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Abstract

Abstract

Extra framework aluminum in proximity to Brgnsted acid sites of H-MFI zeolite was created
by controlled steaming. Such site pairs have a higher activity for protolytic cracking and
dehydrogenation of pentane than single Brgnsted acid sites via entropically stabilizing
carbocationic transition states. The rate of ethene dimerization on such site pairs is also

enhanced by promoting the rate of ethoxide formation.

Zusammenfassung

Extra-Gitter Aluminium in der Ndhe der Brgnsted-sauren Zentren von Zeolith H-MFI wurde
durch kontrollierte Dampfbehandlung hergestellt. So hergestellte Paare von Zentren haben eine
hohere Aktivitat fir das protolytische Cracken und die Dehydrierung von Pentan als einzelne
Bragnsted-saure-Zentren. Die hoheren Raten werden durch die entropische Stabilisierung
carbokationischer Ubergangszustande erreicht. Auch die Rate der Dimerisierung von Ethen an
solchen Zentren-Paaren wird durch eine erleichterte Ethoxidbildung erhéht.

Vi
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Chapter 1-Introduction

1. General introduction
1.1 Basic introduction of zeolite

Zeolites are porous materials, which were first found in nature as result of volcanic activities
[1, 2] and they have been widely used in the petrochemical and fine chemical industries as
adsorbents [3], ion exchangers [4], molecular sieves [5] and catalysts [6-9]. The word of zeolite
comes from two Greek words “zeo” = boil and “lithos” = stone with the meaning of boiling
stones [10]. Zeolites are consisted of an aluminosilicate framework structure, composing of
[SiO4]* and [AlO4]® tetrahedral arrangement through oxygen bridges, which are considered as
primary building units (PBUS). In this tetrahedral structure, each oxygen in Si-O or Al-O bonds
are shared by Si or Al cation and the Si or Al cation is surrounded by four oxygen atoms. The
PBUs can form four, five, six, eight and twelve member rings (MR) by sharing the oxygen with
other tetrahedra, which are called secondary building units (SBUs). The unique channels and
cavities are formed by the link of the SBUs (Figure 1.1) [6, 11].
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Figure 1.1. Evolution of zeolite structure from PBUs to channels and cavities (Take from reference [6,

11]).

Depending on the zeolite pore diameters, the zeolite pores can be classified into three types by
IUPAC:
the pore diameter < 2.0 nm (micropores);

2.0 nm < the pore diameter < 50.0 nm (mesopores);
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50.0 nm < the pore diameter (macropores).

The pore diameters in zeolite framework are typically less than 2.0 nm and they are considered

as micropore materials.

1.2 ZSM-5

ZSM-5 is one of the aluminosilicate zeolite with MFI type framework and it is considered as
one of the most popular heterogeneous catalysts and widely used in the petroleum industry,
such as catalytic cracking, methane oxidation, alkene oligomerization and methanol conversion
to hydrocarbons. ZSM-5 has a three dimensional framework containing 3-dimensional straight
and sinusoidal 10 MR channel (Figure 1.2) [12]. The cavities of ZSM-5 are approximately 0.55
nm. ZSM-5 has 12 distinct Al T-sites and the location of these T sites determines the acid site
strength in the zeolites, which thus affect the catalytic activity of the active sites in the ZSM-5.
The Al, Si and O are homogenously distributed in the ZSM-5[13].

Figure 1.2. The framework structure and sinusoidal (zigzag) and straight channel of ZSM-5 (Take from

reference [12]).



Chapter 1-Introduction

1.3 Acid sites of zeolite

1.3.1 Nature of acid sites

Brgnsted acid site (BAS) is usually considered as the active center for many heterogeneous
catalysis [14-16]. BAS is defined as proton donor. Si atom in neutral silicalite-1 is substituted
by the trivalent Al atom, leading to the creation of proton at the bridging O atom (Si—-OH-AI)
and this proton works as BAS (Figure 1.3) [17]. Na form zeolite was ion exchanged with the
ammonium salts, following by calcination of the ammonium form zeolite in synthetic air and
the proton form zeolite was attained. The protons can also be substituted by various metal
cations, such as Na*, K* or Ca?* via ion-exchange [17]. The zeolites with different metal cations
can be used as oxidation and hydrogenation catalysts depending on the nature of the metal
cations [18-22].

However, in some cases, the zeolites with less BAS density show higher catalytic activity than
the samples with more BAS density. It is because that the former samples have higher amount
of extra framework aluminum oxide (EFAI), which sometimes is considered as Lewis acid sites
(LAS) [23]. So LAS is also very important for the zeolite catalytic activities. LAS is the specie
to accept electron pair. One method to produce the LAS in the zeolite is the introduction of
metal ions into zeolite [22]. Upon steaming treatment of the zeolite at high temperatures, the
aluminum in the framework is extracted, leading to the formation of extra framework aluminum
(hydr)oxide spieces (EFAI), such as AIO*, AI(OH)*, and AIOH?*. During this process, the BAS
is reduced and LAS is also formed (Figure 1.3) [24-26].
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Brensted acid sites
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Figure 1.3. Formation process of Brgnsted and Lewis acid sites within the zeolite framework.

1.3.2 Acid strength
Deprotonation energy (DPE) is the energy needed to separate a proton in the zeolite from
conjugate anion to noninteracting distances, which can be used to describe the BAS strength

quantitively [27].

The calculation of DPE can be employed by the following equation:

DPE =Ez +En"— Ezn 1)
In which, Ez is the energy of the zeolite anion after deprotonation, Ex* is the energy of the

gaseous proton and Ez+ is the energy of the neutral H form zeolite.

Density functional theory (DFT) can be used to estimate the DPE values. The proton may locate
at different locations when its charge balances the oxygen anion that connected one Al atom in
the zeolite. Therefore, the DPE under conditions that the equilibration of protons among four
possible locations at each Al location (<HZ») is called ensemble-averaged DPE (<DPE») and the
«DPE> is usually used to describe the BAS strength (Figure 1.4) [27].
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i i
o\/Al,o . O\/AI,O ‘—_~O\/A1\’O‘—_~ 0, 0 b = O\Z/O
0 0 (o le) E 0 o E d%
ZH, ZH, ZH; ZH, <ZH>
(DPE)) (DPE,) (DPE3) (DPE,) <DPE>

Figure 1.4. Deprotonation energies for the proton at different locations as well as the ensemble

averaged structure energy.

1.3.3 Acid density

The density of BAS increases with the decrease of Si/Al ratio in the zeolite, as the ion exchange
degree of silicon relies on the aluminum content in the zeolite. The acid density of BAS and
LAS can be derived from the IR spectra of adsorption of pyridine or ammonia (Figure 1.5). In
addition, the acid strength can also be evaluated by chemisorption and desorption of pyridine

or ammonia at different temperatures [16].

}II PyH'(NH,")
o _O O  py/NH
\/s1 \/Al/ y / NH; o\Sl o\Al e
o VAN
d Yo d J o ¢ o

Figure 1.5. Interaction of pyridine with BAS.

1.4 Dealumination

Dealumination is one of the most common methods to modify zeolite to form more active and
stable catalyst. Some studies evidenced that the EFAI can increase the rate of hydrocarbon
transformations on BAS [23, 28]. Dealumination can also change the Si/Al ratio and generate
mesopores in the micropore zeolite [29]. The process of dealumination of zeolite can be simply
summarized into two steps: Firstly, water is used to extract Al from the framework (hydrolysis
process) to form EFAI and secondly the formed EFAI is condensed in the pore or the surface
of the zeolite [30]. The structure of the zeolite is still maintained during this process [31](Figure
1.6).
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Figure 1.6. Steaming process of MFI zeolite.

1.4.1 Reaction pathways of dealumination
During the dealumination process of zeolite, four Al-O are released from the framework and an
EFAI AI(OH)3(H20) is formed accordingly. For sequential dissociation of one Al-O bond of
zeolite, four type of states are included in the pathway and the hydrolysis process of the first
Al-O bond of zeolite is displayed in the Figure 1.7 [30]:

(1) Water adsorption: Before hydrolysis, water is bound directly to the Al in a Lewis acid-

base-type interaction. Water molecule is adsorbed on the lowest energy site.

(2) Initiation state: Initiation of hydrolysis of the framework Al (FALI).

(3) Transition state.

(4) Final state.

Si Si Si Si
-H OH O-H A s
= O-H--0° =8j :‘:S R =5 o
-0a I- H O LO‘S’H - I O._'.‘ALO O"Aho'ljs.%_
=5i-0” Si= =8i-0 s _sir0" ) [ Sis 28i-0" | =
H H W H
Water adsorption Initiation state Transition state Final state

Figure 1.7. The first mechanism of the cleavage of the first AI-O(H) in the zeolite (Take from reference
[30, 32)).

1.4.2 Dealumination mechanisms of zeolite

Two mechanisms of dealumination of zeolites were studied. In the first mechanism (Figure 1.7),
one water molecule is adsorbed on the BAS of the zeolite and then located at reverse side of
the Al-O(H) bond connected with the BAS at initiation state. As the adsorbed water molecule
in the initiation state is at opposite position of the Al-O(H) bond, thus this mechanism is called
back adsorption. In the transition state, one of H in the adsorbed water coordinated with the O
in the nearest Al-O-Si bond in the framework. The remained OH in the adsorbed water is still
bound to the Al and the Al-O(H) bond connected with the BAS is cleaved [30, 32]. The O in the
cleaved Al-O(H) bond also coordinated with the H, which is connected with the nearest Al-O-

Si bond at the final state.
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In the second dealumination mechanism (Figure 1.8), water is adsorbed at the same direction
as the Al in the Al-O(H) bond in the initiation state. Thereafter, the H in the adsorbed water is
donated to the O in the nearest Al-O-Si bond in the transition state. This mechanism is named
as front adsorption [30, 32].

g{ g{ ’ i H Si
c')I H--07" Hd oM 3, \Oo’H S H‘O\O\
=g;j A0, =gj O- =Si- g =Si-o %
Sos,). i i > O*Alfo"H e
_si-0" Osis _si-or O Sis =Si-0 “Sis =80 Sis
Water adsorption Initiation Transition state Final state

Figure 1.8. The second mechanism of the cleavage of the first AI-O(H) bond in the zeolite (Take from

reference).

The distance of the AI-O(H) bond in the MFI zeolite and the energy barrier at each state for the
first dealumination mechanism is illustrated in the Figure 1.9. After the water is adsorbed on
the Al, the specie 10 is formed in the initiation state with the energy barrier of —70 kJ mol* and
the AI-O(H) distance increases from 1.90 to 2.28 A. In the first transition state (TS1), the
energy barrier is 86 kJ mol™. After the transition state, an intermediate is formed and the
Al-O(H) increases from 3.09 A to 3.14 A, even though the activation energy is 0. After passing
by the second transition state, the more stable product is formed with -44 kJ mol* energy barrier
[32].
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Figure 1.9. The AI-O(H) bond distance at T304 in MFI and the energy barrier for each state in the first
dealumination mechanism. The 10 stands for the adsorption of water in the opposite position to the Al-
O-H bond in the initial state, the TS1 stands for the proton donated to the O in the nearest Al-O-Si bond
in the transition state, TS2 stands for the rotation of a proton and 12 is named as the most stable product
(Take from reference [32]).

1.5 Heterogeneous catalytic reaction

1.5.1 The stages of heterogeneous catalysis

In heterogeneous catalysis, the catalysts and reactants are in different phases. Usually the
catalysts are in solid phase and the reactants are in the gas phase. Heterogeneous catalysis has
five stages depend on surface adsorption theory: diffusion of reactants to the catalysts surface,
adsorption of the reactants, reaction, desorption of the products and the diffusion of products

out of the catalysts surface.

1.5.2 Physisorption and chemisorption
Adsorption of reactants on the active sites of the catalysts includes physisorption and

chemisorption [33-35].

Physisorption: The reactant is adsorbed in the channel of the catalyst via van der Waal force
without new chemical bond form and old chemical bond cleavage. The physisorptoin is always
exothermal and usually the physisorption heat is small (10 kJ mol). Physisorption rate is fast,
which is not influenced by temperatures. The adsorbed reactant is not stable and can be
desorbed completely. The physisorption molecule layers can be formed from monolayer to

multilayer.

Chemisorption: The chemisorption is that the reactant molecule is adsorbed on the active site
of catalyst via chemical bond. The chemisorption heat is larger than physisorption heat and it

is similar with the reaction heat (40-800 kJ mol™). The chemisorption rate is slow and increases
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with temperature, which needs activation energy. The chemisorption usually is monolayer
adsorption. The chemisorbed specie is quite stable and its desorption usually is accompanied

with chemical reaction.

1.5.3 Langmuir adsorption model

Langmuir adsorption model is widely used in the heterogeneous catalysis nowdays [36-40],
which was firstly proposed by Langmuir in 1916 [41], as it can be used in both physisorption

and chemisorption. Some assumptions are applied to describe the Langmuir adsorption model:

(1) Adsorption sites are existed in the surface of the adsorbent and each adsorption site is
able to adsorb one molecule.

(2) Adsorption sites are homogeneous thermodynamically and kinetically.

(3) Adsorbate molecules cannot interact with each other.

(4) The adsorbed molecule is in adsorption and desorption equilibrium.

A typical Langmuir adsorption isotherm is illustrated in Figure 1.10 based on the equation (2).

9 _ Kgdsp (2)
- 1+K 4D

Where 6 is coverage of adsorbate on the adsorption sites of catalyst, K°us is the standard
state adsorption equilibrium constant and p is the gas pressure normalized to 1 bar.
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Figure 1.10. Langmuir adsorption isotherm of pentane on H-MFI zeolite at 343 K between 0.002 and
0.85 mbar.

The standard state adsorption equilibrium constant K°gs can be attained by fitting of the

Langmuir adsorption isotherm. The K°ags is also related to Gibbs free energy by using equation

).

° —AGgys
Kads = exp(Td) (3)

The Gibbs free energy can be derived from adsorption enthalpy and entropy in equation (4).

Angs = AHgq — TAS;)ds (4)

ads

Combing equation 3 and 4, the adsorption entropy and adsorption enthalpy can be obtained by

using the linear form of van’t Hoff equation (5).

AH AS,
anO — ads + ads
ads RT R

()

In which, AH®ags, AS°ads and AG°ags are the standard adsorption enthalpy, entropy and Gibbs free

energy.

The AHags and AS°ads almost do not change when temperature range is small, so the straight

line of In K°4svesus 1/T can be used to calculate the AH®a4s and AS°ags.
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1.5.4 Surface reactions

Surface reactions are at the heart of catalytic reactors that are used to produce a large fraction
of industrial chemicals and they are extremely important for the heterogeneous catalysis
reaction. Surface reactions, by definition, are reactions that at least one of the steps are
the adsorption of one or more reactants in the reaction mechanism. The reaction mechanisms
for the bimolecular reaction can be divided into three classes as shown in scheme 1.1:
interaction between two species adsorbed simultaneously on the surface (Langmuir-
Hinshelwood mechanism), and interaction between an adsorbed molecule and second molecule

in the gas phase (Eley-Rideal mechanism) or in mobile precursor state (Precursor mechanism).

(1) Langmuir-Hinshelwood mechanism:
Both molecule (A) and (B) adsorb on the surface and then they diffuse and react until a
new molecule A-B is formed which is desorbed from the surface finally [42].
(2) Eley-Rideal mechanism:
One molecule (A) adsorbs on the surface and second molecule (B) does not adsorb on
the surface but it interacts with the already adsorbed A, so that the A-B molecule is
formed and then it is desorbed from the surface [42].
(3) Precursor mechanism:
One molecule (A) adsorbs on the surface. Second molecule (B) collides with the surface
and a mobile precursor state (B) is formed. The molecule (B) collides with molecule (A)

on the surface and then they react to from a new A-B molecule [43, 44].

12
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(1) Langmuir-Hinshelwood mechanism

Surface

—  |&f

Surface

(2) Eley-Rideal mechanism

Surface

Surface

(3) Precursor mechanism

6
=0 =¥

Surface Surface Surface

Scheme 1.1. Schematic illustration of mechanism of bimolecular surface reaction on the heterogeneous

catalyst.

