retained hydrocarbon species are active,
but not the PA.
The accessibility of the crystals during the ETO experiments at 553 K was also
investigated by H/D exchange measurements. From our previous experiment with D6-ethanol,
we find out that not the whole crystal is accessible to the reactant. The first experiment started
by flowing D6-ethanol and when the IR spectra reach a steady state the sample has been
flushed by N2 and then switched to H4-methanol, which is a smaller molecule and therefore
with fewer diffusion restrictions. Figures 5.5a - 5.5c show the IR results obtained after
flushing and then switching to H4-methanol. After H4-methanol switching, one can observe a
change in the IR spectra, as shown in the Figures 5.5a - 5.5c, which reveals that the crystal
has a certain accessibility at this stage of the reaction. We now aim to unravel until which
extent the crystal is accessible. The O-D band ascribed to BAS is almost completely depleted,
which indicates that the crystal is accessible where the D6-ethanol was before switching. If we
now inspect the O-H stretching band thoroughly, no changes in such band are observed after
the switching (see also yellow line in Figure 5.5a). This suggests that the inner part of the
crystal is not accessible, else the methanol would have diffused inside and subsequently
formed methoxy species, which would have decreased the O-H stretching region of the
spectra. These results can be explained by our previous study in Chapter 3, where confocal
fluorescence microscopy revealed the existence of a layer of coke inside the crystal which
hinders the diffusion of reactant/products and therefore the evolution of the reaction

[1]

. In

addition, from the C-H stretching region, the formation of methoxy species (band at 2978 cm1

) and PA (band at 2925 cm-1) is observed. This suggests that the methanol is interacting with

the BAS(O-D) located in the outer rim of the SAPO-34 crystal, and alkyl groups are
continuously generated on aromatics most likely via methylation reactions. Another evidence
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for the formation of alkylated aromatics is indicated by the increase in intensity of the C=C
stretching band at 1498 cm-1.

Figure 5.5. In-situ synchrotron-based IR microscopy results of individual 50 µm-sized SAPO-34 crystals
during two H/D exchange ethanol-to-olefins (ETO) experiments at 553 K. (a, b & c) Switching from D6ethanol to methanol (flushing with N2 between switching) and (d, e & f) switching from D6-ethanol to H6ethanol. The results include (a & d) the evolution of the intensity of the overall IR spectral signal (black
lines), Brønsted acidity in O-H form (yellow lines) and Brønsted acidity in O-D form (blue lines) of the
crystal; (b & e) time-dependent IR spectra in color-coded intensity maps, where the switch time ts is
indicated; (c & f) selected spectra taken during the experiments, where black and green spectra were taken
before and after switching, respectively.
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To confirm our previous findings, another switching experiment was performed.
Figures 5.5d - 5.5f summarize the IR results from such experiment where D6-ethanol is
switched to H6-ethanol. The switching was performed after the intensity of BAS(O-D) is
stable, while that of BAS(O-H) still slightly decreases (Figure 5.5d). This indicates that the
H/D exchange for the BAS is suppressed, which is an indication that the diffusion limitation
is very severe at that moment, most likely due to the formation of an internal coke layer as
suggested above. After switching, the intensity of the O-H and O-D stretching vibrations
changes, indicating that the periphery of the crystal, where the D6-ethanol was before
switching, is accessible. The formation of the 1590 cm-1 band occurs with increasing time-onstream and is independent on the switching, which demonstrates that the aromatics are
continuously generated through the whole ETO process. Moreover, the formation of alkyl
groups of the formed HCP species are very slow as evidenced by a low absorption intensity at
the C-H stretching vibration (e.g. 2925 cm-1 band) region. This experiment supports our
findings from the previous switching ETO experiment, and corroborates that the periphery of
the crystal is the only part accessible of the crystal due to diffusion limitations of the ethanol.
Such diffusion limitations are most likely caused by the layer of coke in the inner part of the
crystal.
5.3.3. Chemical imaging of the MTO and ETO processes with IR microscopy
In a final series of synchrotron-based IR experiments, we have investigated the spatial
distribution of the BAS as well as the retained alkylated aromatics within individual SAPO-34
crystals after reaction. Figure 5.6 displays the intensity maps of four characteristic IR
absorption bands after two H/D exchange experiments at 553 K discussed previously in the
section 5.3.2. In the first experiment H4-methanol was switched to D4-methanol at stage I of
the MTO reaction. The chemical intensity maps of the O-H (Figure 5.6a) and O-D (Figure
5.6b) bands show a rather homogeneous distribution of the BAS within the SAPO-34 crystal.
These findings are in agreement with our results and suggest that the crystal is completely
accessible to methanol during the first stage. In Figures 5.6c and 5.6d, the location of the PA
species was mapped by using the 2925 and 2209 cm-1 bands, attributed to the C-H and C-D
stretching vibrations in alkyl groups from these species, respectively. It is evident that these
PA species with both C-H alkyl groups and C-D alkyl groups are concentrated in the outer
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rim of the SAPO-34 crystal, most likely due to the higher local concentration of methanol in
this part during the MTO process, as suggested in Chapter 3 [1]. Thus, only a limited region of
the SAPO-34 crystal contributes to the active MTO route

[19-21]

and therefore to the

deactivation and blocking of the whole crystal.

Figure 5.6. Spatially-resolved chemical maps of single 50 µm-sized SAPO-34 crystals measured after two
H/D exchange experiments at 553 K by switching from H4-methanol to D4-methanol at stage I of the
methanol-to-olefins reaction (a-d) and by switching from D6-ethanol to H6-ethanol during the ethanol-toolefins reaction (e-h). The results include intensity maps of the (a & e) O-H stretching vibration, (b & f) OD stretching vibration, (c & g) C-H stretching vibration and (d & h) C-D stretching vibration, obtained by
measuring the intensity of the 3590 cm-1, 2650 cm-1, 2209 cm-1 and 2925 cm-1 bands, respectively. The step
size is 15 µm with an oversampling of 7 µm.
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In the second experiment, D6-ethanol was switched to H6-ethanol during the ETO
process. The chemical maps after the H/D exchange process are shown in Figures 5.6e-5.6h.
In a similar fashion, the intensity of the four characteristic IR bands for the O-H, O-D, C-H
and C-D stretching vibration have been monitored. From the inspection of Figures 5.6e and
5.6f, it can be concluded that the spatial distribution of the BAS in not as homogeneous as in
the case of the MTO process, which implies that the H/D exchange process is limited by the
diffusion of ethanol. Furthermore, the crystal regions, which were not accessible during the
H/D exchange process, are located in the inner part of the crystal. The chemical map of the CH region, depicted in Figure 5.6g, reveals that the formation of the PA species is located at the
periphery of the crystal. The intensity of the C-D band is not pronounced as can be noticed
from Figure 5.6h, which can be rationalized by the short contact time of the D6-ethanol with
the catalyst particles and the slow formation of alkyl group on aromatics during the ETO
reaction.

5.4. Conclusions
A detailed in-situ synchrotron-based IR microscopy study on large SAPO-34 crystals has
been carried out to unravel the chemistry and accessibility of individual crystals during
different reaction stages of the methanol-to-olefins (MTO) and ethanol-to-olefins (ETO)
processes. Complementary in-situ UV-Vis microscopy and isotopic labeling studies have
been applied to assist the identification of the different hydrocarbon species, their activity and
accessibility of single crystals during both reactions. The main conclusions from this
characterization study are summarized in Scheme 5.1.
The MTO and ETO reactions at 553 K possess different stages during the reaction
lifetime. In the case of MTO, two reaction stages are observed. The first stage includes the
induction and active period, which is related to the formation of methoxy species, protonated
DME and active hydrocarbon pool species, i.e. PAB carbocations. Isotopic labeling
experiments reveal that these species are not affecting the accessibility of the SAPO-34
crystal. Furthermore, methoxy species are the first species being exchanged during the H/D
switching experiments, suggesting the importance of methoxy species during the active
course of the MTO. The second stage is ascribed to the deactivating period, which is related
to the formation of PA species (deactivating species). These species are bulkier, interact with
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the acid sites, alter the accessibility of the SAPO-34 crystal and they are relatively inactive
during the progress of the reaction. The PA species are mainly formed in the outer rim of the
crystals as they are most likely formed from active PAB species in this layer. In this manner,
they drastically influence the spatial distribution of the reaction, hindering the
reactant/product molecules diffuse inwards/outwards.

Scheme 5.1. Schematic representation of the evolution of the retained hydrocarbon species and the crystal
accessibility in individual SAPO-34 crystals as a function of the reaction stages during the methanol-toolefins (MTO) (top) and the ethanol-to-olefins (ETO) (bottom) reactions at 553 K.