1.6 Effect of EFAI on the catalytic activity of BAS of zeolite

The presence of EFAI after short steaming periods has been reported to have a positive impact
on the rate of hydrocarbon transformations on the BAS of zeolites [28, 31, 45-50].
Contradicting explanations have been proposed for the promotional effect of EFAI on cracking
of alkanes [31, 51-54]. In general, the models focus on synergistic effects between BAS and
adjacent EFAI sites, increasing the acid strength of the former [26, 31, 52, 55]. Haag et al. [56]
proposed that partially hydrolyzed framework Al coordinates to the bridging OH group,
increasing its acid strength by the additional interactions with oxygen. Masuda et al. [31]

13
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confirmed these findings noting that the catalytic activity of MFI for n-hexane cracking first
increased and later decreased with steaming time. These changes were related to partially
distorted octahedral aluminum atoms in MFI. Li et al. [26] gave evidence for the spatial
proximity of Brgnsted and Lewis acid sites in dealuminated HY zeolite using 'H DQ MAS
solid-state NMR. Density function theory (DFT) calculations [26, 55] showed that EFAI, such
as Al(OH)s; and AIOH.", coordinating to one or two lattice oxygen sites increased the acid
strength of a neighboring bridging OH group. In a different approach, Bokhoven et al. [53]
argued that the higher adsorption heat of propane in steamed H-MOR is responsible for the
increase in catalytic cracking activity. In contrast, Gounder et al. [57] explained the high activity
for cracking and dehydrogenation of isobutane on steamed FAU zeolites with a better
stabilization of the transition states by the narrower space in the pores containing EFAI oxide

clusters.

1.7 Motivation and scope of the thesis

Even though some theoretical and experimental explanations for the influence of EFAI on the
BAS in the activity of hydrocarbon transformations have been developed [26, 31, 56], their
intrinsic kinetic data on the BAS with EFALI in close proximity is still not fully attained. In this
doctoral thesis, the kinetic of pentane cracking and ethene dimerization has been systematically
investigated. In addition, effect of the EFAI on the adsorption state and carbenium ion like
transition state of pentane cracking and ethene dimerization on the BAS of H-MFI zeolite has

been explored.

Some studies evidenced the space proximity between EFAI-OH and BAS-OH using the NMR
methods [23, 26, 58]. However, the proximity of the EFAI on the SBAS is few evidenced. In
addition, quantification of the SBAS with EFAL in close proximity (EFAI-SBAS) is also needed.
In chapter 2, H-MFI zeolites with different percentage of EFAI-SBAS were synthesized by
steaming treatment at different steaming conditions. In comparison, the SBAS without EFAI in
close proximity (I-SBAS) was attained by ammonia hexafluorosilicate (AHFS) treatment. In
order to evidence the space proximity of EFAI to SBAS, IR spectra of adsorbed pyridine on the
H-MFI sample with the highest content of EFAI-SBAS and the H-MFI sample with only I-
SBAS have been done at 723 K. Once evidence such space proximity, the percentage and
concentration of the EFAI-SBAS and I-SBAS in H-MFI zeolite was attained.
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After quantifying the content of EFAI-SBAS and I-SBAS in H-MFI zeolite, it is important to
investigate how the EFAI-SBAS influences the properties of alkene-derived intermediates or
carbenium ion like transition state in the C-C bond cleavage and formation reactions, such as
alkane cracking and alkene dimerization. In chapter 3, adsorption of pentane on BAS-OH and
EFAI-OH and adsorption thermodynamics of pentane on EFAI-SBAS and I-SBAS has been
explored. In addition, the effect of the EFAI on the SBAS in each pentane cracking and

dehydrogenation pathways activity and also their intrinsic properties has been probed.

The adsorption of alkene on zeolite is more complex than alkane adsorption, as alkene can
easily dimerize at very low temperature. In comparison with the C-C cleavage on the I-SBAS
and EFAI-SBAS, the ethene dimerization on the two sites is studied in chapter 4. In addition,
the reaction mechanism of ethene dimerization and the rate determining step on the SBAS is
explored. The role of EFAI on the transition state enthalpy and entropy of ethene dimerization
has also been investigated. The EFAI is reported to promote the deactivation of a zeolite in
alkane cracking [59] and whether EFAI increase the deactivation of a catalyst in ethene

dimerization has also been explored.

1.8 Associated content

Figure 1.1 reprinted with permission from (J. Weitkamp, Solid State lonics, 131 (2000) 175—
188.). License number: 4472411275359.

Figure 1.2 reprinted with permission from (M. Marques, S. Moreira, Journal of Molecular
Catalysis A: Chemical, 192(2003) 93-101.). License number: 4472440171591.

Figure 1.7, Figure 1.8 and Figure 1.9 reprinted with permission from (M. Silaghi, C.
Chizallet, E. Petracovschi, T. Kerber, J. Sauer, P. Raybaud, ACS Catalysis, 5(2015) 11-15.)
Copyright (2015) American Chemical Society.
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Chapter 2

Spatial proximity of extra-framework aluminum oxide to strong
Brgnsted acid sites

This chapter is based on:

Yang Zhang, Ruixue Zhao, Maricruz Sanchez-Sanchez, Gary L. Haller, Jianzhi Hu, Ricardo
Bermejo-Deval*, Yue Liu* and Johannes A. Lercher*, “Promotion of protolytic pentane
conversion on H-MFI zeolite by proximity of extra-framework aluminum oxide and Brgnsted
acid sites” accepted by J. Catal. 2018.

ABSTRACT: A series of H-MFI-15 samples with different percentage of EFAI-SBAS (Strong
Brgnsted acid sites with extra-framework aluminum oxide in close proximity) were synthesized
by changing steaming temperatures, duration and partial pressures. Mild steaming is helpful to
create high percentage of EFAI-SBAS and severe steaming reduces the EFAI-SBAS amount in
H-MFI-15 samples. After steaming treatment, the Al is removed from the framework to form
EFAIl in H-MFI samples, which can be evidenced by NMR, IR, XANES and EXAFS techniques.
However, the micropore volume and structure of the zeolites keep constant after dealumination.
The steric proximity of SBAS and EFAI is deduced from the perturbation of OH groups on
extra-framework aluminum oxide by pyridine adsorbed on Brgnsted acid sites manifested in
the IR spectra. The percentage and concentration of EFAI-SBAS in H-MFI-15 samples are
quantified based on the perturbation of EFAI-OH by SBAS at 723 K.
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2.1. Introduction

Strong Bransted acid sites (SBAS) are usually considered as the active sites for the hydrocarbon
transformation, such as cracking, methane oxidation and methanol to olefin [1-4]. Extra
framework aluminum (hydr)oxide species (EFAI) such as AIO*, AI(OH)?*, AIOH?* and some
neutral species such as AIOOH and AI(OH)s, can be extracted from the framework Al of
zeolites by steaming treatment, thus the Brgnsted acid sites (BAS), SBAS and Lewis acid sites
(LAS) concentration will be changed [5, 6]. The BAS strength and the EFAI concentration in
the zeolites can be tuned by the steaming conditions such as temperatures, water pressures and
time [7-10]. The spatial proximity of EFAI to BAS has been evidenced to increase the
hydrocarbon transformation activity on BAS [11-16].

In the past few years, some efforts have been done to evidence the spatial proximity of EFAI to
BAS [6, 12, 17, 18]. Li et al. [6] firstly used the *H double quantum (DQ) MAS NMR to explore
the spatial proximities among various acid sites in the dealuminated HY. The presence of pairs
of off-diagonal peaks at (1.0, 6.0) and (5.0, 6.0) ppm is related to correlation between EFAI-
OH and bridging hydroxyl group of BAS in HY zeolite [6]. Based on the same method, Xue et
al. [18] found the off-diagonal peak pairs at (3.8, 6.0) and (2.2, 6.0) ppm using *H DQ MAS
NMR on the steamed H-MFI zeolite, verifying the spatial proximity between EFAI-OH and the
OH groups of BAS in the H-MFI zeolite. In addition, Charlotte et al. [17] evidenced that EFAI
are close to the framework Al (FAI) in the hydrated HY zeolite by the cross-correlation peaks
in the 2’Al->’ Al DQ-single quantum (SQ) MAS NMR.

These agree well with our previous findings [12], less fraction of EFAI species were found to
interact with ammonia compared with pyridine at 723 K, but in fact, the ammonia is more basic
than pyridine (pyridine pKg~9 and NHs pKg~5). They speculated that the interaction of more
fraction of EFAI species with pyridine was not due to the acidity of EFAI, but the EFAI
interacting with the aromatic ring of pyridine which has already been adsorbed on the SBAS.
Therefore, the EFAI can be evidenced to be in close proximity to SBAS. However, this method
is not direct and conclusive. In addition, the SBAS are considered as the active sites of some
hydrocarbon transformation. The NMR techniques are not able to evidence the space proximity
between the EFAI and SBAS.

Therefore, more precise method to evidence the spatial proximity of EFAI and SBAS is

imperative. Here, we synthesize a series of zeolites with different percentage of EFAI-SBAS.
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The steric proximity of SBAS and EFAI is determined from the perturbation of OH groups on
extra-framework aluminum oxide by pyridine adsorbed on Brgnsted acid sites in the IR spectra.

2.2 Experimental
Zeolite modification
2.2.1 Removal of EFAI

NHs-MFI-40 (CBV8014, Si/Al = 40) and NHs-MFI-15(CBV3024, Si/Al = 15) were
commercially available from Zeolyst International company. In order to attain H-MFI, NHs-
MFI was calcined in the synthetic air (100 ml min™) at 823 K for 5 h (10 K min heating rate).
For purpose of removing of EFAI, NHs-MFI-15 and NH4-MFI-40 were treated with (NH4)2SiFs
(ammonia hexafluorosilicate, AHFS). Specific steps are following: after deionized water (80
ml) in the flask (250 ml) reached 353 K, AHFS (1.42 g) was dissolved in the deionized water.
NHs-MFI1-15/40 (1.92 g) was added into the solution and then stirred for 5 h at the 353 K. The
catalyst was separated from the liquid by centrifuge and then washed with hot deionized water
(373 K). This procedure was repeated for 10 times and then dried at 373 K overnight. The as
formed sample was calcined at 823 K for 5 h in synthetic air (100 ml min) with 2 K min*
heating rate. The AHFS treated sample is labeled as H-MFI1-15/40(0%).

2.2.2 Steaming

The following procedures were used to steam H-MFI-15: H-MFI-15 (2 g) was heated to the
target temperature in a rotary quartz tube under N2 flow (250 ml min?). After the desired
temperature was achieved, deionized water was injected by a Gilson 307 HPLC pump with N>
flow. Steaming vapor pressure, temperature and duration were changed to get the sample with
different percentage of EFAI-SBAS. The steamed MFI samples are designated as H-MFI(x %)
and x % is the percentage of EFAI-SBAS in all the SBAS in H-MFI. H-MFI-15(5%) was
steamed from H-MFI-15(0%) at 723 K, 10 kPa for 1 h.

H-MFI-40(0%) was also steamed as the procedures above: the sample was steamed for 1 h at
723 K and 100 kPa and H-MFI-40(1%) was attained.

2.2.3 Na* exchange
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Na-MFI1-15(43%) was attained by exchange of H-MFI-15(43%) with NaNOs following the
procedures in the literature [19]. H-MFI-15(43%) sample (3 g) was added into NaNOsz aqueous
solution (250 ml) with 8.5 M concentration and refluxed at 353K for 15 h. The solid was
separated from the liquid by filtration and washed with deionized water (1 L), and then the ion
exchanged sample was dried at 373 K overnight. At last the sample was calcined following the

same procedure in the AHFS treatment.

2.3 Catalyst characterization
2.3.1 IR spectroscopy of adsorption of pyridine

BAS, SBAS and LAS concentration of zeolites were measured by IR spectra of adsorbed
pyridine, which were collected on a Nicolet 5700 FT-IR spectrometer with a resolution of 4 cm™
1 All spectra were collected from 4000 and 800 cm™ at 423 K. The catalyst wafers were put
into the IR cell and activated in vacuum (1x10° mbar) at 723 K for 1 h with 10 K min™* heating
rate. After that, pyridine was dosed into the catalyst at 423 K. After the bridged OH group (3610
cm) and EFAI-OH group (3660 cm™) were fully covered, the samples were evacuated for 1 h
and weakly bound pyridine was removed. The areas of the bands at 1570-1510 and 1470-1435
cm™ were integrated to calculate the total BAS and LAS concentration. The integrated molar
extinction coefficient (IMEC) of bands at 1570-1510 and 1470-1435 cm™ of pyridine adsorbed
on BAS and LAS are 0.73 and 0.96 cm pumol™ respectively [5, 20]. The samples were evacuated
for 0.5 h at 723 K with 15 K min™ heating rate to measure SBAS and strong LAS (SLAS)
concentration. The BAS and SBAS concentration can be calculated using equation (1). The

LAS and SLAS concentration can be calculated by equation (2).

1A(1570-1540 cm™~1)nR? 2 1A(1570-1540 cm™1)
BAS — — = 4.3R (1)
IMEC(1570—1540 cm~1)m
1A(1470-1435 cm~1)nR? IA(1470-1435cm™1
_ 14( JnR® _ 3 3p2 1A ) @)

LAS ™ IMEC(1470-1435 cm~1)m

In which, Cgas and Cpas are the concentration of BAS and LAS respectively [umol g, IA is
the integrate peak area [cm™], R is the radius of the wafer [cm™], m is the catalyst weight [g],
which is getting from the calibration line of the catalyst weight and the overtones of framework

vibration between 2100-1740 cm™ in the IR spectra of H-MFI (as shown in Figure 2.1).
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Figure 2.1. Wafer weight as function of integrated area of overtones vibration of framework at 2100-
1740 cmt in the IR of H-MFI zeolite.

2.3.2 27Al MAS NMR

27Al single pulse MAS NMR experiments were measured on a Varian-Agilent Inova 63 mm
wide-bore 850 MHz NMR spectrometer, which was performed at a main magnetic field of
19.97 T with the corresponding Larmor frequencies of 221.4 MHz. A 3.2 mm pencil type MAS
probe was used in the experiment. In a typical experiment, about 15 mg sample powder were
loaded in the rotor and measured at ambient temperature. The H-MFI samples were stored under
ambient humidity leading to a hydrated state that is expected to contain Al tetrahedra that have
minimal distortions and that have the maximum 2’Al MAS NMR spectral resolution [21]. A
single pulse sequence with a pulse length of 2.0 ps, corresponding to a pulse angle of 45°, was
selected for acquiring each 2’Al MAS NMR spectrum with a recycle time of 1 s and total
accumulation of 5000 scans. The spectra were acquired at a sample spinning rate of 20 kHz +
2 Hz and were referenced to 1.0 M AI(NOs)z in H20 (0 ppm) using the center of the octahedral
peak of solid y-Al203 (at 13.8 ppm) as a secondary reference. For quantitative measurements,
the weights of samples loaded into the MAS rotor were recorded. The matching and tuning
conditions of the RF circuit of the NMR probe were set using a network analyzer. All other

experimental conditions were kept identical for all analyzed samples. In this way, the absolute
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peak areas normalized to the spectrometer standard were proportional to the Al in the sample.
The spectra were analyzed using the MestreNova 8.1 software package. The intensity was

normalized to the mass of the sample.

2.3.3 Nitrogen physisorption

Zeolite pore volume was measured by N2 adsorption isotherms at liquid nitrogen temperature
on an automated PMI Sorptomatic 1990 instrument. T-plot method was used for calculating the

micropore volume. The samples were activated in vacuum at 523 K for 2 h before N2 adsorption.