In contrast, our results suggest that the ETO reaction consists of one major stage,
which is the formation of both PAB and PA species. Contrary to MTO, the formation of
alkylated aromatics is less pronounced. However, the SAPO-34 crystal is still partially
accessible to methanol when the formation of hydrocarbon pool species approaches the steady
state during ETO. The main reason could be that the ETO reaction is not only limited to the
outer rim of the SAPO-34 crystal, instead, coke formation is mainly concentrated in a layer
located in the inner part of the crystal. In addition, there are still appreciable amounts of BAS
available in the outer rim of the crystal, which can further interact with methanol.
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Chapter 6
Chemistry and Kinetics of Activation and
Deactivation Steps during the Methanol-to-Olefins
Process over SAPO-34 as Studied by
Combined In-situ UV-Vis and IR Spectroscopy

SAPO-34 in the IR and UV-Vis Spotlight
UV-Vis spectroscopy has proven to be a powerful technique for elucidating the formation of
HCP species, e.g. carbenium ions and aromatics in SAPO-34, while IR spectroscopy can
assist their structural identification. Combined in-situ UV-Vis and IR spectroscopy therefore
can give novel insight into the nature of formed hydrocarbon pool species under real reaction
conditions.
Based on the manuscript: Q. Qian, J. Ruiz-Martínez, C. Vogt, M. Mokhtar, A. M. Asiri, S. A. Al-Thabaiti, S. N.
Basahel, B. M. Weckhuysen, J. Catal. submitted.
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6.1. Introduction
In part I of this PhD thesis, consisting of Chapters 2-5, large CHA type crystals, namely
SAPO-34 and SSZ-13 catalysts, have been investigated as model systems during the alcoholto-olefins (ATO) processes. Therefore, knowledge on the structure of the large crystal itself as
well as of its performance during the ATO reactions were obtained with the aid of in-situ
single-catalyst particle spectroscopy. Now, in the second part of this PhD thesis, namely
Chapter 6, we aim to expand our research into a more industrially relevant catalyst material.
For this purpose, a commercial SAPO-34 catalyst with a particle size of approximately 200800 nm was studied.
Despite the effort made to elucidate the activation and deactivation mechanisms
during the MTO process, knowledge of the detailed chemistry and formation mechanism
behind the species active for olefins production and the species deactivating the catalyst
materials are still limited. This is most probably due to the lack of studies involving
complementary methods. These combined spectroscopic approaches have been successfully
applied to several catalytic systems, as detailed in a recent review [1]. The goal of this Chapter
is to combine UV-Vis spectroscopy and IR spectroscopy to study the species formed in-situ
during the MTO reaction on a SAPO-34 wafer. In such an approach, we collect the IR and
UV-Vis information at the same spot of the catalyst sample, meanwhile the catalytic
performance of the material is followed by mass spectrometry, as schematically illustrated in
Figure 6.1.

6.2. Experimental
6.2.1. Materials
The commercial catalyst SAPO-34 power under study has crystal sizes ranging from
approximately 200-800 nm, and a Si/(Si+Al+P) ratio of 0.037. The template of these assynthesized SAPO-34 materials was removed by calcination with the following procedure:
heating at a rate of 2 K·min-1 to 523 K, keeping at this temperature for 3 h, then heating up to
873 K at a rate of 1 K·min-1 in a quartz tubular oven (Thermoline 79300). Subsequently, the
sample was ion exchanged with a 10 wt% ammonium nitrate solution (Acros Organic, 99+%)
for three times at 343 K.
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6.2.2. Combined In-situ UV-Vis, IR Spectroscopy and Mass Spectrometry
The UV-Vis measurements were done using an Avantes Avalight-DH-S-BAL probe that was
connected to an Avantes Avaspec 2048L spectrometer. Spectra were recorded every 15 s
during each MTO experiment. The corresponding IR measurements were performed using a
Bruker Tensor 27 spectrometer coupled with a MCT detector and spectra were taken every 30
s. Additionally, product analysis was collected by a Pfeiffer Vacuum Omnistar mass
spectrometer. More specifically, the evolution of methanol, DME, propylene and methane
was followed by the mass signal 31, 45, 41 and 16, respectively.
As illustrated in Figure 6.1, the experimental set-up used consists of an in-situ cell
with KBr windows where the gas is flown over the catalyst material as a self-supported wafer.
UV-Vis measurements are collected in reflection mode via a probe with six optical fibers for
illumination and one optical fiber for collection. The IR data were measured in transmission
and collected by a mercury cadmium telluride (MCT) detector at the same spot where the UVVis probe was focused. Activity data were calculated via identification of the products by
analyzing the gas outlet with a MS.
For each MTO reaction, a SAPO-34 catalyst wafer was placed in the heating stage of a
Linkam FTIR600 cell, which was attached to a Linkam TMS 94 temperature controller. Prior
to the MTO reaction, the calcined catalyst was first heated to 473 K at a rate of 5 K·min-1 and
held at this temperature for 10 min, then heated to 773 K with a rate of 10 K·min-1, and held at
this temperature for 1 h under O2 atmosphere. Subsequently, the temperature was brought to
the required reaction temperature at a rate of 15 K·min-1, after which a constant N2 flow (10
ml·min-1) was introduced to a methanol solution thereby acting as carrier gas. For
temperature-programmed MTO experiment, the temperature was brought from 393 K to 823
K at a rate of 4 K·min-1. In addition, several temperature-constant MTO experiments were
also conducted in the temperature region of 500-700 K.
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Figure 6.1. Sketch of the experimental in-situ approach combining UV-Vis, IR spectroscopy and on-line
mass spectrometry.

6.3. Results and Discussion
6.3.1. Revealing Reaction Intermediates and Deactivating Species during MTO
In a first set of experiments, we have studied the SAPO-34 catalytic system by performing a
temperature-programmed MTO reaction and the activity was followed by on-line mass
spectrometry. The catalytic performance during the reaction is shown in Figure 6.2, where for
the sake of clarity only methanol, dimethyl ether (DME) and propylene have been
represented. DME is originating from the dehydration of methanol and it is not considered a
desired product from the MTO reaction per se. Propylene is a representative product during
the MTO reaction on SAPO-34 and we monitor it to evaluate the catalytic performance of the
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material. By examining the propylene profile, three main region can be distinguished: the first
one, named the induction period, below 573 K, where no propylene is formed and only
dehydration of methanol into DME occurs. In the second one, called the reaction period, at
583-653 K, where the catalyst is functioning in the MTO reaction. Finally, in the deactivation
period the formation of propylene drops and the catalyst is totally deactivated from 653 K
onwards.

Figure 6.2. Catalytic performance of the SAPO-34 catalyst during the temperature-programmed methanolto-olefins reaction where reaction products were identified by on-line mass spectrometry. b) Overall
spectroscopic information in color-coded graphs acquired from the catalyst wafer by combining in-situ UVVis (left) and IR (middle and right) spectroscopy. The three main regions of the temperature-programmed
reaction are separated by the horizontal white lines.
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Upon investigation of the catalytic properties of the material we aim for an analysis of
the species formed on the catalyst wafer during the different catalytic stages. Figure 6.2b,
which summarizes the UV-Vis and IR spectroscopic results, reveals changes in the spectra
during the different stages, separated by white lines. In view of the complexity and dynamics
of the spectra, we have decided to inspect and discuss the different stages of the reaction
separately. In addition, for a better evaluation of each catalytic stage, the spectra discussed
and plotted in this work include a spectrum from the previous and/or subsequent catalytic
steps. Figure 6.3a shows a number of UV-Vis spectra of the catalyst during the induction
period. The spectra display a lack of absorbance in the UV-Vis region during this period, and
only at the beginning of the reaction which starts at around 573 K, a low absorbance is
observed as can be seen in the spectra at 583 K. A magnification of the spectra, shown in
Figure 6.3a on the right, allows us to perceive distinct weak bands in the UV region of the
spectra (below 400 nm). Three main absorption bands can be detected: the first one at 270
nm, corresponding to neutral benzene species [2], followed by another one at 340 nm, which is
ascribed to di-enyl carbenium ions

[2]

. Finally, an absorption band arises at 400 nm due to

polyalkylated benzene (PAB) carbocations

[2-5]

, which are believed to be the main catalytic

engine in the MTO reaction on SAPO-34 zeotypes. The low absorbance of these bands
suggests that these species are most likely formed by the presence of impurities in the
methanol feed. It is known that small amounts of ethanol, propanol or acetaldehyde can
always be found in methanol and this might create the first aromatics. Another plausible
explanation for the formation of such species is the interaction of methanol with organic
residues from the detemplation step [6].
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Figure 6.3. Spectroscopic information of the SAPO-34 catalyst wafer during the induction period of the
temperature-programmed methanol-to-olefins reaction: a) UV-Vis spectra measured for increasing reaction
temperature. The insertion shows the non-stacked spectra zoomed in. b) IR spectra measured for increasing
reaction temperature. The UV-Vis and IR spectra have been stacked for clarity.

Due to the low formation of olefinic and aromatic species, as monitored by UV-Vis
spectroscopy, we aim for the study of other species which might be spectroscopically silent in
the UV-Vis region. With this in mind, we have evaluated the IR spectra of the catalyst wafer
and several representative IR spectra are depicted in Figure 6.3b. The IR spectrum of the
catalyst before reaction shows three main peaks in the OH stretching region (~ 3600 cm-1).
The peaks at 3625 and 3595 cm-1 are the high and low frequency OH stretching signatures of
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the Brønsted acid sites, whereas the one at 3675 cm-1 is ascribed to POH groups

[7, 8]

, most

likely coming from the external surface of the zeotype crystals. When methanol is flown
through the catalyst at 393 K one can clearly see a drop in the intensity and a broadening of
the band in the OH region. The formed can be ascribed to a loss of Brønsted acidity, while the
latter is due to nearly free OH stretching mode of methanol

[9]

. At around 3000 cm-1, several

bands arise, predominantly two at 2950 and 2845 cm-1 which are CH stretching vibrations
attributed most likely to methanol physically adsorbed on the catalyst wafer

[9]

. When the

reaction temperature increases the shape and intensity of the CH stretching region evolve and
this observation reflects a change in the chemistry of the species. The bands ascribed to
methanol physisorbed diminish and a new set of bands appears. More specifically, the band at
2975 cm-1 can be ascribed to CH stretching from methoxy species on Brønsted acid sites
11]

[10,

. The existence of methoxy species can be confirmed by the presence of a methyl

deformation band of such species at 1455 cm-1. The three bands at 3010, 2945 and 2845 cm-1
are typical CH3 asymmetric and symmetric stretching modes from dimethyl ether (DME)
protonated on Brønsted acid sites [11]. If we look now to the low frequency region, two bands
appear at 940 and 890 cm-1 which are most likely the CO stretching modes of methoxy and
protonated DME on the catalysts. In conclusion, from the induction period the main
hydrocarbon species adsorbed on the SAPO-34 are methanol, methoxy and protonated DME,
as well as small traces of olefins and aromatics.
In the next step, we aim to understand the chemistry of the species formed on the
catalysts during the reaction period at the temperature region between 583 to 653 K. From the
activity data, two main regimes can be distinguished: the first one up to 623 K where the
amount of propylene increases with time-on-stream and the second one where the propylene
formation decreases. From the inspection of the UV-Vis region of the spectra at this period,
illustrated in Figure 6.4a, one can clearly see a strong increase in the absorbance with the
reaction temperature. This implies that the new species formed are essential for the production
of olefins. When the temperature is below 623 K, the intensity of the bands at 270 nm and 400
nm, ascribed respectively to neutral and protonated methyl benzenes, grows with time-onstream and indicates the formation of the active species during the reaction. The band ascribed
to the di-enyl carbocationic species (340 nm) also increases during the active period of the
material, but the exact nature and role of such species during the reaction still remain unclear.
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We contemplate two main hypotheses: the first is that those species are aromatic precursors
originated from methylation and/or oligomerization of light olefins. A second explanation is
that these species are cyclopentenyl cations, a reaction intermediate in the paring mechanism
for the formation of light olefins. Additionally in the high wavelength region, a band appears
at around 600 nm, which according to previous studies can be ascribed to highly methylated
poly aromatics (PA), such as highly methylated naphthalene or phenanthrene-like species [12].