2.3.4 Al K-Edge XANES and EXAFS Measurements

The Al K-edge XANES and EXAFS measurements were carried out at the Phoenix 1, elliptical
undulator beamline at the Swiss Light Source (SLS) at the Paul Scherrer Institute. Energy
calibration was attained by setting the inflection point of an Al foil spectrum to 1559.6 eV. The
double-crystal monochromator utilized a set of KTiOPO4 (011) crystals to provide an energy
resolution of about 0.6 eV over a scan range from 1500 to 2100 eV for the Al K-edge, just
below the P K-edge. Two Ni-coated mirrors were set at an angle of 1.45° to provide cutoff of
higher harmonics. An unfocused 1.0 x 1.0 mm beam having a flux of ~109 photons/s was used.
The sample chamber pressure was held at ~2.5 x 10~* mbar and the sample was dehydrated at
723 K. Measurements were typically performed in fluorescence mode, although several
transmission measurements for individual samples were obtained to ascertain the magnitude of
the self-absorption corrections. lo was measured as total electron yield signal taken from a 0.5
pum thin polyester foil, which was coated with 50 nm of Ni. This Io detector was held in a
miniaturized vacuum chamber (2.9 x10°% mbar), which was separated by a thin Kapton foil
from the measurement chamber itself. The X-ray fluorescence was detected using a 4-element
Vortex Si-drift diode detector.

For transmission measurement, a Si diode was used. In order to apply self-absorption correction
of the XANES and EXAFS spectra of the concentrated standard compounds, a THENA [21-23]
software was used to remove the (k) oscillations from the background and, in certain instances.
A Fourier filter cutoff distance, Rbkg, of 1.0 A was used and the atomic background function,

uo(E), containing a strong multielectron absorption edge at k = 5.3 A™* due to the KLII, 11
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transition was found [24]. The EXAFS data were weighted by k? and truncated using a Hanning
window with dk = 1.0 A in the range of 1.5 <k < 8.0 A%,

2.3.5 X-ray diffraction patterns

X-ray powder diffraction (XRD) with a Philips X’Pert Pro system was used to analyze the
crystal structures of the zeolites. The Philips X’Pert Pro diffractometer equipped with an
X’celerator module using Cu-K radiation operating at 40 kV / 45 mA was applied. The samples

were measured in the range from 5 to 70° (20) with a scanning rate of 0.017° s,

2.4 ldentification and quantification of I-SBAS and EFAI-SBAS in H-MFI-15 samples

The percentage of EFAI-SBAS in all the SBAS can be tuned with the steaming water vapor
pressure, temperature and duration, as displayed in Figure 2.2-2.4 and Table 2.1. EFAI-SBAS
content increases concurrently with the steaming water vapor pressure, reaching a maximum at
10 kPa (43% EFAI-SBAS) and consecutively reducing with incremental pressure (Figure 2.2).
Similarly, the number of EFAI-SBAS is relatively high at low steaming temperature (maximum
occurs at 723 K), decreasing dramatically in the severe temperature (Figure 2.3 and
supplementary Figure 2.1). While, the sample was steamed for 4 h and highest EFAI-SBAS
content can be attained, reducing slightly with prolonged steaming duration (Figure 2.4).
Therefore, mild steaming is beneficial to produce high percentage of EFAI-SBAS and severe

steaming diminish or destroy the EFAI-SBAS sites.
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Figure 2.2. Percentage of EFAI-SBAS in H-MFI-15 steamed samples as function of steaming water
vapor pressure (Steam at 723 K and 4 h).
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Figure 2.3. Percentage of EFAI-SBAS in H-MFI-15 steamed samples as function of steaming
temperature (Steam at 10 kPa and 4 h).
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Figure 2.4. Percentage of EFAI-SBAS in H-MFI-15 steamed samples as function of steaming duration
(Steam at 10 kPa and 723 K).

Table 2.1. Steaming conditions and percentage of EFAI-SBAS in the H-MFI-15 samples.

Samples Steaming conditions EFAI-SBAS
Pressure[kPa] Temperature[K] Duration[h] Percentage[3]
1 1 723 4 19
2 5 723 4 29
3 10 723 4 33
42 10 723 4 43
5 52 723 4 9
6 73 723 4 13
7 100 723 4 4
8 10 673 4 24
9 10 703 4 27
10 10 1023 4 0
11 10 723 1 23
12 10 723 8 32
13 20 623 4 30

aSample 4 was steamed twice at 723 K, 10 kPa for 4 h.

The 2’Al MAS NMR spectra for the H-MFI-15 series are presented in Figure 2.5. On the H-
MFI-15 sample, two peaks were identified at 56.4 and 55.1 ppm, which are attributed to
tetrahedrally-coordinated FAI [25]. A small peak is shown at 0 ppm, which is associated with
hexa-coordinated EFAI [26, 27]. While, the peaks of tetrahedrally-coordinated FAI slightly
decreased and the peak of hexa-coordinated EFAI disappeared on H-MFI-15(0%), as the EFAI
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and part of FAI were removed after AHFS treatment. For the steamed samples, an additional
broad band appeared at about 30 ppm, which is associated with the EFAI in A1OOH
tetrahedrally-coordinated with two framework oxygens in close proximity [26, 28] or penta-
coordinated EFAI [29-31]. With the percentage of EFAI-SBAS increasing in the steamed
samples, the peak intensity of the FAI decreased gradually and the amount of extra-framework
Al at 0 and 30 ppm increased correspondingly. As EFAI was extracted from the framework
after steaming. Besides, the tetrahedral FAI band became broad and moved to lower chemical
shift, which indicates increasing degree of structural distortion of FAI or Al T site was selected

removed after steaming [21].

——H-MFI-15
H-MFI-15(0%)
——H-MFI-15(19%)
——H-MFI-15(30%)
——H-MFI-15(43%)

Intensity

100 80 60 40 20 0 -20

Chemical shift [ppm]
Figure 2.5.2 Al MAS NMR spectra for the H-MFI-15 samples.

Al X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) of H-MFI-15(0%) and H-MFI1-15(43%) were used to explore FAl and EFAI structural
and electronic information. Figure 2.6 shows the normalized XANES of H-MFI-15(0%) and
H-MFI-15(43%). A whiteline (intensive peak) at position 1564 eV belongs to tetrahedral Al
and absorption edge at 1582 eV is attributed to tetrahedral Al with an Al-O bond length of
around 1.65-1.75 A [18, 32]. While, on H-MFI1-15(43%) sample, the intensity of the whitelines
at 1564 and 1582 eV become lower and a whiteline at position 1569 eV attributing to extra-
framework octahedral Al is obviously found, which indicates that tetrahedral Al is extracted

from framework to form octaheral Al during steaming process [32].
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Figure 2.6. XANES of H-MFI-15(0%) and H-MFI-15(43%).

Figure 2.7 shows the EXAFS Img[x(R)] and K?y(k) spectra for the H-MFI-15(0%) and H-MFI-
15(43%) samples. The H-MFI-15(0%) sample shows an average Al-O bond distance of ~ 1.73
A [18]. The structure of H-MFI-15(43%) is largely different from that of H-MFI-15(0%) sample.
A large percentage of longer Al-O bond is observed in the H-MFI-15(43%) sample. The
difference value of Al-O bond distance in H-MFI-15(0%) and H-MFI-15(43%) is about 0.03 A.
This is primarily due to mixture of framework tetrahedral Al and distorted extra-framework Al
species in the H-MFI-15(43%) sample, which is agreement with the NMR data.
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Figure 2.7. The EXAFS of Img[x(R)] A) and K2-weighted y(k) B) spectra of the H-MFI-15(0%) and H-
MFI1-15(43%) samples.

This change in Al structure/distribution caused, consequently, a change in BAS, SBAS and
LAS concentration in H-MFI-15 (Table 2.2). The BAS and SBAS concentrations for H-MFI-
15(0%) were 511 and 422 umol g, respectively. After steaming, concentrations of both acid
sites were reduced, especially for the H-MFI-15(43%) with BAS and SBAS concentrations of
209 and 67 umol g, respectively. Correspondingly, the LAS concentration of H-MFI-15(0%)
was 27 umol g*. It increased for all steamed samples, reaching 193 pmol g for the H-MFI-
15(43%). In contrast, despite the changes in Al structure/distribution and the variation of BAS
and LAS concentrations, the micropore volume was hardly affected. All H-MFI have a
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micropore volume of approximately 0.14 cm® g%, except H-MFI-15 (0%) which has a slightly

higher micropore volume of 0.16 cm® g™,

The X-ray diffraction patterns (XRD) of the H-MFI-15(0%) and the steamed samples are
presented in Figure 2.8. Almost all the diffraction peaks of steamed samples are the same as
those of unsteamed material, except a slight decrease of intensity in certain peaks, which
confirms that dealumination did not significantly damage the structure of the zeolites.

H MFI-15(43%)

H-MFI-15(30%)

H-MFI-15(19%)

Intensity

H-MFI-15(0%)

2 Theta [degree]

Figure 2.8. X-ray diffraction patterns of H-MFI-15, H-MFI-15(0%) and steamed samples.
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Table 2.2 Physiochemical properties of H-MFI-15 with different percentage of EFAI-SBAS.

Acid site concentration [umol g EFAI-SBAS/SBAS V ioro?
Sample BASP  SBASP LASP EFAI-SBAS I-SBAS [%] [cm g?]
H-MFI-15(00%)° 511 442 27 0 442 0 0.16
H-MFI-15(4%)¢ 172 120 89 5 115 4 0.14
H-MFI-15(5%) 298 245 54 11 234 5 0.14
H-MFI-15(9%) 188 103 142 9 93 9 0.15
H-MFI-15(19%) 457 308 195 57 251 19 0.14
H-MFI-15(30%) 254 104 210 31 73 30 0.15
H-MFI-15(33%) 221 95 195 31 64 33 0.14
H-MFI-15(43%) 209 67 193 29 38 43 0.14
H-MFI-40(0%)° 333 304 13 0 304 0 0.16
H-MFI-40(1%)° 142 105 36 1 104 1 0.16

*The micropore volume of samples were measured twice and the standard errors are + 0.005 cm® g,
"Determined by IR spectroscopy of adsorbed pyridine; after equilibration 423 K, desorption at 423 K
for BAS and LAS and desorption at 723 K for SBAS. cH—MFI—15(O%) and H-MFI1-40(0%) were attained
by AHFS treatment from the parent zeolite. dH-MFI-15(5%) was attained by steaming of H-MFI-15(0%)
at 723 K and 100 kPa for 1 h. H-MFI-15 (4, 9-43%) were obtained by steaming of parent H-MFI-

15(Figure 2.2-2.4 and Table 2.1). °*H-MFI-40 (1%) was obtained by steaming of H-MFI-40(0%) at 723
K and 100 kPa for 1 h.

The IR spectra from 3900 to 3400 cm™ for H-MFI-15(0%) and H-MFI-15(43%) are shown in
Figure 2.9. The band at 3610 cm™is attributed to bridging hydroxyl groups of BAS [2, 27]. The
band at 3740 cm™ is attributed to the stretching vibration of the terminal silanol groups. The
band at 3780 cm™ is attributed to OH groups of octahedrally coordinated EFAI [13, 33]. The
OH band at 3660 cm™ is also attributed to EFAI species [12, 13, 15]. The absence of the bands
at 3660 and 3780 cm™ in H-MFI-15(0%) (Supplementary Figure 2.2) allows to conclude that
EFAI was removed by AHFS treatment. For the steamed sample H-MFI-15(43%), the band at
3610 cm™ was reduced drastically compared to H-MFI-15(0%), while the bands at 3660 and
3780 cm™ had a significantly higher intensity.

Upon pyridine adsorption, the band at 3610 cm™ in H-MFI-15(0%) disappeared completely,
indicating that all BAS-OH groups interacted with pyridine (Figure 2.9). For H-MFI-15(43%),
the band at 3610 cm™ also decreased, but about 20% remained, indicating that either weak
Bransted acid sites have been formed that were unable to retain pyridine at 723 K or that
dealumination sterically destabilized pyridine adsorption. Remarkably, also the EFAI-OH band
at 3660 cm™* decreased upon pyridine adsorption. Based on a detailed previous assignment [12],
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we attribute it to be caused by hydrogen bonding with the aromatic ring of pyridine adsorbed
at a SBAS (forming pyridinium ion) in close vicinity. In order to support this, we explored
whether the EFAI-OH group itself (without SBAS in close proximity) interacts with pyridine.
Thus, pyridine was adsorbed on Na-MFI-15(43%), as the Na* cations are known not to be able

to stabilize adsorbed pyridine after outgassing at 723 K.

As SBAS in H-MFI-15(43%) were replaced by Na*, the band corresponding to SBAS (3610
cm™?) was absent (Figure 2.10A), while the EFAI-OH group band at 3660 cm™ remained. The
disappearance of the band at 3780 cm™ is due to the replacement of the OH group in EFAI with
a Na" [5, 34, 35]. Upon pyridine adsorption, no change was observed for the band at 3660 cm"
! indicating that pyridine is not adsorbed on EFAI-OH (3660 cm™) in the sample without SBAS
after outgassing at 723 K (see also the IR difference spectra recorded after pyridine adsorption
with respect to that prior to pyridine adsorption in Figure 2.10B). In contrast, the IR difference
spectra recorded with H-MFI-15(43%) distinctly showed that the EFAI-OH interacted with
pyridine in the presence of SBAS with H-MFI-15(43%).

3660 col: 3610 et

7 -1
3780 cm': AS-OH

EFAl-OH , EFAI-OH

l

H-MFI-15(43 %)-py

Absorbance

H-MFI-15(0%)

H-MF1-15(0%).py

3900 3800 3700 3600 3500 3400
Wavenumber [cm!]

Figure 2.9. IR spectra of OH stretching vibration region of 3900 to 3400 cm™ for H-MFI-15(0%) and
H-MFI1-15(43%) samples at 423K. H-MFI-15(0%)-py and H-MFI-15(43%)-py are the samples adsorbed
with pyridine and later outgased at 723 K.
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Figure 2.10. A) IR spectra of OH stretching vibration region of 3900 to 3400 cm™ for H-MFI-15(43%)
and Na-MFI1-15(43%) samples at 423K. H-MFI1-15(43%)-py and Na-MFI-15(43%)-py are the H-MFI-
15(43%) and Na-MFI -15(43%) adsorbed with pyridine and later outgased at 723 K. B) IR difference
spectra of OH stretching vibration region of 3700 to 3550 cm™ for H-MFI(43%) and Na-MFI1(43%)
adsorbed with pyridine and later outgased at 723 K. The difference spectra were obtained by subtracting

the spectra with adsorbed pyridine with the spectra prior to pyridine adsorption.

The observed changes in the IR bands upon pyridine adsorption allow quantification of the
concentration of SBAS with adjacent EFAI (EFAI-SBAS) and isolated SBAS (I-SBAS) in H-
MFI-15. When the sample adsorbs pyridine, only the pyridine adsorbed on EFAI-SBAS
contributes to the negative band at 3660 cm™ in Figure 2.10B. Therefore, the percentage of
EFAI-SBAS in the total SBAS can be obtained by the following equation:
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XEFAI-SBAS = i:%;zfg X 100% 3)
in which Xerar-seas is the percentage of EFAI-SBAS in all the SBAS. Areassso and Areassio
correspond to the decrease of the bands at 3660 and 3610 cm™ of H-MFI-15 after exposure to
pyridine and desorption at 723 K. It is noted in passing that two assumptions were used in this
quantification: the stoichiometric ratio of EFAI to SBAS in EFAI-SBAS site is one to one and
the molar extinction coefficient of hydroxyl group of EFAI at 3660 cm™ is the same as that of
the bridged hydroxyl group at 3610 cm™. The percentage and concentration of the EFAI-SBAS
and I-SBAS in the H-MFI-15 samples are compiled in Table 2.1 and Table 2.2.

2.5. Evidence the EFAI decrease the SBAS strength

The acidity of EFAI-SBAS and I-SBAS is measured by temperature-programmed-desorption
(TPD) of pyridine on H-MFI-15(0%) and H-MFI-15(43%) respectively, which is detected by
IR spectra in Figure 2.11. Rate of pyridine desorption for 3610 cm™ in H-MFI-15(0%) and 3660
cm? in H-MFI-15(43%) in IR with increasing temperatures (423-823K) is used to investigate
the acid strength of I-SBAS and EFAI-SBAS respectively. Temperatures of pyridine desorption
peaks are around 523-623K on EFAI-SBAS and the temperatures are approximately 623-723K
on I-SBAS, which means that EFAI-SBAS has lower acidity than I-SBAS. In other words, EFAI

formed from dealumination decrease the acid strength of adjacent SBAS.