Figure 6.4. Spectroscopic information of the SAPO-34 catalyst during the reaction period of the
temperature-programmed methanol-to-olefins reaction: a) UV-Vis and b) IR spectra. c) Integrated area of
the 1380 and 940 cm-1 bands, which correspond to the concentration of methylated aromatics and methoxy
species, as a function of the reaction temperature.

139

Chapter 6

When the temperature is above 623 K the catalyst starts to deactivate and this is
reflected in the evolution of several bands. More precisely, a new band located at around 300
nm develops and is attributed to mono-enyl carbenium ions

[2]

. This band most likely

originates from light olefins produced and trapped on the catalyst due to the low diffusion
properties of the material at this stage, and these species are subsequently protonated on the
Brønsted acid sites. In addition, the 400 nm band keeps increasing in intensity during the
deactivation period while the 340 nm band starts to disappear, which suggests that the 340 nm
band is most likely a reaction intermediate for olefins production. Furthermore, the 600 nm
band assigned to PA species, grows during the whole reaction period of the material until
reaching a maximum when the catalyst is fully deactivated at 653 K, which makes us to
consider that the formation of this highly conjugated species may play an important role in the
deactivation of the catalyst, more specifically by gradually reducing the accessibility
properties of the material until complete blockage. This is in agreement with other lines of
thought where deactivation is attributed to the formation of PA species inside the micropore
structure of the material [13, 14].
From the IR part of the spectra, depicted in Figure 6.4b, one can see several changes
with respect to the ones at the induction period. If we inspect the OH stretching region first,
there is a red shift in the band with time-on-stream, which can be due to either an interaction
of the acid sites with the hydrocarbons created in the catalyst or a change in the properties of
the acid sites during the course of the reaction. Surprisingly, despite the fact that protonated
methyl benzenes were observed by UV-Vis spectroscopy, no characteristic signatures of those
species were observed in the CH stretching/bending and C=C stretching regions of the
spectrum. Above 623 K, changes in the shape of the CH stretching region are noticed, where
signatures ascribed to methoxy species are progressively being eroded. Then, a new group of
bands appears, with a very intense absorption band at 2925 cm-1. This can be ascribed to CH
stretching modes of methyl groups on PA species as suggested in Chapter 5, revealing the
formation of such species previously observed in the UV-Vis spectra [15]. More indications of
the formation of highly conjugated aromatics can be obtained from the 1700-1400 cm-1
region, where two new contributions from C=C stretching modes appear at 1600 and 1580
cm-1, and from the band at 1380 cm-1 ascribed to CH bending modes from methyl groups on
aromatics.
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One of the intriguing questions in the MTO chemistry is the role of the methoxy
species in the reaction. Aiming for a better understanding of the function of such species, we
investigated whether the depletion of methoxy species is linked to the formation of
methylated aromatics. By plotting the integrated area of the 940 and 1380 cm-1 band in the IR
spectra with the reaction temperature, the methoxy species and alkyl aromatics can be
monitored respectively. This plot is presented in Figure 6.4c and during the induction period
only the formation of methoxy species is observed. Interestingly, during the reaction period
the depletion of the methoxy species matches nicely with the formation of alkyl aromatics,
suggesting a relationship between them. To corroborate our finding and rule out an effect of
the temperature in the desorption/depletion of the methoxy species, isothermal reactions were
run at distinct temperatures. The corresponding areas of the 940 and 1380 cm-1 bands are
plotted in Figure 6.5. They clearly confirm our observations, namely a decrease in the amount
of methoxy species can be related to an increase in the formation of alkyl aromatics.

Figure 6.5. Areas of the 940 and 1380 cm-1 bands, ascribed to C-O stretching of methoxy species and C-H
bending of alky aromatic, as a function of the reaction time during methanol-to-olefins reactions at
different reaction temperatures.
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These results can be explained by a blockage or a decrease in the accessibility of the
zeotype cavities by the alkylated PA species and consequently a decrease in the formation of
methoxy species. Once the methoxy species are completely depleted, at around 673 K, the
catalyst is finally deactivated. This findings point out that the methoxy species might be
directly involved in the catalytic process of the formation of methylated aromatics, most
likely by the mechanisms described in the literature for the methylation of olefins
aromatics

[17, 18]

[10, 16]

and

. However, at this stage of our research we are unable to directly link the

alkylation of aromatics via methoxy species and further investigations will be needed.
Nevertheless, a direct link between the accessibility of the material and the concentration of
methoxy species can be made.

Figure 6.6. Spectroscopic information of the SAPO-34 catalyst wafer during the fully deactivated period of
the temperature-programmed methanol-to-olefins reaction: a) UV-Vis and b) IR spectra.

We now draw our attention to the last stage of the reaction where the catalyst wafer is
fully deactivated. From the UV-Vis results, depicted in Figure 6.6a, we observed that even
though the catalyst is not active for olefins production in the MTO reaction, changes in the
spectra are still observed. Particularly, the absorption band at 600 nm, ascribed to highly
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methylated PA species, is gradually disappearing with increasing reaction temperature
whereas the absorption band at 400 nm seems to be increasing. Since none of the species are
able to diffuse outwards, these results can be explained by the transformation of the alkylated
PA species absorbing light at 600 nm into other species, such as monoaromatics and olefins,
via cracking reactions at such high temperatures. The formation of the monoaromatics e.g.
PAB carbocations is observed in the increasing of the absorption band at 400 nm. Above 623
K, the 270 nm absorption band, corresponding to neutral benzene species and the 340 nm
absorption band, ascribed to di-enyl carbenium ions disappear completely. In addition, the
overall absorbance of the UV-Vis region has increased after complete deactivation of the
catalyst, as can be better observed in the color-coded Figure 6.2b. This is ascribed to the
formation of highly conjugated aromatic species that are not able to fit in the microporous
structure of the material and consequently are deposited on the external surface of the material
[3]

. From the IR results, depicted in Figure 6.6b, in the OH stretching region no substantial

changes are observed. On the contrary, the effect of the temperature in the CH stretching
region is remarkable at this stage, with a decrease in the overall absorbance at this region
when the reaction temperature is higher than 653 K, which suggests a loss in the methylation
degree of the PA species. Simultaneously, a new band at around 3015 cm-1 is growing in
intensity, which is likely due to the ring C-H stretching vibration from less alkylated large
aromatics. Diene species can also be the possible cause of the absorption at 3015 cm-1

[19]

,

which could be formed from dealkylation/cracking of PA species. The presence of these less
alkylated large aromatics is confirmed by an increasing intensity of the bands at 1600 and
1580 cm-1, in combination with the appearance of a band at 857 cm-1 that can be due to the
CH out-of-plane deformation of these aromatics. Finally the absence of the 940 cm-1 band
evidence the lack of methoxy species at this stage, suggesting a complete blockage of the
material. The assignments of the UV-Vis and IR characteristic bands obtained from each
reaction period of the MTO reaction are summarized in Table 6.1.
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Table 6.1. Assignments of the characteristic UV-Vis and IR absorption bands observed on SAPO-34
material during the methanol-to-olefins reaction.

Species

Technique

Band

Assignment

Ref.

BAS

IR

3625 cm-1
3595 cm-1

High frequency OH stretching
Low frequency OH stretching

[7, 8, 20]

3010 cm-1
2945 cm-1
2845 cm-1
890 cm-1

Methyl asymm stretching
Methyl asymm/symm stretching
Methyl symm stretching
C-O stretching

[11]

2975 cm-1
1455 cm-1
940 cm-1

Methyl asymm stretching
Methyl asymm bending
C-O stretching

This work

UV-Vis

400nm

π-π* transitions

[3-5, 12, 22, 23]

IR

1380 cm-1

Methyl symm bending

[24]

UV-Vis

600 nm

π-π* transitions

[12, 25]

2925 cm
1600 cm-1
1580 cm-1
1380 cm-1

C-H symm stretching
C=C stretching
C=C stretching
Methyl symm bending

[15, 19]

UV-Vis

overall absorption

π-π* transitions

This work

IR

1600 cm-1
1580 cm-1
857 cm-1

C=C stretching
C=C stretching
C-H out-of-plane bending

[25, 26]

DME+

Methoxy

PAB
carbocations

PA species
(most likely highly
alkylated
naphthalenes and
phenanthrenes)

Highly conjugated
aromatics /coke

IR

IR

IR

-1

[7, 8, 20]

[11]
[11]

This work
[11, 21]
[21]

[25, 26]
[25, 26]
[24]

[25, 26]
[26]

Neutral
Benzenes

UV-Vis

270 nm

π-π* transitions

[22]

Di-enyl carbenium
ions

UV-Vis

340 nm

π-π* transitions

[25]

Mono-enyl
carbenium ions

UV-Vis

300 nm

π-π* transitions

[25]
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6.3.2. Kinetic Studies of Activation and Deactivation Steps during MTO
6.3.2.1. Temperature-Dependent MTO Behavior of SAPO-34
From section 6.3.1, it has been observed that during the MTO reaction the catalytic
performance as well as the retained hydrocarbon species in the SAPO-34 material critically
depend on the applied temperatures. In order to have a more systematic analysis, we have
conducted a series of MTO experiments on SAPO-34 at different reaction temperatures
ranging from 508 to 696 K. For each experiment, we have applied the same spectroscopic
methodology that was utilized in section 6.3.1. Figure 6.7a displays the propylene formation
during the entire MTO process at different temperatures. Two distinct temperature-dependent
behaviors can be clearly recognized: in the 508-555 K window where no propylene formation
is evidenced and at higher temperatures where the catalyst is active and produces propylene.
This has been confirmed by the analysis of the gas products during the first 2400 s by off-line
GC analysis, shown in Figure 6.7b. If we inspect in more detail the propylene profiles, the
induction, active and deactivating period of the catalyst all become shorter with increasing
reaction temperature, which means that the catalyst activates and deactivates faster.

Figure 6.7. a) Evolution of propylene formation during methanol-to-olefins (MTO) reactions conducted at
different temperatures over SAPO-34 catalyst monitored by mass spectrometry. b) Off-line GC analysis
from the first 2400 s of MTO reactions at the corresponding temperatures.

In the next step, we aim to monitor the species which originate in the catalyst upon
reaction at different temperatures. Figure 6.8a and 6.8b displays the IR spectra and UV-Vis
spectra, respectively, of the sample before and after the MTO reaction at different
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temperatures. First observation of the IR spectra from the fresh sample shows that this batch
of SAPO-34 contains slightly less POH groups, which could be coming from the calcination
procedure. After performing the MTO reaction, the Brønsted acid sites are almost eroded for
all the temperatures, indicating hydrocarbon species are being formed. A further inspection of
the IR spectra shows that the formed species have different chemical nature depending on the
reaction temperatures, as observed in the C-H stretching region (2800-3100 cm-1) as well as
the C=C stretching and C-H deformation region (1350-1650 cm-1). For MTO inert
temperatures, the bands at 2975, 2945, 2845 and 1455 cm-1 are indicative for the formation of
methoxy and DME species as discussed in section 6.3.1 of this chapter as well as in Chapter 5
[10, 11, 15]

. While in the case of MTO active temperatures, the appearance of a new set of

intense bands at 2925, 1600, 1580 and 1380 cm-1 suggests the formation of aromatic species
as discussed above. For a better identification of the aromatic species, UV-Vis spectroscopy is
employed, since such technique is more sensitive to the detection of aromatic species,
particularly when protonated. When comparing the UV-Vis spectra depicted in Figure 6.8b, it
is observed that the absorbance at 400 nm, which is ascribed to PAB carbocations, is much
lower in intensity at MTO inert temperatures. The same trend is observed for the intensity of
the 600 nm band, which is due to the formation of PA species. Therefore, we can conclude
from this set of experiments that large amounts of aromatics are highly linked with the MTO
performance, and their formation depends on the reaction temperatures.

Figure 6.8. a) Selection of IR spectra taken from the fresh sample and at the end of the methanol-to-olefins
(MTO) reactions conducted at 508 (1), 531 (2), 555 (3), 578 (4), 602 (5), 649 (6) and 696 (7) K. Lines in
black represent MTO inert temperatures and red lines are used for MTO active temperatures. b)
Corresponding UV-Vis spectra taken at the end of each MTO reaction.
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6.3.2.2 Kinetic Modeling and Activation Energy for Activation and Deactivation Steps
We are aiming now for a better mechanistic and kinetic understanding of the processes which
are active for olefins production (i.e. activation step) and are responsible for deactivation of
the catalyst materials (i.e. formation of PA species). As an example, we discuss here in detail
the reaction conducted at 578 K, a temperature where the induction and two reaction subperiods, i.e. active and deactivating periods take place in a time window optimal for the time
resolution of our combined spectroscopy approach. Figure 6.9 displays the IR and UV-Vis
spectra taken from the three above-mentioned catalytic stages during MTO at 578 K. The
initial increase in the intensity observed for propylene in the MS data (below 1000 s) is due to
a stabilization of the signal and therefore no propylene formation is taking place. Propylene
formation begins when the slope of the intensity starts to change, which is indicated in the
Figure 6.9a with a vertical dashed line and this indicates the transition between the induction
and the active period. As long as the olefins formation drops, the reaction enters the
deactivating period. The IR and UV-Vis spectra show distinct signatures during each period
as shown in Figures 6.9b - 6.9j. During the induction stage, the most important feature is the
formation of methoxy species, which is characterized by a CO stretching mode at 940 cm-1
and a CH stretching feature at 2978 cm-1 in the IR spectra (Figures 6.9b and 6.9c).
Corresponding UV-Vis results show quite weak absorption at ~ 400 nm, which is related to
PAB formation (Figure 6.9d).
During both active and deactivating periods, spectral similarities can be obtained.
More specifically, a continuous generation of aromatic species, including both PAB and PA
carbocations, is observed, which are characterized by the 400 nm and 600 nm band in the UVVis spectra, respectively (Figures 6.9g and 6.9j). The formation of these aromatics is also
reflected in the corresponding IR spectra, as 2925, 1600 and 1580 cm-1 bands are increasing in
intensity, and the BAS bands (3625 and 3595 cm-1 bands) are broadening (Figures 6.9f and
6.9i). These observations suggest that during the two periods, namely active and deactivating
periods, the chemistry of the aromatic species involved is very similar. If the chemistry of the
species is comparable, a change in the accessibility of the material is suggested as the cause of
the active and deactivating transition. This is also reflected in the continuous reduction of
methoxy species (940 cm-1 band) through these two stages (Figures 6.9e and 6.9h), which, as
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suggested in section 6.3.1, is due to a blockage or a decrease in the accessibility of the
zeotype cavities by the formation of alkylated PA species.

Figure 6.9. a) Selection of mass intensities and definition of three reaction periods during the methanol-toolefins reaction at 578 K. Corresponding IR and UV-Vis spectra taken during the induction (b-d), active (eg) and deactivating (h-j) periods.
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It is known from previous Chapters that methylation reactions on PAB species are
essential for the formation of light olefins [4, 27, 28] and PA, the deactivating species [29]. Figure
6.10a displays the intensity of the 600 nm band as a function of time-on-stream for different
reaction temperatures and Figure 6.10b is the derivative curve obtained from Figure 6.10a.
The derivative curves represent the rate of PA formation at various temperatures.
Interestingly, if we compare the rate of propylene (Figure 6.7a) and PA (Figure 6.10b)
formation, the resemblance of these curves is quite clear in terms of the shape and intensity
for each temperature. This suggests that the olefins production (activation step) and PA
formation (deactivation step) are two competitive routes based on the same reactants/kinetics.

Figure 6.10. a) Intensity of the 600 nm band as a function of time-on-stream during methanol-to-olefins
reactions at indicated temperatures. b) Derivative curve of the 600 nm band at the indicated temperatures.

If methoxy species are really the “methylating reagent” and PAB are the species to be
methylated, they will play an equally important role in both steps for olefins and PA
formation. Therefore we here propose a kinetic model to describe both reaction steps, which
is first order with respect to both methoxy and PAB species. In this model, the formation rate
(r) for both olefins and PA species are dependent on the amount of PAB carbocations
([PAB+]) as well as methoxy species ([M]). Thus, for the step of olefins formation, we can
draw the equation as follows, where ka stands for the rate constant in this process:
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While for the step of PA formation, a similar equation can be obtained, where kd
represents the rate constant in the this process:
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According to equation 6.5, a linear relationship exists between the rate of olefins and
PA formation during the entire MTO process, which explains the similarity of the curves from
Figure 6.10b and Figure 6.7a as discussed above. The rate constants can be calculated by
monitoring the species involved in the mechanism with time-on-stream. The amount of PAB
carbocations can be monitored by measuring the intensity of the 400 nm band in the UV-Vis
spectra, while the amount of methoxy species is determined by integrating the 940 cm-1 band
in the IR spectra. Figures 6.11a and 6.11b plot the concentration evolution of methoxy species
and PAB carbocations with time-on-stream for each temperature, respectively. It can be
noticed that for MTO active temperatures (578 - 696 K), there is a consumption of methoxy
species and the amount of PAB carbocations is relatively high.