60
«F]
2 R
& 50 _ k
g & A
2 40 -
4= Y
é 2 ;
o' G 309 ...a EFA-SBAS “ e
] 1 '
2 i@ |- .
2 2 I-SBAS
A

= :
= ;
) 10 - :
[ .
o) LTI .

423 523 623 723 823 923

Temperature [k]

Figure 2.11. Desorbed pyridine rate on the EFAI-SBAS and 1-SBAS at different temperatures of 423-
823K.
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2.6 Conclusions

EFAI generated in H-MFI by steaming with controlled temperature, water vapor pressure and
duration forms a new active site (EFAI-SBAS), if it is in close proximity to SBAS. The NMR,
IR, XANES and EXAFS techniques can evidence the creation of the EFAI species and decrease
of the FAI species. However, dealumination of zeolite cannot change its micropore volume and
structure. The close proximity of EFAI-SBAS were concluded unequivocally from the IR
spectra of adsorbed pyridine. The percentage and concentration of EFAI-SBAS in H-MFI-15
samples can be quantified. The EFAI decreases the acid strength of the adjacent SBAS.
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Supplementary Figure 2.1. IR spectra of OH stretching vibration region of 3900 to 3500 cm™ for H-
MFI-15 steam at 10 kPa and 1023 K for 4 h.

The hydroxyl group of BAS at 3610 cm™ and hydroxyl groups of EFAI at 3660 and 3780 cm'™*
were disappeared after H-MFI-15 steamed at 10 kPa and 1023 K for 4 h. It means that the Al
framework structure can be completely damaged and the EFAI can be completely diffused out

of the zeolite.
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Absorbance

3900 3800 3700 3600 3500 3400
Wavenumber [cm!]

Supplementary Figure 2.2. IR spectra of OH stretching vibration region of 3900 to 3400 cm™ for H-
MFI-15(Parent) and H-MFI-15(0%) samples.
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Chapter 3

Promotion of protolytic pentane conversion on H-MFI zeolite by

proximity of extra-framework aluminum oxide and Brgnsted acid

sites

This chapter is based on:

Yang Zhang, Ruixue Zhao, Maricruz Sanchez-Sanchez, Gary L. Haller, Jianzhi Hu, Ricardo
Bermejo-Deval*, Yue Liu* and Johannes A. Lercher*, “Promotion of protolytic pentane
conversion on H-MFI zeolite by proximity of extra-framework aluminum oxide and Brgnsted

acid sites” accepted by J. Catal. 2018.

ABSTRACT: The activity of strong Brgnsted acid sites in H-MFI zeolites for pentane cracking
and dehydrogenation is enhanced by the presence of extra-framework aluminum oxide in
spatial proximity. The turnover frequencies of overall cracking and dehydrogenation on such
sites are about 50 and 80 times higher than on isolated strong Bragnsted acid sites. While pentane
does not adsorb stronger, the site pair stabilizes cracking and dehydrogenation transition states
mainly via increasing entropy. This is interpreted as a later transition state for the cracking and
dehydrogenation. The results suggest that controlled steaming can be used to enhance catalytic

activity of zeolite Brgnsted acid sites.
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3.1. Introduction

Strong Brensted acid sites (SBAS) formed by charge-balancing tetrahedrally-coordinated
aluminum atoms (AI**) in the zeolite (bridging OH in SIOHAI) are the active centers for the
conversions of hydrocarbons in cracking, isomerization and alkylation reactions [1-4]. In
monomolecular protolytic cracking of alkane, the proton in the SBAS can protonate alkane
molecules to form penta-coordinated carbonium ion and then it cracks into a carbenium ion and
a smaller alkane. The carbeium ion will form an alkene and free SBAS is formed again. For
example, the proton attacks carbon in the propane molecule and protonates carbon-carbon and
then carbon-hydrogen sigma bonds (three-center two electrons bond) are formed, which is
called carbonium ion. And then the propane carbonium ion cracks into 33% CHs + CzHa
molecule and 67% CsHs + H2 molecule (Figure 3.1) [5].

Ic:,)I\\ CH4 + \
H, + 2\

Figure 3.1. Penta-coordinated carbonium ion on solid acidic catalyst in propane cracking.

The energy profile for monomolecular pentane cracking in the H-MFI zeolite can be displayed
in the Figure 3.2. Gaseous pentane in the ground state (CsH12(g)) is adsorbed on the Brgnsted
acid sites (BAS) of zeolite to form adsorbed ground state pentane(CsHi2(z)), the adsorbed
ground state pentane cross carbonium ion transition state (CHz---H*------ C4Hg---Si-O-Al") *and

the products (such as CH4+CsHg) are formed.
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...... C,Hy -Si-0-Al)

CH, + C,H, + SiOHAl

Activation energy

CjHu (Z) + S10HALI

Figure 3.2. The diagram of activation energy for C:+C,4~ cracking pathway of pentane on the BAS of

zeolite.

Bhan et al. [6] proposed that the increased activity in overall cracking and dehydrogenation of
alkanes with carbon numbers was not due to the higher physisorbed alkanes concentration in
the zeolite channels, but due to the intrinsic activation entropy as the intrinsic activation energy
are constant with the carbon numbers. Gounder et al. [7] mentioned that the propane and butane
cracking and dehydrogenation activity in the 8 MR side pocket was higher than that in the 12
MR main channel of H-Mordenite. As the similar intrinsic activation energy were assumed in
the two types of MR, the higher intrinsic entropy in the confined 8 MR with respect to the 12
MR, leaded to the former with higher reaction rate. Bell et al. [8] found that the BAS in the
channels intersection of H-MFI had higher activity than the BAS in the straight and sinusoidal
channels in butane monomolecular cracking and dehydrogenation. The intrinsic activation
energy of butane cracking and dehydrogenation in the straight and sinusoidal channels were
higher than that on the channels intersection of H-MFI. However, the higher intrinsic activation
entropy were observed in the channels intersection, which compensated the intrinsic activation

energy and leaded to the higher activation activity in the channels intersection.

EFAI created at mild steaming conditions has been reported to have promotional effect on the
alkane cracking activity [9-12]. These findings agree well with our previous findings that two
types of SBAS coexist, i.e., SBAS in close proximity to EFAI (EFAI-SBAS) and isolated SBAS

which has no EFALI in close proximity (I-SBAS) [11, 13]. It is hypothesized that stabilization
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of a later transition state would entropically facilitate C-C and C-H bond cleavage [11]. It has
been shown recently that the EFAI generated under short steaming time increases the turnover
frequency (TOF) of monomolecular cracking and dehydrogenation of n-butane, while

prolonged steaming time leads to octahedrally EFAI with similar TOF [13].

As these studies had a too limited span of intrinsic kinetic data on I-SBAS and EFAI-SBAS, a
series of H-MFI zeolites with different percentage of these sites were synthesized and
characterized. Catalytic cracking of pentane is used to analyze in detail the impact of different

concentrations of these two sites.

3.2 Experimental
3.2.1 IR spectroscopy of adsorption of pentane

IR spectra of adsorption of pentane were carried on Bruker vertex 70. The sample wafers were
activated in vacuum at 723 K for 1 h before adsorption of pentane. Pentane was dosed into the
samples at 343 K until all the acid sites were adsorbed saturation from 0.002 to 0.85 mbar
pressure. The coverage of BAS at certain pentane pressure was used to attain the adsorption
isotherm of pentane on H-MFI, which is calculated by the decrease of the area of the bridge OH
vibrational bands at 3610 cm™ in the IR spectra. Equation (1) was used to calculate the
adsorption constant of pentane on BAS by adsorption isotherm regression following the
Langmuir adsorption model.
- fr:’;_zz (1)

Where p is partial pressure of pentane(normalized to 1013 mbar), nm and n are maximum uptake
of pentane and pentane uptake at each partial pressure on the BAS of H-MFI zeolite and K°ags

is the standard state adsorption equilibrium constant of pentane on H-MFI zeolite.

Equation (2) was employed to calculate the adsorption entropy of pentane on H-MFI zeolite.
AHacl)ds

ASzas = —2% + RIn(Kqqs) (2)

in which, AHags and AS°ags are standard adsorption enthalpy and entropy of pentane on H-MFI

zeolite , and T is the adsorption temperature and R is the universal gas constant.
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3.2.2 Adsorption heat of pentane

A modified calorimeter SETARAM TG-DSC 111 connected to a high vacuum system was
performed for the gravimetric and calorimetric measurements. 20 mg sieved samples (250-315
um particle size) were activated in vacuum at 723 K for 1 h with 10 K min* heating rate.
Pentane was dosed to the equipment at 343 K from 0.02 mbar to 2 mbar until sample mass, heat
flow and pressure became constant. The released heat was attained by integration of the
observed heat flux signal and the adsorbed pentane amount was derived from the mass
difference between different pentane pressures. Therefore, the adsorption heat of pentane on
the H-MFI zeolite was calculated by the quotient between the released heat and the adsorbed

mass of pentane.

3.2.3 Kinetic measurements

Reaction of n-pentane was performed in a fixed bed reactor. A tubular quartz reactor with an
inner diameter of 6 mm and a length of 280 mm was used. All catalysts were pressed, crushed
and sieved to 250-315 pm particle fraction and loaded into the reactor. The catalysts were
activated at 803 K for 2 h with a heating rate of 2 K min in synthetic air with a flow rate of 30
ml min“t. The reactor was then flushed for 30 min with N2 (100 ml min™). Liquid pentane was
transferred to the gas phase via an evaporator and transported to the reactor with N2. The
reaction conditions of low catalyst loading, low pentane partial pressure (21 mbar) and high
temperatures were used, in order to ensure that all the samples follow a monomolecular
cracking and dehydrogenation pathway [3, 14, 15]. Specifically, the reaction was carried out at
temperatures between 753 and 793 K with 1 bar total pressure; the catalyst amount was varied
to maintain conversions below 2%. The products were analyzed by an on-line gas
chromatograph with a flame ionization detector. Initial rates were normalized to catalyst
amount (Supplementary Figure 3.1) and turnover frequency (TOF) was normalized to SBAS

concentration of formation of products, which were used to evaluate the catalyst activity.

3.3 Results
3.3.1 Adsorption properties of pentane on I-SBAS and EFAI-SBAS in H-MFI-15

As adsorption enthalpy and entropy hardly change with reaction temperatures [16], the
thermodynamic properties of n-pentane adsorption were determined at 343 K [7, 11, 17]. The

distribution of sites was hypothesized to be constant with varying temperatures.
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The IR spectra of H-MFI-15(0%) and H-MFI1-15(43%) during pentane adsorption are shown in
supplementary Figure 3.2 and the IR difference spectra of H-MFI-15(0%) and H-MFI-15(43%)
after pentane adsorption with respect to before pentane adsorption are displayed in Figure 3.3.
On H-MFI-15(0%), the intensity of the BAS-OH band at 3610 cm™ decreased with the increase
of pentane pressure. Concurrently, a new broad band was observed at 3489 cm™, corresponding
to the perturbed hydrogen bonded SiOHAI group by adsorbed pentane [18, 19]. These
changes were also observed in H-MFI-15(43%). In addition, the intensity of EFAI-OH band at
3660 cm™ decreased and a second perturbed OH band appeared at 3563 cm™. These two
changes are attributed to the interaction between pentane and the hydroxyl group of EFAI.
These results indicate that pentane adsorbed on EFAI-SBAS interacts with both EFAI-OH and
BAS-OH. The red-shift (~97 cm™) of the perturbed EFAI-OH group was smaller than that (~121
cm™) of the perturbed BAS-OH band, indicating a lower acid strength of the EFAI-OH group
compared to BAS.
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Figure 3.3. IR difference spectra of OH stretching vibration region of 3700 to 3200 cm™ for A) H-MFI-
15(0%) and B) H-MFI-15(43%) between the adsorption spectrum measured after pentane being
adsorbed at different equilibrium pressures of 0.002 (1), 0.01 (2), 0.05 (3), 0.12 (4), 0.25 (5), 0.44 (6),
and 0.85 (7) mbar and the spectrum for the 343 K treated sample. The lines indicate an increasing loss
(negative) or gain (positive) in intensity of the IR bands with increasing pentane pressures from 0.002
to 0.85 mbar.

The adsorption isotherm of pentane on H-MFI-15(0%) and H-MFI-15(43%) was derived from
the decrease of BAS-OH band (3610 cm™) in the IR spectra (Figure 3.4). Pentane was adsorbed
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on BAS with 1:1 stoichiometry in H-MFI-15 up to 30% BAS-OH coverage (Supplementary
Figure 3.3) [19]. Above 30% coverage more pentane was adsorbed per BAS, leading to a red-
shift in the perturbed OH band (Figure 3.3 and supplementary Figure 3.4). This was both
observed in H-MFI-15(0%) and H-MFI-15(43%). Therefore, adsorption isotherms were plotted
in the coverage range of 0 — 30% (Figure 3.4). By regression of the isotherm with Langmuir
adsorption equation (Equation 1), the adsorption constant of pentane on H-MFI-15(0%) and H-
MFI1-15(43%) are (6.5 + 0.2) x10% and (6.6 + 0.1) x103, respectively. These two close values
indicate that the pentane adsorption constants on I-SBAS and EFAI-SBAS are both (6.5 + 0.2)
x10%. This is also supported by the proportional decrease of band intensity of BAS-OH (3610
cm™) and EFAI-OH (3660 cm™) (Supplementary Figure 3.5).
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Figure 3.4. Adsorption isotherm of pentane measured from the decrease of the 3610 cm™ OH band in

the IR spectra of A) H-MFI-15(0%) and B) H-MFI-15(43%) samples during pentane adsorption up to
30% coverage at 343 K.

Figure 3.5 shows the calorimetrically measured adsorption heat of pentane on H-MFI-15(0%)
and H-MFI-15(43%) as a function of pentane uptake. In the whole uptake range (0-0.78 mmol
g1), the adsorption heat was identical for H-MFI-15(0%) and H-MFI-15(43%), being 64 + 2
and 65 + 2 kJ mol™? respectively, in line with those reported in the literatures [11, 20-23].
Therefore, adsorption enthalpies of pentane on I-SBAS and EFAI-SBAS in H-MFI-15 samples
are suggested to be same, -64 + 2 kJ mol (Table 3.1). With the obtained adsorption constants,

the adsorption entropies on the two sites were -114 + 6 J mol™ K (Table 3.1). Accounting the
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error bar, it is concluded that the adsorption enthalpy and entropy of pentane on the I-SBAS
and EFAI-SBAS sites are the same.
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Figure 3.5. Adsorption heat as function of adsorbed pentane amount for H-MFI-15(0%) and H-MFI-

15(43%).

Table 3.1. The adsorption constant, enthalpy and entropy of pentane on I-SBAS and EFAI-SBAS in
H-MFI-15 samples.

AdSOI’ptIOﬂ Slte Koads (343 K) AGoads (343K) AHOads ASOads
x 103 [kJ mol?] [kJ mol?] [J mol*K?]
I-SBAS 6.5+0.2 -25+1 -64 +2 -114+6
EFAI-SBAS 6.6+0.1 -25+1 -65+2 -116 £ 4

3.3.2 Reaction of pentane on I- and EFAI-SBAS in H-MFI-15

Scheme 3.1 shows the four reaction pathways for the protolytic cracking of pentane to methane
+ butene (C1+Cy47), ethane + propene (C2+Cs7), propane + ethene (C3+C>") and pentene + H»

(dehydrogenation), respectively.
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Scheme 3.1. Cracking and dehydrogenation pathways of protolytic cracking of n-pentane. Red line
indicates location of the bond scission. Dotted line represents the SBAS proton coordinated with C or

H in pentane as penta-coordinated carbonium ion in transition state.

Figure 3.6 shows the TOF for the overall cracking and dehydrogenation pathways at 793 K as
a function of EFAI-SBAS percentage in the H-MFI-15 samples (Supplementary Table 3.1, the
dependence of the weight normalized rate on the concentration of I-SBAS is depicted in Figure
3.7). The TOF increased linearly with the percentage of EFAI-SBAS. This is justified by
equations (3-5). The H-MFI-15 weight normalized rate is contributed by the rate both on I-
SBAS and EFAI-SBAS (Equation (3) and (4)).

Rate = TOFI-SBAS ' [I-SBAS] + TOFEFAI-SBAS . [EFAI-SBAS] (3)
__ Rate _ . [I-SBAS] . [EFAI-SBAS]
TOF = [SBAS] TOF spas sBas] T TOFgralsBAS “sBAS] 4)

In which, [I-SBAS] and [EFAI-SBAS] are the concentration of I-SBAS and EFAI-SBAS in the
H-MFI-15 samples.

By noting that the quotient of [EFAI-SBAS]/[SBAS] is actually the fraction of EFAI-SBAS
(Xeral-seas), and that of [I-SBAS]/[SBAS] is 1- Xerai-seas, equation 4 becomes equation 5.

TOF = TOF, gpas + (TOFgpai.seas — TOF spas) * Xpral-sBas (5)

Equation 5 shows that the apparent TOF has a linear correlation with the fraction of EFAI-
SBAS. The linear increasing trend was also observed in each individual cracking pathway
(Figure 3.8), showing that the EFAI-SBAS has a higher activity than I-SBAS.
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This linear correlation between pentane conversion TOF at 763 K and the fraction of EFAI-
SBAS was also found in H-MFI-40(0%) and steamed samples from H-MFI-40(0%), H-MFI-
15(0%), and H-MFI-15 static calcination sample [11] (Figure 3.9 and supplementary Table 3.2).
It means that the EFAI-SBAS in the parent H-MFI zeolite is same as that created from steaming
treatment. It also encourages us to predict that the same EFAI-SBAS site can be created by
different Si/Al ratio H-MFI zeolite and different dealumination methods.

By extrapolating to 100% EFAI-SBAS in Figure 3.6 and 3.8, the TOF of EFAI-SBAS in each
reaction pathway was obtained. For example, the TOF of C1+C4~ on EFAI-SBAS is (26.3 + 1.5)
x 10 s, Other TOFs are compiled in Table 3.2. It is clearly seen that the activity of EFAI-
SBAS is about 50-times higher than that of I-SBAS at 793 K for the cracking pathways and 84
times higher for the dehydrogenation pathway.
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Figure 3.6. TOF of overall cracking A) and dehydrogenation B) of pentane as a function of EFAI-SBAS
percentage on the H-MFI-15 samples (pentane 21 mbar, 793 K). Experimentally measured TOF (e);
extrapolated TOF to 100% EFAI-SBAS (m).
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Figure 3.7. Cracking rate of pentane as function of concentration of I-SBAS in H-MFI-15 samples. The
linear line indicates the theoretical rate contributed by I-SBAS. It is crossing the H-MFI-15(0%), but
below all the others. The gap between the line and the real rate (m) is the part contributed by EFAI-
SBAS.

57



Chapter 3—Promotion of protolytic pentane conversion on H-MFI zeolite

A)

TOF [10°3 s71]

TOF [10° 5]

0

TOF [10 1]

40

C+Cys

0 20 40 60 80 100
Percentage of EFAI-SBAS [%]
40
C,+Cy
A
30 1 i
7
Fd
P
e
- e
20 1 s
Ve
rd
10 1
°
0 Ll Ll T T L)
0 20 40 60 80 100
Percentage of EFAI-SBAS [%)]
40
Cy+Cy
30 1
20 A
-1
10 - -
—
[
0 T T T T T
0 20 40 60 80 100

Percentage of EFAI-SBAS [%]

Figure 3.8. TOF of C1+C4 cracking pathway A), C,+Cs™ cracking pathway B), and Cs+C,™ cracking
pathway C) of pentane as a function of EFAI-SBAS percentage in the H-MFI-15 sample (pentane 21

mbar, 793 K). Experimentally measured TOF (e); extrapolated TOF to 100% EFAI-SBAS (m).
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Figure 3.9. TOF of overall cracking A) and dehydrogenation B) of pentane as a function of EFAI-SBAS
percentage on the H-MFI samples (pentane 21 mbar, 763 K).
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Table 3.2. TOF of pentane cracking and dehydrogenation on I-SBAS and EFAI-SBAS in H-MFI-15
samples (793 K).

TOF, [10° 5]

Active site
C1+Cs” Co+C3™ C3+Cy™ overall2 dehyd.?  crack./dehyd.c
I-SBAS 0.46+0.01¢ 0.70+001 026+001 1.42+0.02 097+0.03 1.46+0.05
EFAI-SBAS 26.3+15 335x10 13.9+0.7 74+3 82+4 0.90 £ 0.06
EFAI-SBAS / I-SBAS® 58+4 48 +2 54 +3 52 +2 84+5

soverall cracking. °dehydrogenation. “TOF ratio of overall cracking to dehydrogenation. %uncertainties
are taken as 95% confidence interval. °TOF ratio of EFAI-SBAS to I-SBAS.

The TOF for all the cracking and dehydrogenation pathways in the H-MFI-15 samples have
linear correlation with the percentage of EFAI-SBAS at all partial pressures of pentane (0.025
- 25 mbar) and 793 K. Take the C1+C4~ cracking pathway at 0.025 mbar pentane partial pressure
for example, as shown in supplementary Figure 3.6. By extrapolating the linear curve to 100%
EFAI-SBAS, the TOF of EFAI-SBAS in each reaction pathway is obtained.

The reaction rate showed a first order dependence for all pathways (Supplementary Figure 3.7,
supplementary Figure 3.8 and supplementary Table 3.3) on both I-SBAS and EFAI-SBAS sites
at 793 K, indicating a low coverage of pentane on SBAS under reaction conditions. The TOF
of I-SBAS and EFAI-SBAS at different temperatures (793 - 753 K) were determined
(Supplementary Table 3.4) and the apparent activation energy and entropy were calculated
accordingly (Supplementary Table 3.5). Since pentane has a reaction order of 1, the apparent
activation energy and entropy represents the barrier from gas pentane to the transition state on
SBAS. Taking account of the pentane adsorption heat and entropy, the intrinsic barrier, i.e., the
barrier from adsorbed pentane to transition state, was obtained and summarized in Table 3.3
and supplementary Figure 3.9.
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3.3.3. Elementary steps for pentane cracking on zeolite.
Step 1. Pentane adsorption on BAS of zeolite.
H
g /6\ \ e

(HZ) (CsHi»(g)) (CsH,(2))

Step 2. Protolytic cracking of adsorbed pentane in the zeolite based on transition state.

- %\ it CH, + \/\
T = ||
4
4 \ 4 \ 4 \ Transition state /\+ /

Scheme 3.2. Elementary steps for pentane cracking on the H-MFI zeolite channel. Where, HZ is the H-
MFI zeolite, CsH12(z) is adsorbed pentane on BAS.

Scheme 3.2 illustrates the proposed reaction pathways for pentane monomolecular cracking.
Gaseous pentane (CsH12(g)) is adsorbed on the BAS ((CsH12(z)) via quasi-equilibrium step
(Step 1, Scheme 3.2). Pentane is adsorbed on the BAS usually at very low coverage for the
monomolecular cracking, so the adsorbed pentane in the zeolite channel is proportional to the

gaseous pentane pressures and adsorption equilibrium constant.

CC5H12 = Kads PC5H12 (6)

Where Cc:H,,is the adsorbed pentane on the BAS in the channel of zeolite, Kags is the adsorption

constant of pentane on the BAS and PcsH,, is the gaseous pentane pressure.

A penta-coordinated carbonium ion transition state is existed between adsorbed pentane

CsHa12(z) and products (Step 2, Scheme 3.2) through quasi-equilibrium step. According to the
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transition state theory (TST), the total measured reaction rate is derived from the transition state

rate constant and the concentration of the activated complexes in the transition state.

()

Tmeas = k¥C

In which, CicsHss ... 21¢ IS the concentration of the activated complexes in the transition state

and k¥ is transition state rate constant.

k* can be derived from
k¥ = vk (8)

In which, v is the frequency of the vibrational mode in the transition state crossing the
activation barrier to the products, k is the transmission coefficient of the transition sate

crossing the activation barrier to the product and it is usually considered as 1.

$

K CcgHy,CHZ (9)
Where, Chz is the concentration of unoccupied BAS in the zeolite channel.
Combining (7), (8) and (9), the overall measured rate can be expressed as following:
Tmeas = VK#CCSHHCHZ (10)
The K*is also derived by thermodynamic expression:

_AGH
Kt = KT o (11)
hv
So, the overall measured rate can be expressed as following:
pr et

Tmeas = Te RT CCSlecHZ (12)
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As the monomolecular cracking of alkane is carried out at very low conversion, most of the

BAS is not covered, so Cyzis closed to 1.

So, the overall measured reaction rate can be rewritten as following:

Tmeas = kintCC5H12 (13)

So, overall reaction rate is attained by the following equation:

Tmeas = KintKaas PCSle = kmeasPC5H12 (14)

kmeas = KintKads (15)

According to Arrhenius equation,

—Eameas
kmeas = Ameas€ ET (16)
“Eaine
kint = Aince RT (17)

—(AHgqs=TASqds)
Kaas = € RT (18)
Where Ameas and Aintare the measured and intrinsic pre-exponential factor, Eameas and Eain: are
the measured and intrinsic activation energy, AHags and ASags are the adsorption enthalpy and

entropy.

Combing equation (15)-(18), the intrinsic activation energy and pre-exponential factor can be

derived as following:

Eain; = EQmeqs—AHgqs (19)
ASqds
In(Aine) = In(Apeas) — R (20)
Combing with AS;,: = ASpmeas—ASqds (21)
The measured activation entropy can be refined as
kgT
ASimeas = R(ln(Ameas) - ln(T)) (22)
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For dehydrogenation of pentane, the intrinsic activation energy (Ea*nt) of EFAI-SBAS and I-
SBAS (239 + 6 and 238 + 3 kJ mol?, respectively) are similar. Thus, the higher dehydrogenation
rate of the EFAI-SBAS with respect to the I-SBAS s attributed to a larger entropy gain in the
transition state (70 + 8 J mol''K™* on EFAI-SBAS vs. 35 + 6 J mol*K™ on I-SBAS). For the
cracking pathway, the overall cracking Ea¥int on EFAI-SBAS (219 + 5 kJ mol™) is higher than
on I-SBAS (203 + 2 kJ mol?), suggesting an enthalpic destabilization of the cracking transition
state on the EFAI-SBAS with respect to I-SBAS. The higher intrinsic activation entropy (AS int)
for overall cracking with EFAI-SBAS (56 + 8 J mol™K) compared to I-SBAS (3 + 6 J mol K"
1y overcompensates the enthalpic destabilization of the transition state on EFAI-SBAS.
Therefore, both the higher rates in cracking and dehydrogenation on EFAI-SBAS are caused by

significantly higher transition entropies.

The compensation effect between the apparent activation energy and pre-exponential factor, or
between activation enthalpy and entropy, were observed in alkanes with increased carbon
numbers over H-MFI zeolite [24], a series of zeolites with different zeolite structures [25, 26]
or zeolites exchanged with different metals [27]. Such compensation also exists in different
reaction pathways (cracking and dehydrogenation) of alkane on both I-SBAS and EFAI-SBAS
sites (Figure 3.10). Despite an increase of the Ea* it in all the pentane reaction pathways on the
EFAI-SBAS site, with respect to the I-SBAS, overcompensation between Ea¥ int and AS* it leads
to a lower free energy on the EFAI-SBAS, resulting in prominent improvement of the TOF in
the EFAI-SBAS. A comparable lower free energy (21-25 kJ mol™?) of the EFAI-SBAS site is

found in all the pentane cracking pathways.
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Figure 3.10 Compensation effect between intrinsic activation and entropy in pentane different reaction
pathways (cracking and dehydrogenation) on I-SBAS (m) and EFAI-SBAS (A) of H-MFI-15.
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Table 3.3. The intrinsic activation energy, entropy and Gibbs free energy of cracking and dehydrogenation for I-SBAS and EFAI-SBAS in H-MFI-15 samples (T

=793 K)*
Eatint (k] molh) ASEjne (3 mol 1K) AGH jnt (kJ mol?)
Active site
Ci+C4& Co+Cs™ C3+Co” overal?  dehydP C2+Cs™ C3+Co” Overall dehyd. Ci1+Cqs C2+Cs” C3+Co™ overall dehyd.
I-SBAS 219 £ 2° 192 +2 2103 2032 238%3 -11+6 3x7 36 356 1971 1951 201+1 194+1 2041
EFAI-SBAS 239+6 200+ 4 232+6 219+5 2396 32+7 65+8 56+8 70+8 170+1 168+ 1 174 £1 168+1 174+1
Difference value? 206 85 22+6 16 +6 1+6 43+9 62 £ 53+ 10 35+10 271 271 271 261 301
11

soverall cracking. dehydrogenation. cuncertainties are taken as 95% confidence interval. difference value between EFAI-SBAS and 1-SBAS.

*See the following data set for 763-793K in supplementary Table 3.4, for which E.*, AS* and AG*
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The promotional effect of EFAI on SBAS varies in different cracking pathways. Similar TOF
ratios between EFAI-SBAS and I-SBAS were observed for C1+C4~ and Cz+C,™ cracking
pathways (58 + 4 and 54 * 3, respectively), while the TOF ratio for C,+Cs™ cracking pathway
was lower (48 £ 2). Such difference is also reflected by the activation enthalpy and entropy.
While the C1+C4™ and C3+C>~ cracking pathways had similar Eafint and ASY int, the Co+Cs™
cracking pathway showed a substantial lower Ea* int and AS* int (Table 3.3). This is hypothesized
to be caused by the fact that the C1+C4~ and Cs+C,~ cracking pathways pass through a C2-
carbenium ion like transition state (C--C*-C-C-C & C-C*-C-C-C), while C2+C3~ cracking
pathway passes a C3-carbenium ion like transition state (C-C---C*-C-C), as shown in Figure
3.11. With the C" anchored strongly on the negatively charged framework O-, the C2-carbenium
ion like transition state requires a larger space for the configurational degrees of freedom than
the C3-carbenium ion like transition state. In addition, the C2-carbenium ion like transition state
has a less symmetric structure than the C3-carbenium ion like transition state. Both result in
lower entropy for the C3-carbenium ion like transition state.

~ H _@ @
h\'\/\—» CHy + " —> CHy + X3 "

H
H g

H H
—>< A}_ﬁé/\_,/.,.@/\_»/+/\

H
/e“%\—»/®+ N =+ N
- H H

Figure 3.11. Proposed transition state of C1+C,4~, C2+C3™ and C3+C,~ pathways on I-SBAS and EFAI-

SBAS in pentane cracking. Dotted line represents location of the bond scission.

3.3.3 Impact of EFAI on the activity of SBAS in pentane cracking.

In contrast to reports attributing the higher catalytic activity to a higher Bragnsted acid strength
[28-31], we have shown the increase in the conversion of alkanes, upon the presence of EFAI,
is caused mostly in entropic gains in the transition state of monomolecular dehydrogenation
and cracking transitions [11]. It should be noted that the adsorbed states have hardly been
influenced by EFAI.
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It is reported that the cracking and dehydrogenation activity of zeolitic BAS is location
dependent [7, 8]. Jenda and Bell [8] showed that BAS in the channel intersections of H-MFI
type zeolite have better catalytic activity than in straight and sinousoidal channels in butane
cracking and dehydrogenation. Gounder and Iglesia [7] concluded that the different confining
environments for BAS at different locations in H-MOR and H-MFI lead to the differences in
the catalytic activities for the cracking and dehydrogenation of butane and propane. Since the
EFAI-SBAS in this work are created by steaming, their high cracking and dehydrogenation
TOF could also be the result of a selective removal of less active BAS (framework Al) and the
BAS with high activity remains after steaming. However, this should only have a minor
contribution to the TOF increase, because a mild steaming of H-MFI-15(0%) for 1 h (to H-
MFI-15(5%)) increased the weight-normalized cracking and dehydrogenation rate from 0.63
umol stgtto 2.1 umol s*g™ (Supplementary Table 3.6). Since selective removal of BAS would
in any case decrease the weight-normalized rate of H-MFI, such a 3-fold increase should be
dominantly contributed by the creation of EFAI-SBAS sites. The good linear correlation
between EFAI-SBAS percentage in H-MFI and the pentane cracking and dehydrogenation TOF,
also indicates that regardless of the location of the EFAI-SBAS in the micropores of H-MFI,
the promotion of the rate is identical, pointing to a minor effect of the location of the SIOHAI
group in the zeolite.