Figure 6.11. a) Concentration of methoxy species integrated from the area of the 940 cm-1 IR band as a
function of time-on-stream during methanol-to-olefins (MTO) reactions at different temperatures. b)
Corresponding concentration of PAB carbocations deconvoluted from the 400 nm UV-Vis band as a
function of time-on-stream during MTO reactions at different temperatures.
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For the step of PA formation, we can calculate kd according to equation 6.4. Figure
6.12a plots the rate of PA formation as a function of [M] and [PAB+] at different reaction
temperatures. The data points of curve 1 and 2 represent the active and deactivating period,
respectively. It can be seen that the active period has a linear trend, which suggests that such
period follows the proposed kinetic model. However, during the deactivating period this
model does not fully agree with the observation, as a linear correlation was not observed.
This discrepancy lead us to make some modifications in the kinetic model. If we
inspect carefully the active period, when the proposed kinetic model works, the concentration
of methoxy species is almost constant. Therefore we can consider the reaction is zero order
with respect to methoxy species in this stage. Then, the rate equation 6.4 can be rewritten in
the active period (i.e. curve 1 from Figure 6.12a) as follows:
PA, 1

d

+ (s-1)
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Accordingly, Figure 6.12b plots the rate of PA formation as a function of PAB
concentration. As suggested above, it still follows the linear relationship, which indicates that
indeed the formation rate of PA species only depends on the amount of PAB carbocations
during the active period. By the same reasoning, we can propose the following equation
during the deactivating period, where the reaction seems to be first order with respect to the
methoxy species and zero with respect to the PAB carbocations:
, 2

d

 (s-1)
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By plotting the rate of PA formation as a function of the methoxy species, a linear
relationship exists for all the temperatures, suggesting that the first-order reaction kinetics
applies for these temperatures. However, these linear plots do not go through the origin point
of the coordinates, which implies that not all the methoxy species participate in the MTO
reaction throughout the whole MTO process. Interestingly, the amount of these inert methoxy
species decreases with increasing temperatures.
Now, it can be observed that for all the MTO active temperatures (578 - 696 K), the
formation rate of PA species is first-order to the PAB carbocations during the active period,
while first-order to the methoxy species during the deactivation period. Therefore, we can
calculate the rate constant kd of different reaction temperatures by calculating the slopes of
curve 1 during the active period (Figure 6.12b), as well as from the slopes of curve 2 during
the deactivating period (Figure 6.12c). However, the significant pore blockage encountered in

151

Chapter 6

the deactivating period makes us to consider that at this stage the reaction is controlled by
diffusion. Thus, for a proper calculation, kd values were obtained only from the slopes of
curve 1 during the active period, when the reaction is under kinetic control.

Figure 6.12. a) Formation rate of poly aromatics (PA) as a function of [M]×[PAB+] values at different
active temperatures for methanol-to-olefins (MTO) reactions, curve 1 and 2 represents for the active and
deactivating period, respectively. b) Formation rate of PA species as a function of the amount of PAB
carbocations during the active period of MTO reactions. c) Formation rate of PA species as a function of
the amount of methoxy species during the deactivating period of MTO reactions.

For the step of olefins formation, in principle, we can apply the same analytical
methodology as for the PA formation. However, the large dead volume of our in-situ cell
causes a delay and a broadening of the signal attributed to propylene. Consequently, the
spectroscopic and MS information are not well synchronized, although the time difference
between maximum formation rate of PA and that of olefins is quite similar for all the MTO
active temperatures. In order to make an accurate calculation, we have taken the maximum
intensity of each olefin signal from Figure 6.7a, and calculated the ka values based on
equation 6.5, by using maximum formation rate of PA species measured from Figure 6.10b as
well as kd values calculated from Figure 6.12b.
With those rate constant values for different temperatures, we are able to calculate the
activation energy (Ea) for both steps of PA formation and olefins formation. The Arrhenius
plots for these two steps are shown in Figure 6.13. The Ea value therefore can be calculated
from the slope of each linear-fitted curve. However, the linear relationship for olefin
formation (Figure 6.13b) is not as good as the one in the case of PA formation (Figure 6.13a),
which might be due to the fact that a small amount of olefins may participate in the secondary
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reactions at this time when pore blockage starts to occur. As calculated from the slope of each
Arrhenius plot, the Ea value for PA formation and olefins formation is 103 kJ·mol-1 and 97
kJ·mol-1, respectively. Based on the above results, it can be concluded that these two coexisting processes, which are also two competitive routes based on the same
reactants/kinetics, have rather comparable activation energies. In other words, we can directly
link the information collected by our combined operando spectroscopic approach with the
activation route of the catalyst by the formation of olefins as well as the deactivation route of
the catalyst by formation of PA species. Thus, a correlation between the hydrocarbon species
inside the SAPO-34 and the catalytic performance can be established.

Figure 6.13. a) Arrhenius plot of the rate constant kd as a function of temperature for the formation of poly
aromatics (PA) during the active period of the methanol-to-olefins (MTO) reactions. b) Arrhenius plot of
the rate constant ka as a function of temperature for the olefins formation during the MTO reactions. ka
values were calculated from equation 6.5 by using maximum formation rate of olefins and PA species.

6.4. Conclusions
Combined in-situ UV-Vis and IR spectroscopy on SAPO-34 wafers has been used to monitor
the species formed during the different stages of the methanol-to-olefins reaction under
realistic conditions. From the induction period, the major species encountered in the catalyst
were methanol, methoxy and protonated DME species. A more complex chemistry is noticed
during the reaction stage of the catalyst and besides methoxy species, neutral and cationic
PAB species and PA species are encountered in the reaction stage of the catalyst. A clear link
was found between the accessibility of the material and the amount of methoxy species. This
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suggests a direct role of such species in the methylation of aromatics. Formation of PA
species, that absorb light at 600 nm and plug the microporosity of the material, is postulated
as the main cause of deactivation of the material. An increase in the reaction temperature
when the catalyst is already deactivated accelerate the dealkylation and cracking reactions as
well as the formation of the PA species.
A detailed mechanistic and kinetic study of the activation (i.e. olefins production) and
the deactivation (i.e. PA formation) steps was performed. Based on the catalytic and
spectroscopic results, it can be concluded that these two steps are co-existing and competitive
through the whole reaction period at MTO active temperatures (higher than 555 K).
Furthermore, PAB carbocations and methoxy species are considered to be the two major
species responsible for both olefins and PA formation. Hence, first-order reaction kinetics is
proposed to describe both steps during the whole reaction period, which are first-order with
respect to the PAB carbocations in the active period and first-order with respect to the
methoxy species in the deactivating period. Based on our calculations from the active period
when the reaction is kinetically controlled, the formation of olefins has a comparable Ea value
as compared to the formation of PA species, which is 97 kJ·mol-1 and 103 kJ·mol-1,
respectively. As a result, a direct link was established between the catalytic performance
and/or catalyst deactivation and the formation of the PA species.
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Chapter 7
Summary, Concluding Remarks
and Future Perspectives
The alcohols-to-olefins (ATO) catalytic process, a technology based on oil-alternative
feedstocks, has gained increasing attention due to the current high price of crude oil as well as
the growing environmental concerns. Intensive academic and industrial research, mainly
performed under ex-situ conditions with bulk characterization techniques as well as advanced
theoretical calculations, have yielded important insights into the ATO reaction mechanism,
which follows the so-called “hydrocarbon pool (HCP) mechanism”. This mechanism involves
the subsequent addition of e.g. methanol onto an organic scaffold, from which olefins, such as
propylene and ethylene, are formed and subsequently released. However, the nature of the
HCP species under realistic reaction conditions and the catalytic chemistry of this species are
still under debate.
The scope of this PhD Thesis is to obtain new physicochemical insights into ATO
catalytic processes over two important solid acids, namely SAPO-34 and SSZ-13. Both
molecular sieves possess the chabazite (CHA) framework structure, but differ in their
chemical composition and hence their acid function. For this purpose, a combination of bulk
and micro-spectroscopic techniques has been employed, which provides complementary
information of the nature, formation mechanism, kinetic behavior and spatial distribution of
HCP species during methanol-to-olefins (MTO) and ethanol-to-olefins (ETO) catalytic
processes.

7.1. Summary
In Chapter 2, a series of well-synthesized micron-sized SAPO-34 crystals are examined for
their thermal template removal behavior. Within this context, UV-Vis micro-spectroscopy in
combination with a systematic deconvolution procedure has been employed, which allows the
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discrimination of different intermediates formed within the microporous network during the
detemplation process. Furthermore, these different intermediates follow distinct formation and
removal pathways, which are dependent on the applied gas atmosphere and crystal size. In an
O2 atmosphere, SAPO-34 experiences a faster and more completed template removal as
compared to a N2 atmosphere, as characterized by a faster formation and disappearance of
five characteristic UV-Vis absorption bands, located at around 405, 450, 505, 555 and 608 nm.
Among them, the 405 and 450 nm bands can be assigned to “small molecules”, while 555 and
608 bands are representative for “large molecules”. A crystal-size dependent study shows that
the relative amount of “small molecules” decreases exponentially, while that of “large
molecules” increases linearly with the increasing crystal size. In other words, the
detemplation process of small-sized SAPO-34 crystals generates more single-aromatic
molecules and fewer extended aromatic molecules compared to large-sized SAPO-34 crystals.
The catalytic behavior of detemplated 50 µm-sized SAPO-34 crystals during two
processes, namely methanol-to-olefins (MTO) and ethanol-to-olefins (ETO), has been
compared in Chapter 3. For this purpose, a set of micro-spectroscopic methods was used for
the investigation of the formation, nature and spatiotemporal changes of the HCP species
within individual SAPO-34 crystals. With in-situ UV-Vis micro-spectroscopy, intensity
changes of the 400 nm absorption band, ascribed to poly-alkylated benzene (PAB)
carbocations, has been monitored and fitted with first-order kinetics at low reaction
temperatures. The calculated activation energy (Ea) for MTO, ~ 98 kJ·mol-1, shows a strong
correlation with the theoretical values for the methylation of aromatics. In contrast, for ETO
the Ea value is ~ 60 kJ·mol-1, which is comparable to the Ea for the condensation of light
olefins into aromatics. This is in agreement with the IR micro-spectroscopy results as the
HCP species in MTO have a higher degree of alkylation than those found in the ETO process.
At high reaction temperatures, a further decrease in the Ea value for ETO and even a negative
Ea value for the MTO process were observed. This suggests a change in the reaction
mechanism, which alters from mainly building up the HCP species (as observed at low
reaction temperatures) into dealkylation and/or cracking reactions of the HCP species for
olefins production (as observed at high reaction temperatures) and where diffusion becomes
dominant (especially for the ETO process). This reasoning is in line with our confocal
fluorescence microscopy and IR micro-spectroscopy data. By the former method a gradual
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formation of carbonaceous species in the interior of the crystal was observed, while for the
latter technique it was found that the formed HCP studied are less alkylated at higher
temperatures and the alkylated HCP species are more concentrated in the outer rim of the
SAPO-34 crystal. Moreover, it was found that during MTO reactions over SAPO-34 the
induction period as well as the lifetime of PAB carbocations gets shorter with increasing
crystal size due to an increased diffusion path length. Additionally, a larger amount of PA
species is obtained with small-sized SAPO-34 crystals.
Chapter 4 extends this mechanistic and kinetic approach to micron-sized SSZ-13
crystals, a material with the same CHA topology as SAPO-34 but with stronger acid sites and,
in this specific case, a lower acid site density. For this purpose, the same set of microspectroscopic methods, as introduced in Chapter 3, has been employed. The results reveal that
SAPO-34 and SSZ-13 materials are very similar MTO and ETO catalyst materials when
comparing the nature and formation pathways of the different HCP species. The formation of
PAB carbocations, as characterized by the 400 nm band from the UV-Vis spectra, is
controlled by methylation reactions in both SAPO-34 and SSZ-13 for MTO; whilst for the
ETO process olefin condensation is governing the overall process. This is in agreement with
the IR micro-spectroscopy data as the HCP species formed during MTO have a higher degree
of alkylation than those observed during ETO. The deactivating species, e.g. poly aromatic
(PA) carbocations characterized by an absorption band at around 580 nm, are most likely
formed from methylation followed by condensation of PAB carbocations. This is not the case
for the ETO process as olefin condensation is more likely. Despite all the similarities, SAPO34 and SSZ-13 exhibit distinct catalytic reactivity during both MTO and ETO. This difference
comes from their discrete acid strength as well as acid site density. In the case of the MTO
process, a much lower Ea value with respect to the PAB formation for SSZ-13 than SAPO-34
indicates that acid strength plays an important role in this process. In addition, SSZ-13
deactivates faster in the low reaction temperature region, which can also be explained by its
higher acid strength. Confocal fluorescence microscopy images show a larger active zone for
SSZ-13 than for SAPO-34. This can be rationalized by the lower acid site density, which
directly influences the amount and distribution of formed HCP species. In the case of the ETO
process, comparable Ea values are found with respect to the formation of PAB for both
crystals, suggesting that the condensation of olefins is not strongly affected by acid strength.
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In addition, a faster formation of both PAB and PA species is observed for SAPO-34, which
possesses a higher acid site density thus favoring condensation reactions.
In a next step, we have focused on the chemistry of the distinct reaction stages taking
place during MTO and ETO taking individual 50 µm-sized SAPO-34 crystals. The results are
described in Chapter 5. In-situ synchrotron-based IR and UV-Vis microscopy combined with
isotopic labeled reactants have been used to identify the different hydrocarbon species formed
as well as to assess the activity and accessibility of the SAPO-34 crystals. In the case of the
MTO process, two reaction stages can be distinguished. The first stage includes the induction
and active period, where the formation of methoxy species, protonated DME and active
hydrocarbon pool species (i.e., PAB carbocations) occurs predominately. Moreover, these
species are not affecting the accessibility of the SAPO-34 crystal. Additionally, methoxy
species are the first species being exchanged during the H/D switching experiments,
suggesting the importance of such species during the active stage of the MTO process. The
second stage is ascribed to the deactivating period, which is mainly related to the formation of
PA species. These organics are bulky and interact with the acid sites, thus altering the overall
accessibility of the SAPO-34 crystal. It was found that the PA species are concentrated in the
outer rim of the SAPO-34 crystal as they are most likely formed from active PAB species in
this layer. In this manner, they drastically influence the spatial distribution of the catalytic
process by hindering the reactant and product molecules to diffuse inwards and outwards. In
contrast, the ETO catalytic process only consists of one major stage, as the formation of PAB
and PA species cannot be separated. Furthermore, the formation of alkylated aromatics was
found to be slow and less pronounced. Hence, the formation of HCP species during the ETO
is more inwards, and coke formation is mainly concentrated in a layer located in the inner part
of the SAPO-34 crystal.
In Chapter 6, the chemistry and kinetics of the activation and deactivation steps
during the MTO process has been investigated over industrially relevant small-sized SAPO34 crystals. To this end, an operando approach has been designed by combining UV-Vis and
IR spectroscopy, which is capable of monitoring the species formed during the different
stages of the MTO reaction, meanwhile the catalytic performance has been followed by online mass spectrometry (MS). It has been found that methanol, methoxy and protonated DME
are the major species during the induction period, while mono- and poly-aromatic species are
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encountered in the active stage of the reaction process. A clear link could be established
between the accessibility of the SAPO-34 material and the amount of methoxy species, which
suggests a direct role of such species in the methylation of trapped aromatics. The formation
of PA species, that absorb light at ~ 600 nm and block the microporous network of the
catalyst material, is the main cause of deactivation. An increase in the reaction temperature,
when the catalyst is already deactivated, was found to accelerate the dealkylation and
cracking reactions as well as the formation of larger conjugated aromatics. Furthermore,
based on the catalytic and spectroscopic results, it can be seen that activation (i.e., olefins
production) and deactivation (i.e., PA formation) steps are co-existing and competing during
the whole MTO process. PAB carbocations and methoxy species are considered to be the two
major species responsible for both steps. Hence, a kinetic model is proposed for both steps,
which is first order with respect to the PAB carbocations during the active period and first
order with respect to the methoxy species during the deactivating period. Furthermore,
comparable Ea values were obtained from this model for both reaction steps, which is ~ 97
kJ·mol-1 for olefins formation and ~ 103 kJ·mol-1 for PA formation. Thus a direct link could
be established between the catalytic performance and/or catalyst deactivation and the
formation of PA species inside the catalyst material.

7.2. Concluding Remarks
Based on the results discussed in the previous PhD Chapters, there are several important
remarks that can be made on: (1) the combination of in-situ bulk and micro-spectroscopic
techniques and their application in mechanistic and kinetic investigations; (2) a comparison
between MTO and ETO with respect to the formation of HCP species and crystal
accessibilities; (3) the role of acid strength and acid site density during ATO; (4) Similarities
and differences between large and small SAPO-34 crystals; and (5) linking the detemplation
and the coke formation processes during ATO. Furthermore, the results presented in this PhD
Thesis will be compared with previous MTO work from our group, with special emphasis on
the deactivation behavior of ZSM-5 zeolites possessing the MFI framework structure.