3.4 Conclusions

The close proximity of EFAI-SBAS were concluded unequivocally from the IR spectra of
adsorbed pyridine and adsorbed pentane. The new site pair had the same binding strength with
pentane as isolated SBAS.

The SBAS normalized rates of protolytic pentane conversion along all reaction pathways
increased linearly with the percentage of EFAI-SBAS in H-MFI. The rates of overall cracking
and dehydrogenation (793K) on EFAI-SBAS were 52 and 84-times higher than that on I-SBAS,
respectively. The higher rates for pentane cracking and dehydrogenation on EFAI-SBAS are
attributed to the stabilization of the transition states via a higher activation entropy. For all
reaction pathways the higher activity is related to a later transition state. Identical increments
from I-SBAS to EFAI-SBAS are observed in the transition state activation energy and entropy
for the C1+C4~ and C3+C>~ cracking pathways. The formation of the C2-carbenium ion like
transition state in these two pathways requires larger space for its configurational stabilization

and is more sensitive to the spatial constraints provided by the EFAI-SBAS. This enhancement
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of constraint is independent of the location of the site pair in the MFI pore structure. We
currently probe to what extent it depends on the chemical nature of the constraining oxide

nanocluster.
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Supplementary Figure 3.1. Concentration of products in different reaction pathways at different
contact time (1-2% pentane conversion) in H-MFI-15(43%) sample at 793K.

The products concentration of pentane cracking and dehydrogenation increased with the contact
time. The slop value of the line is the initial rate, which is attained after extrapolation the line
to 0 contact time. Initial rate was used to calculate the activation energy and entropy, which

were in consistent with values in the literatures [1, 2].
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Supplementary Figure 3.2. IR spectra of OH stretching vibration region of 3700 to 3200 cm™ for A)
H-MFI-15(0%) and B) H-MFI1-15(43%) after pentane being adsorbed at different equilibrium pressures
of 0.002 (1), 0.01 (2), 0.05 (3), 0.12 (4), 0.25 (5), 0.44 (6), and 0.85 (7) mbar. The lines indicate an
increasing loss or gain in intensity of the IR bands with increasing pentane pressures from 0.002 to 0.85

mbar.
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Supplementary Figure 3.3. The change of pentane uptake with the coverage of BAS-OH in H-MFI-
15(0%) A) and H-MFI-15(43%) B) in IR spectra after pentane being adsorbed from 0.002 to 0.85 mbar
equilibrium pressures. Pentane uptake is represented by the sum of area of C-H stretching vibration
between 2677 and 3097 cm™* and C-H deformation vibration at 1470 and 1380 cm™!; coverage of BAS-

OH is represented by the area loss of the band centered at 3610 cm™.

Pentane was adsorbed on BAS with 1:1 stoichiometry in H-MFI-15 up to 30% BAS-OH

coverage and above 30% coverage more pentane was adsorbed per BAS.
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Supplementary Figure 3.4. The change of wavenumber of perturbed BAS-OH peak with the coverage
of BAS-OH in H-MFI-15(0%) A) and H-MFI-15(43%) B) in IR spectra after pentane being adsorbed

from 0.002 to 0.85 mbar equilibrium pressure.

On H-MFI1-15(0%), the wavenumber of perturbed BAS-OH peak was about 3489 cm™ before
30% BAS-OH coverage, and after 30% BAS-OH coverage, the perturbed OH band
wavenumber was red-shift. On H-MFI-15(43%), the wavenumber of perturbed BAS-OH peak
was about between 3491 and 3492 cm™ before 30% BAS-OH coverage, and after 30% BAS-

OH coverage, the perturbed OH band wavenumber was red-shift.
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Supplementary Figure 3.5. The correlation of the peak intensity between perturbed BAS-OH and
perturbed EFAI-OH of H-MFI-15(43%) in IR spectra after pentane being adsorbed from 0.02 to 0.87

mbar equilibrium pressures.
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Supplementary Figure 3.6. Pentane cracking rate (per SBAS) of C1+C,4~ pathway as function of EFAI-
SBAS percentage in the H-MFI-15 samples at 793 K reaction temperature and 0.025 mbar pentane
partial pressure. (The round points are the measured TOF of the samples with different percentage of
EFAI-SBAS and the square point is the TOF of EFAI-SBAS by extrapolation of the regressed line to
100% EFAI-SBAS).
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Supplementary Figure 3.7. First-order reaction of overall cracking A) and dehydrogenation B) on I-
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Supplementary Figure 3.8. First-order reaction of C:+C,~ cracking pathway A), C»+Cs™ cracking
pathway B), and Cs+C,™ cracking pathway C) on I-SBAS (m) and EFAI-SBAS (e) of H-MFI. First order
reaction is found in all the cracking pathways on both I-SBAS and EFAI-SBAS sites at 793 K, which is

summarized in supplementary Table 3.3.
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Supplementary Figure 3.9.The diagram of energy A), entropy B) and Gibbs free energy C) for C,1+C4™
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in zeolite is labeled as SIOHAL. All species, except for those denoted with (g), are in the zeolite pore.

The temperature for Gibbs free energy is 793 K.
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Supplementary Table 3.1. Turnover frequency (TOF) of pentane cracking and dehydrogenation in H-
MFI1-15 samples with different percentage of EFAI-SBAS (T = 793 K).

TOF [10° s7]

Sample

C1+Cs™ Co+C3™ C3+Cy™ overall2 dehyd.p C/D®
H-MFI-15(0%) 0.5+0.01 0.7+0.01 0.3+0.01 1.4+0.02 1.0£0.03 15
H-MFI-15(4%) 1.5+0.1 2.5+0.07 0.9£0.04 4.910.2 4.31£0.21 11
H-MFI-15(5%) 2.9+0.03 3.5£0.02 1.5+0.01 7.9+0.06 8.0+0.11 1.0
H-MFI-15(9%) 2.0£0.12 3.9+0.07 1.4+0.02 7.3£0.21 6.3£0.41 1.2
H-MFI-15(19%) 6.7+0.02 7.8+0.03 3.80.07 18.3+0.08 18.1+0.34 1.0
H-MFI1-15(30%) 6.6+0.12 9.7£0.22 3.8+0.08 20.1+0.36 20.8+0.41 1.0
H-MFI-15(33%) 8.8+0.05 11.0+0.32 4.7£0.33 24.5+0.67 27.3£0.3 0.9
H-MFI1-15(43%) 12.3+£0.05 15.2+0.29 6.0+0.05 33.6+0.26 38.5£0.44 0.9

%overall cracking. ®dehydrogenation. overall cracking TOF / dehydrogenation TOF.

Supplementary Table 3.2. Turnover frequency (TOF) of pentane cracking and dehydrogenation in H-
MFI samples with different percentage of EFAI-SBAS (T = 763 K).
TOF [103s7]

Sample overall? dehyd.
H-MFI1-15(0%) 0.6x0.01 0.3x0.01
H-MF1-40(0%) 0.740.03 0.5£0.03
H-MFI1-40(1%)° 1.120.02 0.620.01
H-MFI-15(4%) 1.9+0.12 1.5+0.05
H-MF1-15(5%)¢ 3.3£0.05 2.9+0.04
H-MFI1-15(9%) 3.0+£0.03 2.2+0.03
H-MFI-15(19%) 7.8+£0.19 6.2+0.06
H-MFI-15(23%)° 5.4 5.3
H-MFI-15(30%) 8.3+0.36 7.4+0.08
H-MFI-15(33%) 9.6+0.42 9.5+0.02
H-MFI1-15(43%) 12.3+£0.29 12.7+0.11

soverall cracking. ’dehydrogenation. ¢ H-MFI-40(1%) derived from steaming of H-MF1-40(0%) at 100
kPa and 723 K for 1 h. ¢ H-MFI-15(5%) derived from steaming of H-MFI-15(0%) at 100 kPa and 723
K for 1 h. ¢ H-MFI-15(23%) derived from the literature [1] by static calcination (no flow of gas, ambient

air present) of H-MFI-15.
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Supplementary Table 3.3. Reaction order of reaction pathways for I-SBAS and EFAI-SBAS in H-MFI-15 samples; uncertainties are taken as 95% confidence

interval.

Reaction order
Ci+Cy” Co+Cs™ Ca+Cy™ overall? dehyd.?

Active sites

I-SBAS 0.97+0.1 0.99+0.1 0.99+0.1 0.99+0.1 0.97+0.1
EFAI-SBAS 0.95+0.01 0.97+0.01 0.97+0.01 0.96+0.01 0.95+0.01

aoverall cracking.bdehydrogenation.

Supplementary Table 3.4. TOF of pentane cracking and dehydrogenation on I-SBAS and EFAI-SBAS in H-MFI-15 samples (793-753 K).

Temperature TOF, I-sBAs [10-3 s TOF, erFal-sBAS [10_3 s
[K] Ci1+Cs™ Cot+Cs™ Cs+Co™ overall? dehyd. Ci1+Cs™ Cot+Cs™ Cs+C2™ overall dehyd.
793 0.46 £ 0.01¢ 0.70+0.01 0.26 +0.01 1.42 £0.02 0.97 £0.03 263+15 335+10 139107 74+3 82+t4
783 0.34+0.01 0.55+0.01 0.19+0.01 1.07+0.01 0.69 +£0.02 178+10 248+08 95+06 52+2 562
773 0.25+£0.01 0.42£0.01 0.14 £0.01 0.81 £0.02 0.48 £0.02 124 +0.7 187+08 6.7x04 38+2 372
763 0.18 £0.01 0.33+£0.01 0.11+0.01 0.62 £0.01 0.34+0.01 8.9+05 146+0.7 50+03 28+1 28+1
753 0.13+£0.01 0.25+£0.01 0.08+0.01 0.46 £0.01 0.24+0.01 6.4+13 11.2+06 3.6%0.3 21+1 20+ 1

3overall cracking. Pdehydrogenation. cUncertainties are taken as 95% confidence interval.
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Supplementary Table 3.5. The apparent activation energy, entropy and Gibbs free energy of cracking and dehydrogenation for I-SBAS and EFAI-SBAS in H-

MFI-15 samples (T = 793 K).

Eat app (kJ mol?)

AS* 4pp (3 Mol *K'Y)

Active site Ci+Cs Cy+Cs Ci +C; overal?  dehyd.? Ci+Cs C+Cs C3+Cy overall  dehyd.
I-SBAS 155+1 128+1 146+2 139+1 174+2 -95+2 -126+1  -112+3 -111+1 -79%2
EFAI-SBAS 174+6  135+4 167+5 154+5 174+5 37+7 -84+5 52 +7 60+6 -42+7

agverall cracking. "dehydrogenation.

Supplementary Table 3.6. Rate of pentane cracking and dehydrogenation in H-MFI-15(0%) and H-MFI-15(5%) (T = 793 K)

Sample Rate [10-5 mol st g7]
C1+Cs™ Cot+Cs™ Cs+C2™ overall? dehyd. C/D¢
H-MFI-15 (0%) 0.20+0.01 0.31+0.01 0.12+0.01 0.63+£0.01 0.43+0.01 15
H-MFI1-15(5%) 0.75+0.01 0.92+0.01 0.39+0.01 2.10+0.02 2.08+0.03 1.0

soverall cracking. °dehydrogenation. coverall cracking rate / dehydrogenation rate.
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Chapter 4

Improvement of ethene dimerization on H-MFI zeolite by
proximity of extra-framework aluminum oxide and Brgnsted acid

sites

This chapter is based on:

Yang Zhang, Yue Liu*, Ricardo Bermejo-Deval*, and Johannes A. Lercher*, “Improvement
of ethene dimerization on H-MFI zeolite by proximity of extra-framework aluminum oxide and

Brgnsted acid sites”, in preparation, 2018.

ABSTRACT: The activity of ethene dimerization on a strong Brgnsted acid site in H-MFI
zeolites is improved by the presence of extra-framework aluminum oxide in spatial proximity.
The TOF of ethene dimerization for this strong Brensted acid site is 3 times higher than isolated
strong Bransted acid site. First order reaction for ethene conversion is observed on the two types
of strong Brensted acid sites and formation of ethoxide by adsorption of gaseous ethene is
suggested as the rate determining step. The strong Brgnsted acid site with extra-framework
aluminum oxide in spatial proximity decreases activation enthalpy and activation entropy in the
ethoxide formation step, which leads to a later transition state for ethoxide formation on strong
Brgnsted acid site with extra-framework aluminum oxide with respect to the isolated strong
Brgnsted acid site. EFAI in the H-MFI can stabilize the catalyst and prevent the deactivation of
the active sites. This study suggests that activity of C-C bond formation and selectivity of the

products can be tuned by the local environment of the active site within a zeolite micropores.
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4.1. Introduction

Catalytic dimerization and oligomerization of light alkenes on zeolites has become a very
important pathway to produce gasoline range hydrocarbons with high octane number [1-4]. It
has been extensively studied that the reaction activities of dimerization of alkenes on different
zeolites are greatly influenced by the size, shape of channels and cavities surrounding the solid
Brgnsted acid site (BAS) of zeolites [5-7].

Alkene can be adsorbed on the BAS of zeolite by physisorption and chemisorption [8-15]. The
adsorption process of 2-pentene on the BAS is illustrated in Figure 4.1 [9]. Firstly, 2-pentene is
physisorbed in the zeolite channel via van der Waals force. And then 2-pentene is adsorbed on
BAS by hydrogen bonding between carbon-carbon double bond and the BAS. Consecutively,
the hydrogen bonded pentene is protonated and chemisorbed on the BAS to form carbenium

ion or alkoxide.

o +
OO O 0 o_ _0 0 0 o  _o: 0 o, _0 0 0
AN Ssi” A s N S N i W s
/ / / / 2 SURSVAR NURVIAN
0 00 0d o Jd % d % d % d >N d % d % 0 o 06 0 d o
Pentene is physisorbed Hydrogen bonding carbenium ion pentoxide
on zeolite pore between BAS and pentene

Figure 4.1. Adsorbed 2-pentene species on the BAS of zeolite.

The adsorption of alkanes on BAS of zeolites has been studied largely [16-22]. However,
adsorption of alkenes on BAS of zeolites can occur together with fast reactions, such as
isomerization, dimerization and oligomerization, even at low temperatures, leading to it
difficult to attain adsorption enthalpy and entropy of alkene by experiment methods [8, 9].
Therefore, the theory methods have been greatly used to calculate the adsorption enthalpy and
entropy of alkenes on the zeolites [8, 23]. Physisorption heat of alkene is increased with the
decreased zeolite pore size on H-FAU, H-BEA, H-MOR and H-ZSM-5. While, the zeolites
with higher van der Waals stabilization in the pores usually have higher chemisorption heat for
the formation of alkoxide [8].
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However, the theoretical calculated physisorption and chemisorption energy vary with the
selected zeolite model and calculations methods [24, 25]. In addition, the steric effect of the
pore wall to the active site and also the special geometric properties of the zeolite are usually
neglected in the theory calculation. Some researchers tried to measure the adsorption energy of
alkenes in zeolites by experiments [9, 14]. Van Hooff et al. [14] proposed energy of the
hydrogen-bonded ethene molecule on the BAS of H-MFI zeolite to be 38 kJ mol™. While,
Giuseppe et al. [11] splitted this energy to energy contributed from van der Waals interaction
(22 kJ mol) and pure hydrogen-bonding interaction (16 kJ mol™ ). Stefan et al. [9] measured
physisorption and chemisorption energy of 2-pentene on H-MFI zeolite via IR and calorimetric
methods. Silicalite-1 has similar structure as the H-MFI, but without BAS. Thus, the differential
heat of adsorption of 2-pentene on silicalite-1 (—56 kJ mol™?) can be employed to measure the
physisorption heat of 2-pentene on the pore walls of H-MFI. The channel size of H-FER (0.54
% 0.42 nm) is smaller than that of H-MFI (0.56 x 0.53 nm), hindering the formation of alkoxide
and dimerization products. In addition, the acid strength of H-FER is similar with that of H-
MFI. Therefore, the adsorption enthalpy of 2-pentene on H-FER (—56 kJ mol™?) can be used to
calculate the enthalpy from hydrogen bonding of 2-pentene on H-MFI. The heat of adsorption
of 2-pentene was measured to be —285 kJ mol?, combining with the known energy of
dimerization of 2-pentene (—88 kJ mol™?), dispersion forces (—120 kJ mol™), hydrogen bonding
(-36 kJ mol?) of the C10 dimer, the energy from the hydrogen bonding to the alkoxide (-41 kJ
mol™) of 2-pentene on H-MFI zeolite can be attained.