163

Chapter 7

7.2.1. Combination of In-situ Spectroscopic Techniques
The combination of spectroscopic techniques has proven to be valuable to investigate the
evolution of HCP species. UV-Vis spectroscopy is a powerful technique for elucidating the
formation of HCP species, but provides limited chemical information and is not sensitive to
the formation of other reaction intermediates, such as methoxy species. As a vibrational
spectroscopy method, IR spectroscopy has the potential to fill this chemical gap and assists in
the structural identification of the HCP species as well as in their interactions with BAS. In
addition, on-line mass spectrometry can follow the product formation during the same
reaction. Therefore, the integrated UV-Vis, IR spectroscopy and mass spectrometry approach
allows monitoring the evolution of different species, which can be powerful to unravel the
entangled chemistry and kinetics involved in the ATO catalytic processes.
On the other hand, as the chemical information of the catalytic processes is averaged
over the whole catalyst sample volume by bulk characterization techniques, more detailed and
spatially resolved approaches have to be employed to understand the heterogeneities within
and between catalyst particles. Therefore, the combination of UV-Vis and IR microspectroscopy can be a powerful approach to study ATO catalytic reactions at the singleparticle level. In addition, confocal fluorescence microscopy provides complementary data on
the 3-D spatial distribution of the generated HCP species.
7.2.2. Comparison between MTO and ETO Catalytic Processes
There are two similar types of HCP species observed during the course of both MTO and
ETO catalytic processes. The first one is ascribed to PAB carbocations, the most active HCP
species that are responsible for the formation of olefins. The other one is the family of polyaromatics (PA), which are believed to be the deactivating species. For both MTO and ETO,
mechanistic changes are observed with different reaction temperature. The HCP species are
built up at low reaction temperatures, whereas dealkylation and/or cracking of those species
are promoted at high reaction temperatures.
However, differences during the two reactions are also clear with respect to the
formation mechanism and related reactivity of the HCP species on CHA crystals. First, for the
formation of PAB carbocations, methylation reactions are dominant for MTO, whilst olefin
condensation is more important for ETO. In the case of the formation of PA species,
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methylation followed by condensation of PAB is the main path for MTO, while olefin
condensation is again dominant for ETO. Second, the HCP species, formed during the MTO
reaction, possess more alkyl groups as compared to the ones generated during the ETO and
they are bulkier and interact more with BAS. In addition, the HCP species are mainly located
at the outer rim of the CHA crystal in the case of MTO. This distribution will eventually
block the reactant and product molecules to diffuse inwards and outwards. In contrast, for
ETO the distribution of HCP species is more influenced by the reaction temperature. More
specifically, the formation of HCP species can occur throughout the whole crystal at low
temperatures, while at high reaction temperatures only the outer part is working and the coke
formation is concentrated in the inner parts of the crystal.
7.2.3. Role of Acid Strength and Acid Site Density
Although both acid site strength and density affect chemical reactions taking place within
zeolite and zeotype materials, they play different roles when comparing the MTO and ETO
processes. In the case of MTO acid strength controls the rate of the methylation reaction,
which is the major path for the formation of PAB carbocations. In addition, the higher acid
strength also increases the relative amount of PA species at low reaction temperatures. The
acid site density affects the MTO process in terms of amount and distribution of HCP species.
More specifically, crystals with a lower acid site density show a more extended active zone.
In contrast, condensation of olefins, the main path for the formation of both PAB and PA
species during ETO, is not controlled by the acid strength. A higher acid site density shows a
faster formation and produces a higher amount of PAB and PA species.
7.2.4. Similarities and Differences between Large and Small Crystals
Despite the differences in particle size and acid site density, several interesting similarities
can be observed when comparing large micron-sized and small industrially relevant SAPO-34
crystals. More specifically, the same hydrocarbon species, their role, formation mechanism as
well as spatial distribution can be observed during the MTO process. First of all, during the
induction and reaction period, methoxy, DME, PAB carbocations and PA are the major
species observed within both type of crystals. PAB carbocations are the most active HCP
species and PA species are considered to be the deactivating species. Methylation reactions
are responsible for the formation of both PAB and PA species. In addition, changes in the
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amount of methoxy species can be directly linked to the formation of PA species, which are
related to pore blockage and catalyst deactivation. Secondly, methoxy and DME are readily
formed throughout the whole crystal at the beginning of the reaction. PAB species are located
predominantly in the outer rim of the crystal.
Nevertheless, there are still differences in MTO behavior between large and small
SAPO-34 catalysts. Firstly, the large SAPO-34 crystals deactivate much faster as compared to
the small ones. The long diffusion path length encountered in large crystals promotes
secondary reactions of methanol and products into PA species, which leads to a shorter
lifetime of the catalytic material. Secondly, due to the longer lifetime of small crystals, the
microporous cavities of the material are more efficiently utilized and therefore a larger
amount of PAB and PA species are observed.
7.2.5. Linking Template Burning and Coke Formation Processes
Organic remains from the detemplation process play different roles during MTO and ETO
processes. More specifically, in the case of MTO, the organic remains contribute to the buildup of new HCP species as they promote the formation of PAB. On the contrary, these
molecules are not necessary for the formation of cationic HCP species in the ETO process.
In a similar fashion to the MTO reaction, the diffusion path length is going to strongly
affect the detemplation process. During such a process, the template derivatives diffusing
outwards will react further when the path length is longer, leading to the formation of bulkier
species. In other words, an increase in the crystal size will increase the pore blockage.
7.2.6. Comparison between SAPO-34 and ZSM-5
As the work, described in this PhD Thesis, builds on previous research work from our group it
is proper to discuss it within the context of the PhD work of Davide Mores and Luis
Aramburo. In this manner, we can make a detailed comparison between the deactivation
processes taking place during MTO over SAPO-34 and ZSM-5 molecular sieves.
First of all, in the case of SAPO-34, the formed aromatic HCP species are not able to
diffuse out of the microporous cavities. This feature determines its deactivation mechanism,
which is due to the gradual formation of PA species blocking its large cages. In contrast for
zeolite ZSM-5, PAB carbocations, the active HCP species inside the crystal, can migrate/grow
inside or ultimately leave the ZSM-5 crystal as outer surface species. More specifically, linear
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PA species can exist in the channel intersections and the straight channels. Thus, it seems very
plausible that these PA species grow in the straight pores and eventually condense on the
outer surface to form coke, which blocks the pores and contributes to the deactivation of
ZSM-5.
Secondly, the acid site density affects the deactivation behavior for both catalyst
materials. For CHA-type catalysts, acid site density affects the amount and distribution of the
HCP species. In the case of ZSM-5, higher acid site density can promote the formation of the
coke precursors that grow at the external surface.

7.3. Future Perspectives
The main parameters, which affect the performance of molecular sieves during ATO catalytic
processes, are now better understood, although it should be clear that the different catalyst
systems under investigation are very complex and dynamic. There are still several issues,
which deserve attention in future research.
First of all, it is important to study kinetics of individual reaction steps during the ATO
reactions. Such kinetic studies can give us more insight into the activation and deactivation of
the catalyst as well as in the reactivity of the HCP species. A similar approach described in
this PhD Thesis can be applied into other interesting topologies for ATO reactions, such as
MFI (ZSM-5), TON (ZSM-22) and RHO (DNL-6). In this way the distribution, type and
amount of the species involved in the catalytic process can be assessed and this can
subsequently lead into a more accurate construction of the structure-performance relationships.
In addition, advanced analysis methods, including principle component analysis (PCA), will
be able to assist in the interpretation of the spectroscopic data and give more insight into the
identification of the different HCP species. Complementary, molecular dynamic (MD)
simulations can be very valuable for the identification of individual reaction steps and related
intermediates.
Secondly, with the help of micro-spectroscopic techniques it is now possible to
spatially resolve acidity, chemical composition and porosities on individual micron-sized
catalyst particles. However, to further understand this material and construct structureperformance relationships, the catalytic performance of such particles has to be assessed.
Additionally, an evaluation of different catalyst particles along the catalyst bed is highly
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needed in order to investigate inter-particle heterogeneities. These measurements can be done
ex-situ through different reaction stages, or with properly designed in-situ spectroscopic
probes at different positions within the catalyst bed.
Finally, the study of the regeneration process on deactivated catalyst materials is
another engaging research direction. This can be studied in a similar fashion as the
detemplation process. In this way, the species blocking and deactivating the catalyst will
decompose first and this will allow us to gain more understanding into the deactivation
process.

7.4. Nederlandse Samenvatting
De katalytische omzetting van alcoholen in alkenen, het zogenaamde Alcohol-To-Olefins
(ATO) proces, is een technologie om alkenen te produceren waarbij andere grondstoffen dan
de gebruikelijke ruwe aardolie ingezet kunnen worden. De huidige hoge olieprijs, alsmede de
groeiende zorgen om milieu en klimaat, hebben tot een toegenomen interesse in ATO geleid.
Intensief academisch en industrieel onderzoek, voornamelijk uitgevoerd met bulk
karakteriseringstechnieken onder ex-situ condities, alsmede geavanceerde theoretische
berekeningen, hebben geleid tot belangrijke inzichten in het reactiemechanisme van het ATO
proces, het zogenaamde ‘koolwaterstoffen-pool’ of hydrocarbon-pool (HCP) mechanisme.
Dit mechanisme gaat uit van de additie van methanol aan een mengsel van organische
verbindingen, waarvan vervolgens weer alkenen, zoals propyleen en ethyleen afgesplitst
worden. Echter, de ware aard van deze HCP verbindingen tijdens realistische reactiecondities
en de vorming en reactiviteit van HCP verbindingen zijn tot op heden nog niet opgehelderd.
Het doel van deze dissertatie is het verkrijgen van nieuwe fysisch-chemische inzichten
in het ATO proces, uitgevoerd met twee relevante katalysatormaterialen, namelijk de vastezuren SAPO-34 en SSZ-13. Beide zijn zogenoemde ‘moleculaire zeven’ en bezitten een
chabaziet (CHA) raamwerk, maar verschillen in chemische samenstelling en daardoor ook in
hun zure eigenschappen. Om het gestelde doel te bereiken is er gebruikt gemaakt van een
combinatie van in-situ spectroscopische en microspectroscopische technieken. Beide
technieken bieden complementaire informatie over de aard, vormingsmechanismes, kinetiek
en ruimtelijke verdeling van HCP verbindingen tijdens de methanol-naar-alkenen, methanolto-olefins (MTO) en ethanol-naar-alkenen, ethanol-to-olefins (ETO) processen.
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In Hoofdstuk 2 is een reeks gesynthetiseerde SAPO-34 kristallen van microngrootte
bestudeerd tijdens templaatverbranding. UV-Vis microspectroscopie is toegepast in
combinatie

met

een

deconvolutie-procedure.

Hierdoor

kunnen

verschillende

overgangsmoleculen worden onderscheiden die zich tijdens de templaatverbranding in het
microporeuze

netwerk

vormen.