Two reaction mechanism of alkene dimerization on BAS of zeolite is proposed: Stepwise and

concerted reaction mechanism.
Stepwise reaction mechanism:

Two steps are observed in the stepwise reaction mechanism: The first step is that one gaseous
alkene is coordinated with the BAS via = bonding. After it crosses carbenium ion like transition
state, an alkoxide is formed. In the second step, the second gaseous ethene is physisorbed in the
zeolite channel and reacts with the already formed alkoxide. The new C-C bond is formed at
the second transition state. At least two kinds of products are possibly formed: the first
possibility is that the dimerized carbenium ion like transition state is deprotonated immediately
to form a neutral alkene product and the second possibility is formation of alkoxide by

coordination of the charged carbon atom to a zeolite oxygen [26].
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Concerted reaction mechanism:

However, the alkoxide is not observed in some alkene dimerization studies. Theory study
attributed it to be the concerted reaction mechanism: One gaseous alkene is physisorbed on the
BAS to form © complex. After that, instead of formation of an alkoxide, second gaseous alkene
is physisorbed next to the first ® bonded alkene. In the transition state, one of the carbon atoms
of the m bonded alkene is attacked by proton of BAS in the zeolite and the other carbon of the
nbonded alkene is attacked by the r-electrons of the second physisorbed alkene simultaneously.
Therefore, a new C-C bond is formed [26-28].

Stepwise reaction mechanism is evidenced by the formation of the alkoxide [7, 11, 29]. Iglesia
et al. [7] found that after propene adsorption on the H-MFI and H-TON (10 kPa and 503 K),
the hydrogen bonded propene was not observed in the IR. However, the new bands at 1365-
1370 cm™, which are attributed to the structural vibration of the C-O in secondary and primary
propoxide species at the T-12 location in MFI and T-3 location in TON, were observed. In
addition, new bands at the region in between 1500-1450 cm, attributed to the —CnHzn+1. Both
phenomena can evidence that the propoxide intermediate was produced on H-MFI and H-TON
after propene was adsorbed on the BAS. Giuseppe et al. [11] studied ethene adsorption on H-
ZSM-5 through IR. At very short dosing time (below 10 s), hydrogen bonded ethene on BAS
was observed on the 3620 cm™ and the ethoxide became dominant between 10-30 s and the

trimer and oligomers were formed after 30 s.

However, in some other studies the alkoxide was not directly observed [10]. Domen et al. [10]
studied adsorption and reactions of 2-methyl-propene on Mordenite via IR. The dimerization
product of 2, 4, 4-trimethyl-2-pentoxy species was observed by IR, however, the reaction
intermediate of 2-methyl-2-propoxy was not observed. Trombetta et al. [30] studied the 1-
butene or trans-2-butene oligomerization and no alkoxide was observed. The unobserved

alkoxide intermediate can be explained by the concerted reaction mechanism.

Another significant issue is that deactivation of zeolites often occured during the hydrocarbon
transformation [31-35]. Alkane and alkene cracking and dehydrogenation activities were quite
stable in zeolites, while, faster deactivation of the active sites of the zeolites were observed

during alkene oligomerization, hindering its application in the alkene dimerization [31, 36, 37].
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Lin et al. [31] reported that the conversion of ethene dimerization on H-MFI zeolite decreased
from 60 to 20 % after 60 h reaction and the deactivation was largely from the carbon deposition
on the active site. The zeolite could be regenerated in the O gas flow. Mlinar et al. [36] showed
that the activity of propene dimerization on the H-MFI zeolite decreased to 85% of the initial
activity even though only 10% propene conversion was used. In addition, EFAI has been
reported to be adverse influence on the stability of the zeolites in the hydrocarbon conversion
[37, 38]. Wang et al. [37] showed that deactivation of H-MFI zeolite increased concurrent with
EFAI content in the zeolite in the hexane cracking. Sami et al. [38] mentioned that all the H-
MFI and steamed H-MFI zeolites deactivated in the initial period of methanol conversion. The
severe dealuminated zeolite deactivated more rapidly and severely than the parent H-MFI
zeolite and even completely deactivated in the methanol conversion. The EFAI was considered

to block access of the reactant to the active site of zeolite [4].

The promoted effect of EFAI on BAS in the catalytic cracking of alkanes have been largely
studied. However, the influence of EFAI in the elementary steps of alkene adsorption and
reaction on BAS as well as in the BAS stability is not understood. The knowledge about the
energy barrier on these steps on I-SBAS and EFAI-SBAS is lacking. Therefore, in this study,
two H-MFI-15 samples with different percentage of EFAI-SBAS and I-SBAS were used in the
reaction of ethene dimerization. Infrared spectra and kinetic measurement will be explored to

measure the nature and energy barrier of the states on the two sites.

4.2. Experimental
4.2.1. IR spectroscopy of adsorbed ethene

IR spectra with ethene as probe molecule on zeolite were carried at same ethene and N flow
rate as the kinetic measurement. The catalysts were pressed into self-supporting wafers and
activated in N flow (100 ml min™) at 723 K for 1 h prior to ethene adsorption. After the samples
were cooled to 513 K, ethene was dosed onto the activated samples with the N> flow. All the spectra

were collected at 513 K.

4.2.2. Catalyst test
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Dimerization of ethene was performed in a quartz tube plug flow reactor with an inner diameter
of 6 mm at atmospheric pressure. The samples were pressed and sieved into 210-315 um
particles before loaded into the reactor. The catalysts were activated in 100 ml min synthetic
air flow at 803 K for 3 h, followed by flushing with 100 ml min* N flow for 4 h at target
reaction temperature. Low reaction temperatures (between 493 and 523 K) and low ethene
partial pressures (20-50 mbar) were employed to reduce P cracking of ethene. Ethene was fed
by passing through N in the total flow 100 ml min and ethene partial pressure was achieved
by changing the ratio of ethene and Nz in the mixture. Low ethene conversion (below 1.3%)
was maintained to prevent formation of larger alkenes, which usually deactivates the catalyst.
The reactor effluents were identified by a gas chromatograph and a flame ionization detector
for online analysis. Rate normalized to catalyst weight and turnover frequency (TOF)
normalized to SBAS concentration of formation of products were applied to evaluate the

catalyst performance.

4.3. Results and discussions
4.3.1. Adsorption properties of ethene on BAS of H-MFI

The percentage and concentration of EFAI-SBAS and I-SBAS sites on the H-MFI-15(0%) and
H-MFI1-15(43%) samples are quantified using the method reported in the chapter 2, which are

summarized in Table 4.1.

Table 4.1. Physiochemical properties of H-MFI-15(0%) and H-MF1-15(43%).

Acid site concentration [umol g EFAI-SBAS/SBAS \Y/

Loa
micro
Sample BASP SBASP LASP EFAI-SBAS I-SBAS [100%)] [cm? g7]
H-MFI-15(0%)" 511 442 27 0 442 0 0.16
H-MFI-15(43%)° 209 67 193 29 38 43 0.14

aThe micropore volume of samples were measured by N adsorption. "Determined by IR spectroscopy
of adsorbed pyridine; after equilibration 423 K, desorption at 423 K for BAS and LAS and desorption
at 723 K for SBAS. CH-MFI-15(0%) was attained by AHFS treatment from the parent H-MFI-15 zeolite.

dH-MFI-15(43%) are attained by steaming of the parent H-MFI-15 zeolite.

Figure 4.2 illustrates IR spectra of OH stretching vibration region of 3850 to 1350 cm™ for H-
MFI1-15(0%) and H-MFI-15(43%) via adsorption of ethene at the same conditions as the kinetic
measurement (50 mbar and 513 K). On the H-MFI-15(0%), 11.4 and 16.2% of BAS (BAS-OH

at 3610 cm™*) was covered after 1 and 3 min ethene adsorption. The BAS cannot be fully (Figure
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4.2 A). A broad perturbed BAS band (3610 cm™) at 3220 cm™ was not observed, indicating
that no hydrogen precursor of BAS (CH2=CH2~OHSIiAl) was formed [11]. Several new peaks
attributed to CHz and CH2 groups were observed at 3044-2725 and 1566-1351 cm™ Figure 4.3),
suggesting that all the adsorbed ethene were protonated by the BAS to form chemisorbed
alkoxide (-O-CnH2n+1) [7, 11]. The same phenomena were also detected on the H-MFI-15(43%)
(Figure 4.2 B) and only 34 and 43% BAS was covered by ethene after 1 and 3 min adsorption.
In addition, the peak of EFAI hydroxyl group (EFAI-OH) at 3660 cm™ decreased and its
perturbation band by the ethene at 3369 cm™ were not observed [11], therefore, the decrease of
the EFAI-OH was the result of chemisorption of ethene on the EFAI-OH groups. These results
make us to assume that ethene chemisorbed on the EFAI-SBAS interacted with EFAI-OH and
BAS-OH simultaneously on the H-MFI-15(43%) sample.
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Figure 4.2. IR spectra of OH stretching vibration region of 3850 to 1350 cm™ for H-MFI-15(0%) A)

and H-MFI-15(43%) B) after ethene being adsorbed for 1 (blue line) and 3 (red line) min at 50 mbar
and 513 K.
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Figure 4.3. IR difference spectra of OH stretching vibration region of 3850 to 1350 cm for H-MFI-
15(0%) A) and H-MFI-15(43%) B) between the adsorption spectrum measured after ethene being

adsorbed for 1 (black line) and 3 (red line) min at 50 mbar and the spectrum before adsorption of ethene
at 513 K.
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4.3.2. Catalytic performance of ethene dimerization on I-SBAS and EFAI-SBAS

Ethene dimerization reaction was used to evaluate the catalytic performance of H-MFI-15
samples with 0 and 43% EFAI-SBAS. The products with carbon numbers from 3 to 6 were
detected even at low ethene conversion of 0.1%, indicating that the secondary reactions for
ethene dimerization were unavoidable, taking place even at low ethene conversions. Larger
alkene molecules were not observed at ethene conversions below 1.3%. As no heptene and
octene were detected in the products, formation of pentene from the B scission of decene was
impractical and it was only as the result of dimerization of ethene and propene. Pathways for
ethene reaction at low conversion on a zeolite are proposed in scheme 4.1: primary reaction for
dimerization of two ethene molecules (CsHg pathway) and three secondary reactions for
coordinative reaction of ethene and buthene (CeHi> pathway), B scission of hexene (CsHg

pathway) and coordinative reaction of ethene and propene (CsH1o pathway).

2C;H4 — C4Hg (1)
CzHy+ C4Hg — CeHyp 2)
CeHiz — 2C3Hg (3)
CzHs+ C3Hg — CsHyo (4)

Scheme 4.1: Proposed reaction pathways for ethene dimerization on a zeolite.

Ethene reaction conversion increased initially and then kept constant on both H-MFI-15(0%)
and H-MFI-15(43%) (Supplementary Figure 4.1). The conversion did not vary with prolonged
time on stream and the data in this steady state was employed for the kinetic analysis. As ethene
was converted in three pathways: CsHsg (1), CeH12 (2) and CsHio (4) pathways, so ethene
conversion rate is the sum of the three pathways as shown in Equation (1) and ethene conversion

rate in different pathways can be attained by using Equation (2).

Rate; = Rate(yy + Rate(,y + Rate, 1)
_ "™
Rate, = —— X Rate,, (2

in which, the Rate; and Rate() are the ethene total conversion rate and conversion rate in
different pathways, ntand n) are ethene total converted molar concentration and converted

molar concentration in different pathways.
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The ture molar concentration of CgsHi2» was calculated from the sum of observed molar

concentration of CeH12 and the molar concentration of CsH12 converted to CsHe via B scission

CCGle,ture = CC6H12,observed + CC6H12,Converted (3)

The ture molar concentration of CsHg was calculated from the sum of observed molar
concentration of CsHs and molar concentration of CsHs converted to CsHi2 by secondary

reaction with CoHa.

CC4H8,ture = CC4H8,observed + CC4H8,converted (4)

The molar concentration of C2Hs consumed in CsHg, CsH12 and CsHio pathways was derived
from the ture molar concentration of C4Hs, CeH12 and CsHio, respectively.

Table 4.2. Ethene conversion TOF in different pathways on H-MFI-15 (0%) and H-MFI-15(43%0)
at 40 mbar ethene partial pressure and 493 K.

Ethene conversion TOF in different pathways [10'3 s

STl Total CsHs CsHio CeH12
H-MFI-15 (0%) 0.690 + 0.006 0.524 + 0.004 0.0532 +0.0012 0.113 +£0.001
H-MFI1-15(43%) 1.13+0.04 0.878 +0.028 0.0476 + 0.0065 0.204 +0.013

Table 4.2 shows TOF of ethene conversion in different pathways on H-MFI-15(0%) and H-
MFI-15(43%) at 40 mbar ethene partial pressure and 493 K. The ethene conversion TOF on H-
MFI-15(43%) is approximately two times higher than that on H-MFI-15(0%), indicating that
the EFAI-SBAS has a higher activity of ethene conversion than I-SBAS. The increased trend is
also observed in CsHgand CsH12 pathways, except CsHio pathway, in which the H-MFI-15(43%)

has smaller rate.

The ethene conversion TOF of H-MFI-15(0%) with only I-SBAS, is considered as the TOF of
I-SBAS ((0.690 + 0.006) x 103s1). The weight normalized ethene conversion rate on H-MFI-
15(43%) is contributed by the rate on both I-SBAS and EFAI-SBAS. Using the readily obtained
I-SBAS TOF and the concentrations of I-SBAS and EFAI-SBAS in H-MFI-15(43%), the TOF
of EFAI-SBAS in H-MFI1-15(43%) was obtained as (1.71 + 0.01) x 103 s by Equation (5) at
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493 K. The TOF of EFAI-SBAS is approximately three times higher than that of I-SBAS at 493
K(Table 4.3).

Rate y_mri-1543%) = TOF1-sBas X C 1-spas + TOF grai-sBas X C gral-sBas ©)

Here, Rate H-mri-15(43%) IS the weight normalized ethene conversion rate on H-MFI-15(43%), C
eral-seas and C 1.seas are the concentration of EFAI-SBAS and I-SBAS on H-MFI-15(43%),

respectively.

Table 4.3. The TOF, apparent activation energy, entropy and Gibbs free energy of ethene
conversion for I-SBAS and EFAI-SBAS (493 K and 40 mbar).

Active site TOF, Eat app AS* app AGH app
[10'3 s7] [kJ mol] [J moliK?] [kJ mol?]

I-SBAS 0.690 + 0.006* 701 -150+1 142 +1
EFAI-SBAS 1.71+0.10 48+ 1 -187+1 139+1

quncertainties are taken as 95% confidence interval.

0.008

0.00649  @EFALSBAS

0.0048 1  WI-SBAS -~

0.0032 1

0.0024 1

TOF [s!]

0.0016 - -

0.0008 T T
0.02 0.035 0.05 0.065

Ethene pressure [bar]

Figure 4.4. First-order reaction of ethene conversion on I-SBAS (m) and EFAI-SBAS (e) of H-MFI-15
(30-50 mbar).
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Ethene conversion TOF has a good correlation with the ethene partial pressures (20-50 mbar,
513 K) on both H-MFI-15(0%) and H-MFI-15(43%) (Supplementary Figure 4.2). Similar
correlation are also found on both I-SBAS and EFAI-SBAS (Figure 4.4), indicating that the

first order reaction of ethene conversion occurs on both sites.

4.3.3. Elementary steps for ethene conversion on H-MFI.

Step 1. Ethene adsorption on BAS

H

b o
e T e CH,
dNdNIN

(HZ)
Step 2. C-C bond formation

$2H5
g / ~a /O\ ~
Si + C,Hy

VAV WA

Step 3. Buthene desorption from BAS

C4H,
\/\/\/

ININ N

C,H;
b
Sal N /

ININ

(CoH5-Z)

%/
-\

C,H,
~a /O\ /

I\ I\

(C4HM-2)

N,/
-\

H
\/(5\/\/

ININ I\

Scheme 4.1. Proposed elementary steps for ethene conversion on BAS of zeolite. In which, ki, k-1 and

ko are the adsorption, desorption and reaction rate constant of ethene on the BAS respectively.
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Scheme 4.1 shows proposed elementary steps for ethene conversion on BAS of H-MFI. Proton
of BAS approaches one of carbon in the ethene and second carbon of the ethene draws near to
second oxygen in the zeolite [27]. Eventually, ethene is adsorbed on the BAS in the zeolite via
quasi-equilibrium with formed chemisorbed ethoxide, which is covalently bonded between
ethene and the BAS (Step 1, Scheme 4.1). A hydrogen boned ethene is not illustrated as fast
and complete transformation of the ethene to alkoxide has been already evidenced by the IR of

adsorption of ethene in the section 4.3.1

The overall reaction rate is the rate of formation of the butoxide (CsHg(*)-z) and it can be written
as following. The detail deduction can be seen in the Supplementary Note 1.

k4P
15CoHy (6)
[k1PC2H4_ +k_1+ kZPC2H4]

Ratemeas = koCyzPe,n, X
As the BAS was not fully covered, the reaction of ethoxide and gaseous ethene cannot be the
rate determining step (Supplementary Note 1). The formation of ethoxide by the adsorption of
gaseous ethene on the BAS in the zeolite (Step 1, Scheme 4.1) is suggested as the rate
determining step, so kiPc.H., k1 « k2 Pc,H.,. Most of the BAS is unoccupied, so the Cnz is close

to unit. The reaction rate can be rewritten as:

Rateyeas = k1PCZH4 (7)

Therefore, the step of the formation of ethoxide by adsorption of ethene on BAS is evidenced

to be the rate determining step.

The TOF of ethene conversion on I-SBAS and EFAI-SBAS sites at different temperatures
(Supplementary Table 4.1) were used to calculate apparent activation energy (Ea*app) and
apparent activation entropy (AS* app) (Table 4.3). As the step of the formation of ethoxide is the
rate determining step, so the Ea* app and AS* app represent the barrier from gaseous ethene to the
transition state for formation of ethoxide. The AS* app On I-SBAS (-187+ 1 J mol*K™Y) is lower
than that on EFAI-SBAS(-150 + 1 J mol*K™), indicating that entropic destabilization of the
transition state for the formation of ethoxide is existed on EFAI-SBAS and that the transition
state for the formation of ethoxide on EFAI-SBAS is later than that on I-SBAS.
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The Eat app 0N I-SBAS is 70 kJ mol™?, which is in the range reported by the theory estimation
[26]. The Ea*app 0n EFAI-SBAS is lower than that on I-SBAS, suggesting that an enthalpic
stabilization of the transition state for the formation of ethoxide on the EFAI-SBAS with respect
to I-SBAS, which overcompensates the entropic destabilization of the transition state on EFAI-
SBAS, leading to higher ethene dimerization rate on EFAI-SBAS than on I-SBAS.

4.3.4. Impact of EFAI on the deactivation of catalyst.

The BAS did not deactivate on both H-MFI-15(0%) and H-MFI-15(43%) at low ethene
conversion (Supplementary Figure 4.1). However, deactivation of the two samples was
observed at high conversion in Figure 4.5. To compare the deactivation of I-SBAS and EFAI-
SBAS, similar initial conversion (approximately 8%) was assured by varying the catalyst
weight on H-MFI-15(0%) and H-MFI-15(30%). Two sections were observed for the
deactivation of the catalysts. The conversion decreased quickly at section 1 (4 h) on both H-
MFI-15(0%) and H-MFI-15(30%), thereafter (at section 2), it decreased slowly with time on
stream (TOS) and dropped to 2.5% after 49 h TOS on H-MFI-15(0%), while, the conversion
keeps constant at 2.8% with the TOS on H-MFI-15(30%). It indicates that EFAI can prevent

the deactivation of the H-MFI zeolites at high ethene conversion and longer reaction period.

Coke formed in the alkene conversion usually induces the blockage of the pore or the active
sites of the catalyst [39, 40]. As the ethene conversion decrease linearly with TOS in the section
1 on H-MFI-15(0%) and H-MFI-15(30%), therefore, the blockage of the pore by coke on H-
H-MFI-15(0%) and MFI-15(30%) is excluded.

At high conversions, the products above Ce were detected on both H-MFI-15(0%) and H-MFI-
15(30%). At the section 1 of deactivation, the selectivity of CzHe increased and the selectivities
of C4Hs, CsH1oand CsH12 and the products above Ce decreased with the TOS on H-MFI-15(0%)
(Figure 4.6). Similar trends are also observed on H-MFI-15(30%), except the selectivity of the
products above Cs is constant. At section 2 of deactivation, the selectivity of C3Hs is higher on
H-MFI-15(30%) with respect to on H-MFI-15(0%). However, the selectivities of CsHg, CsH1o
and CeH12 on H-MFI-15(30%) are lower than that on H-MFI-15(0%). It reflects that formation
of CzHs through B scission of hexene was preferred on H-MFI-15(30%), as the diffusion of
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larger oligomers (Cs-Cs) to outside of the pore was hindered on the spatial confined EFAI-

SBAS, until smaller alkene was formed via  scission of these oligomers.

The selectivities of C4Hs, CsH10 and CeH12 and the products above Ceg decreased continuously
with the TOS on H-MFI-15(0%) at section 2 of deactivation and the changing trend of these
higher oligomers is consistent with that of ethene conversion on H-MFI-15(0%), therefore it
concludes that the deactivation of the catalysts are caused by the formation of these higher
unsaturated oligomers, which is same with the deactivation of ethene on the NiO-A1,03/SiO>
catalysts [39, 41]. However, the selectivities of these products are stable on the H-MFI-15(30%)
at the section 2 of deactivation and the reason may be that the EFAI can clean these oligomers

adsorbed on the BAS and the BAS becomes free again.
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Figure 4.5. Evolution of ethene conversion with time on stream on 0.10 g H-MFI-15(0%) and 0.19 g
H-MFI 15(30%) at 523 K and 50 mbar ethene partial pressure.
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Figure 4.6. Evolution of product with time on stream on H-MFI-15(0%) A) and H-MFI-15(30%) B) at

523 K and 50 mbar ethene partial pressure.

4.4. Conclusions

Chemisorbed alkoxide (-O-CnH2n+1) was formed by protonation of ethene on BAS at low
coverages at 50 mbar and 513 K by using in situ IR measurement of adsorption of ethene. The
SBAS normalized ethene dimerization rate on EFAI-SBAS is 3 times higher than that on I-
SBAS in H-MFI-15 samples. Ethene conversion follows first order reaction on both I-SBAS
and EFAI-SBAS and the formation of ethoxide step is rate determining step.

The transition state for ethoxide formation on EFAI-SBAS is later with respect to I-SBAS. The

higher rates for ethene dimerization on EFAI-SBAS are attributed to the stabilization of the
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transition state for ethoxide formation via a lower activation energy. EFAI in the H-MFI can
stabilize the catalyst and prevent the deactivaiton of the active site.

4.5 Contributions
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Supplementary Figure 4.1. Conversion of ethene dimerization on H-MFI-15(0%)(e) and H-MFI-
15(43%) (m) (513 K and 40 mbar ethene partial pressure).
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Supplementary Figure 4.2. First-order reaction of ethene conversion TOF on H-MFI-15(0%) (m) and

H-MFI-15(43%) (#)(513 K and 20-50 mbar ethene partial pressure).
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Supplementary Note 4.1. Reaction rate derivation for ethene conversion.
Proposed elementary steps for ethene conversion on BAS of H-MFI is shown in Scheme 4.1.

The concentration of BAS occupied by ethoxide can be written as:
CCZHS(*)—Z = CHZGCZHS(*)—Z 1)

In which, Cc,Hs(*)-z is the concentration of BAS occupied by ethoxide, Chz is the concentration

of BAS, dc.Hs(*)-z is the fraction of BAS occupied by ethoxide.

Butoxide is formed through the reaction between C>HsOSiAl and another ethene molecule in
the channel of zeolite (Step 2, Scheme 4.1). Steady state approximation is applied to the
CoHs(*)-z:

dCcsz(*)—z

dt =1 —T_4—1= kchZ PC2H4 - k_lccsz(*)_Z - kZCCZHS(*)—ZPC2H4 =0 (2)

And CI"IZ = CHZ X (1 - 0C2H5(*)—Z) (3)
Where Pc.H, is the pressure of gaseous ethene and C ‘vz is the concentration of unoccupied
BAS.

The coverage of BAS can be attained as following:

kK1Pc,H
Op 0y = o 4
CoHs V=2 ™ TkyPeymy + ko1 + K2Peyty) @

The overall reaction rate is the rate of formation of the butoxide (C4Hq(*)-z) and it can be written

as following.

kIPC2H4 (5)
K1PcyHy + Ko1+ K2Pcym, ]

Ratemeas =T, = kZCCZHS(*)—ZPCZI'L} = kZCHZPC2H4_ X [
If reaction of ethoxide and ethene is suggested as the rate determining step (Step 2, Scheme
4.1), S0 koPcH, « Kipc,H,, K-1. Most of the BAS is unoccupied, so the Chz is close to unit. The

reaction rate can be rewritten as:
k1PcyH KPc,H
Ratemeas = koPe,y, X 7———2— = kyPc,u, X 72— = k;Pc,n, QCZHS(*)_Z (6)

[k1Pc,H, + k-1] [KPcym, +1]

Where K= k1 / k.1.

107



Chapter 4-Improvement of ethene dimerization on H-MFI zeolite

As the BAS is not fully covered, the reaction order is not 1. As the measured reaction order of
ethene conversion on BAS of H-MFI is 1, so reaction of ethoxide and ethene cannot be the rate

determining step.
If adsorption of gaseous ethene on the BAS in the zeolite (Step 1, Scheme 4.1) is suggested as
the rate determining step, kiPc.H., k-1 « k2 Pc.H,. Most of the BAS is unoccupied, so the Cnzis

close to unit. The reaction rate can be rewritten as:

Rateyeas = k1PC2H4 (7)
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Supplementary Table 4.1. TOF of ethene conversion on I-SBAS and EFAI-SBAS(493-523 K).

Temperature TOFiso-sBAs TOFeral-seas
[K] [10° 5] [10° 5]
493 0.690+0.006 1.71+0.10
503 1.047+0.007 2.20+0.09
513 1.437+0.017 2.51+0.04
523 1.825+0.005 3.43+0.17

aUncertainties are taken as 95% confidence interval.
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Chapter 5

5. Summary and conclusions

The aim of this thesis is to investigate the influence of the local environment of Brgnsted acid
sites by the extra-framework aluminum oxide in close proximity on the hydrocarbon
transformation activities. In addition, the effect of Brgnsted acid sites with the extra-framework
aluminum oxide in close proximity on the alkene-derived intermediates or carbenium ion like
transition state, which are often involved in the hydrocarbon transform reactions (such as C-C
formation and cleavage), are also explored. Pentane cracking and ethene dimerization are chose
as model reactions. This research may provide some clues to design new catalysts via modifying

the structure of Brensted acid sites and applied in the hydrocarbon transformation reactions.

The EFAI content in H-MFI zeolites can be tuned by steaming and AHFS treatment. Steaming
temperatures, duration and partial pressures are changed to attain the zeolites with different
percentage of EFAI-SBAS and mild steaming condition is beneficial to produce high
percentage of this pair site. Some technigues, such as NMR, XANES, EXAFS and IR can
evidence that the Al is removed from the framework and EFAI is formed. The EFAI at 3660
cmt is evidenced to be in close proximity to the SBAS by perturbation of EFAI-OH group by
the adjacent BAS after adsorption of pyridine in the IR spectra. Based on this perturbation, the

percentage and concentration of EFAI-SBAS in all the SBAS can be determined.

The EFAI-OH group is also perturbed by BAS upon adsorption of pentane in the IR spectra,
which has lower acid strength than the BAS. Even so, the EFAI-SBAS has same binding
strength with pentane with respect to isolated SBAS, which is evidenced by the similar
adsorption equilibrium adsorption constant, adsorption enthalpy and entropy on the two sites.
Pentane reaction TOF has a good linear correlation with the percentage of EFAI-SBAS in all
the reaction pathways: cracking and dehydrogenation. Pentane overall cracking and
dehydrogenation TOF on EFAI-SBAS are 50 and 80 times higher than that on I-SBAS
respectively. The parent zeolite has the same EFAI-SBAS as the EFAI-SBAS created by

109



Chapter 5 -Summary and conclusions

steaming treatment and this site can also be created by H-MFI zeolite with different Si/Al ratio.
The other dealumination methods can also produce the EFAI-SBAS, such as static calcination.

A first order reaction is observed in all the reaction pathways, which follows the carbonium ion
reaction mechanism. The intrinsic activation energy for the dehydrogenation pathway is same
on both EFAI-SBAS and I-SBAS and the intrinsic activation entropy is higher on EFAI-SBAS
with respect to the I-SBAS. In contract, the intrinsic activation energy for all the cracking
pathways on EFAI-SBAS are higher than on the I-SBAS and intrinsic entropy for the cracking
pathways are higher on EFAI-SBAS with respect to I-SBAS. It means that even though the
enthalpy transition state is destabilized on the EFAI-SBAS with respect to I-SBAS in all the
cracking pathways, the entropy transition state is more stabilized on the EFAI-SBAS, which
compensates the enthalpic destabilization and improve the cracking TOF. All the reaction
pathways are speculated to be later transition state. C1+C4~and Cs+C>~ cracking pathways pass
through a C2-carbenium ion like transition state and C>+Cs™ cracking pathway passes a C3-
carbenium ion like transition state. Comparing with the BAS structure in H-MFI zeolite, the

location of EFAI-SBAS is less effect on the pentane conversion rate.

The EFAI-SBAS is also applied in the alkene dimerization, which has similar carbenium ion
transition state as the cracking of alkane. The BAS can not be fully covered by adsorbed ethene
in the IR using the same conditions as the kinetic measurement in the sample with and without
EFAI-SBAS sites. The ethene molecule is protonated on the BAS to form chemisorbed alkoxide
and hydrogen bonded alkene is not found in the IR. First order reaction are observed on both I-
SBAS and EFAI-SBAS and the formation of ethoxide step from adsorption of gaseous ethene
is suggested to be the rate determining step, combining with the not fully covered BAS after
ethene adsorption. Comparing with the cracking, the EFAI-SBAS has reverse effect in the
enthalpic and entropic transiton state: the EFAI-SBAS stabilize the enthalpy and destabilize the
entropy of the transition state of formation of ethoxide with respect to the I-SBAS, which leads
to the ethene dimerization TOF is 3 times higher on EFAI-SBAS than on I-SBAS. The transition
state of formation of ethoxide is later on EFAI-SBAS with respect to on the I-SBAS for ethene

dimerization.

In low ethene conversion, the ethene dimerization goes through an induction period and then
steady state on both I-SBAS and EFAI-SBAS in H-MFI. However, this induction period
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disappeared at the high ethene conversion, instead, the ethene dimerization activity decreased
sharply after 4 h. Thereafter, the activity continued decreased on the sample with only I-SBAS
and kept constant on the sample with EFAI-SBAS. Higher oligomers created in the ethene
secondary reaction may block the BAS, which leads to the deactivation of the BAS and EFAI
may clean the higher oligomers attached on the BAS and prevent the deactivation of the H-MFI

zeolite.
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