Deze

overgangsmoleculen

volgen

duidelijke

reactiemechanismen bij ontstaan en verdwijnen. De reactiemechanismes zijn afhankelijk van
de kristalgrootte en de samenstelling van het toegevoerde gas. In een zuurstofatmosfeer is er
sprake van een snellere en volledigere verbranding van het templaat dan in een
stikstofatmosfeer. De karakterisering vond plaats aan de hand van de snellere vorming en
verdwijning van vijf karakteristieke UV-Vis absorptiebanden, gesitueerd rond de golflengtes
405 nm, 450 nm, 505 nm, 555 nm en 608 nm. De banden bij 405 nm en 450 nm kunnen
worden toegekend aan ‘kleine moleculen’, terwijl de banden bij 555 nm en 608 nm
representatief zijn voor ‘grote moleculen’. De relatieve hoeveelheid kleine moleculen neemt
exponentieel af, terwijl die voor grote moleculen lineair toeneemt met toenemende
kristalgrootte. In andere woorden, het templaatverbandingsproces van kleine SAPO-34
kristallen genereert meer monoaromatische verbindingen en minder polyaromatische
verbindingen in vergelijking met grote SAPO-34 kristallen.
De katalytische eigenschappen van gedetempleerde 50 μm SAPO-34 kristallen tijdens
het MTO en ETO proces is vergeleken in Hoofdstuk 3. Hierbij is een reeks van
microspectroscopische methoden aangewend om in een enkel SAPO-34 kristal de vorming,
aard en tijd-plaats veranderingen van de HCP verbindingen te bestuderen. Door het gebruik
van in-situ UV-Vis microspectroscopie, kunnen de veranderingen in intensiteit van de 400 nm
absorptieband, die toegewezen is aan polygealkyleerde benzeen (PAB) carbokationen, worden
gevolgd en beschreven met eerste orde kinetiek bij lage temperaturen. De berekende
activeringsenergie (Ea) voor het MTO proces, ~ 98 kJ·mol-1, heeft een sterke overeenkomst
met de theoretische waarden voor de methylering van aromaten. Dit in tegenstelling tot het
ETO proces, waarvoor de Ea waarde ~ 60 kJ·mol-1 is, vergelijkbaar met de energie voor de
condensatie van lichte alkenen in aromatische verbindingen. Dit doet een verandering in
reactiemechanisme vermoeden, waarbij het mechanisme overgaat van het opbouwen van HCP
verbindingen (bij lage reactietemperaturen) naar de dealkylerings- en/of kraakreacties van de
HCP verbindingen voor de alkeenproductie (bij hoge reactie temperaturen) en waar diffusie
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de overhand krijgt (vooral bij het ETO proces). Deze redenering is in overeenstemming met
onze confocale fluorescentiemicroscopische en IR microspectroscopische gegevens. Bij de
eerst genoemde methode is er een geleidelijke vorming van koolstofrijke verbindingen in het
binnenste van het kristal te zien. In het geval van IR microspectroscopie valt te zien dat de
gevormde HCP verbindingen minder gealkyleerd zijn bij hoge temperatuur en dat de
gealkyleerde HCP verbindingen een hogere concentratie hebben in de buitenste schil van het
SAPO-34 kristal. Bovendien wordt in het geval van MTO reacties over SAPO-34 de
inductieperiode, alsook de levensduur van PAB carbokationen korter met toenemende
kristalgrootte door de toenemende weglengte van diffusie. Verder wordt er een grotere
hoeveelheid polyaromatische (PA) verbindingen verkregen met kleine SAPO-34 kristallen.
In Hoofdstuk 4 wordt deze mechanistische en kinetische aanpak toegepast op SSZ-13
kristallen, een materiaal met hetzelfde CHA raamwerk als SAPO-34, maar met sterkere zure
groepen en - in dit specifieke geval – een lager aantal zure groepen. Dezelfde
microspectroscopische methoden die beschreven zijn in Hoofdstuk 3 zijn ingezet in dit
onderzoek. De resultaten laten zien dat SAPO-34 en SSZ-13 zeer vergelijkbare MTO en ETO
katalysatoren zijn als het gaat om de aard en vormingsmechanismes van de verschillende HCP
verbindingen. De vorming van PAB carbokationen, zoals gekarakteriseerd door de 400 nm
absorptieband in de UV-Vis spectra, wordt beheerst door methyleringsreacties in zowel
SAPO-34 en SSZ-13 in MTO, terwijl in het geval van ETO alkeencondensatie het algehele
proces domineert. Dit is in overeenkomst met gegevens verkregen met IR microspectroscopie,
waaruit blijkt dat de HCP verbindingen die vormen tijdens MTO meer gealkyleerd zijn dan
die tijdens ETO. Verbindingen die leiden tot deactivering, bijv. PA carbokationen
gekarakteriseerd door een absorptieband rond 580 nm, worden hoogstwaarschijnlijk gevormd
na een methyleringsreactie die gevolgd wordt door de condensatie van PAB carbokationen.
Dit is niet het geval voor het ETO proces, aangezien daar alkeencondensatie meer
waarschijnlijk is. Ondanks alle overeenkomsten vertonen SAPO-34 en SSZ-13 duidelijke
verschillen in katalytische reactiviteit tijdens zowel MTO en ETO. Dit verschil komt voort uit
het verschil in de sterkte in, alsook de hoeveelheid aan zure groepen. In het geval van het
MTO proces is de lagere Ea waarde ten opzichte van de PAB vorming voor SSZ-13 dan
SAPO-34 een indicatie dat de sterkte van de zure groepen een belangrijke rol speelt in dit
proces. Daar komt bij dat SSZ-13 sneller deactiveert bij lagere reactietemperaturen, wat ook
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verklaart kan worden door de sterker zure groepen. Beelden, bekomen met confocale
fluorescentiemicroscopie, laten zien dat SSZ-13 ruimtelijk gezien een grotere actieve zone
heeft dan SAPO-34. Dit kan worden verklaard door de lagere zuursterkte die een directe
invloed heeft op de hoeveelheid en de verdeling van de gevormde HCP verbindingen. In het
geval van het ETO proces zijn vergelijkbare Ea waardes gevonden m.b.t. de vorming van PAB
verbindingen voor beide kristallen, wat suggereert dat de condensatie van alkenen niet sterk
beïnvloed wordt door de sterkte van de zure groepen. Daar komt bij dat een snellere vorming
van zowel PAB als PA verbindingen is waargenomen in het geval van SAPO-34, wat
verklaard wordt door de grotere hoeveelheid aan zure groepen waardoor condensatiereacties
bevorderd worden.
In een volgende stap hebben we gekeken naar de chemie van de verschillende
reactiestadia, die plaats vinden tijdens MTO en ETO in individuele SAPO-34 kristallen van
50

μm

grootte.

Deze

resultaten
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koolwaterstofverbindingen die gevormd worden te identificeren, alsmede om de activiteit en
de toegankelijkheid van SAPO-34 kristallen te bepalen. In het geval van het MTO proces
kunnen er twee reactiestadia onderscheiden worden. In het eerste stadium vindt de
inductieperiode en de actieve periode plaats, waarbij methoxy verbindingen, geprotoneerde
DME en de actieve HCP verbindingen (m.a.w. PAB carbokationen)

gevormd worden.

Bovendien beïnvloeden deze verbindingen de toegankelijkheid van het SAPO-34 kristal niet.
Daar komt bij dat de methoxy verbindingen de eerste zijn die uitgewisseld worden tijdens
H/D schakelexperimenten, wat het belang van zulke verbindingen tijdens het actieve stadium
van de MTO reactie aantoont. Het tweede stadium wordt toegeschreven aan de
deactiveringsperiode en is voornamelijk gerelateerd aan de vorming van PA verbindingen.
Deze organische verbindingen zijn groot en hebben een interactie met zure groepen, waardoor
de algehele toegankelijkheid van het SAPO-34 kristal veranderd wordt. De PA verbindingen
zijn voornamelijk dicht bij het uitwendige oppervlak van SAPO-34 te vinden en worden
waarschijnlijk gevormd uit de al aanwezige actieve PAB verbindingen. De aanwezigheid van
PA verbindingen heeft een sterke invloed op de ruimtelijke verdeling van het reactieproces
binnen het kristal, doordat de PA verbindingen reactanten en producten hinderen bij het
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binnengaan en verlaten van het SAPO-34 kristal. In tegenstelling tot het MTO proces heeft de
ETO reactie maar één stadium, aangezien er geen onderscheid gemaakt kan worden tussen het
moment van vorming van PAB en PA verbindingen. Bovendien werd er geconstateerd dat de
vorming van gealkyleerde aromaten trager en minder duidelijk was. Daardoor vormen HCP
verbindingen tijdens de ETO reactie zich meer in het binnenste van het kristal en vind de
vorming van cokesverbindingen voornamelijk in het binnenste van het SAPO-34 kristal plaats.
In Hoofdstuk 6 is de chemie en kinetiek van de activerings- en deactiveringsstappen
tijdens het MTO proces bestudeerd op industrieel relevante kleine SAPO-34 kristallen.
Hiervoor is een operando aanpak ontwikkeld door in-situ UV-Vis en IR spectroscopie te
combineren, waarbij het mogelijk is om de verbindingen die vormen tijdens verschillende
stadia in de MTO reactie te volgen, terwijl ondertussen de katalytische activiteit en
selectiviteit gevolgd wordt door on-line massaspectrometrie (MS). Hierbij is het duidelijk
geworden dat methanol, methoxy verbindingen en geprotoneerde DME de meest aanwezige
verbindingen zijn tijdens de inductieperiode, terwijl mono- en polyaromatische verbindingen
aangetroffen worden in het actieve stadium van het reactieproces. Er kan een duidelijk
verband gelegd worden tussen de toegankelijkheid van SAPO-34 en de hoeveelheid methoxy
verbindingen, wat duidt op de directe rol die zulke verbindingen spelen in de methylering van
vastgezette aromaten in de kooien van het CHA raamwerk. De vorming van PA verbindingen,
die zichtbaar licht absorberen bij ~ 600 nm en die het microporeuze netwerk van de
katalysator blokkeren, is de belangrijkste oorzaak voor deactivering. Een toename in
reactietemperatuur na deactivering leidt tot versnelde dealkylerings-, en kraakreacties, alsook
de vorming van grotere geconjugeerde aromaten. Bovendien laten de katalytische en
spectroscopische resultaten zien dat de activeringsstappen (d.w.z. alkeenproductie) en
deactiveringsstappen (d.w.z. PA vorming) gelijktijdig bestaan en met elkaar wedijveren
gedurende het MTO proces. De PAB carbokationen en methoxy verbindingen worden
beschouwd als de twee hoofdverantwoordelijken voor beide stappen. Gebaseerd op deze
resultaten is een kinetisch model voorgesteld voor beide stappen welke eerste orde is m.b.t. de
PAB carbokationen tijdens de actieve periode en eerste orde m.b.t. de methoxy verbindingen
tijdens de deactiveringsperiode. Bovendien zijn vergelijkbare Ea waardes verkregen van dit
model voor beide reactiestappen, namelijk ~ 97 kJ·mol-1 voor de vorming van alkenen en ~
103 kJ·mol-1 voor PA vorming. Derhalve kon er een direct verband gelegd worden tussen de
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katalytische activiteit en selectiviteit en/of deactivering en de vorming van PA verbindingen
in de katalysator.
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ATO
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Charge coupled device
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Chabazite
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Density functional theory
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Fourier transform infrared spectroscopy
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Gas chromatography
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IR
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International zeolite conference
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Molecular dynamics
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TPD

Temperature-programmed desorption
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Temperature-programmed oxidation

UV-Vis

Ultraviolet-visible

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction

ZSM-5

Zeolite Socony Mobil 5
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