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Introduction

The fuel of the future is going to come from fruit, weeds, sawdust - almost anything.
There’s enough alcohol in a one year’s yield of an acre of potatoes to drive the

machinery necessary to cultivate the field for a hundred years.

Henry Ford (1925)

Wir konnen die Theorien an unserer Stelle sterben lassen. Wir kdnnen sie

eliminieren, ohne jemanden zu verletzten, es sei denn in seinen Stolz.

Karl R. Popper (1982)
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Abstract

Cooperation of metals and Brgnsted acid sites for hydrodeoxygenation of triglycerides
and dehydrogenation of light alkanes was studied. In C-O hydrogenolysis on Ni/H-
ZSM-5, Brgnsted acid sites are interacting with the carbonyl groups of the substrate,
weakening the bond to cleave, thus, enhancing turnover frequencies over Ni. In light
alkane dehydrogenation on Ga/H-ZSM-5, Ga* and Brgnsted acid sites act as highly
active Lewis-Brgnsted acid pairs, on which the C-H bond is heterolytically activated in

a bifunctional mechanism. The synergy enhances the rate 300-fold.
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Kurzzusammenfassung

Die Kooperation von Metall- und Brgnsted-Saurezentren fir die Hydrodeoxygenierung
von Triglyceriden und die Dehydrierung von leichten Alkanen wurde untersucht. Die
Spaltung der CO-Bindungen der funktionalisierten Molekile an der Metalloberflache
wird durch gleichzeitige Wechselwirkung mit Brgnsted-sauren OH Gruppen erleichtert,
was zu hoheren Reaktionsraten fuihrt. Bei der Dehydrierung der leichten Alkane auf
Ga/H-ZSM-5 agieren Ga* und Brgnsted-Saurezentren als hoch aktive Lewis-Brgnsted-
Saurepaare, die die C-H Bindung heterolytisch Uber einen bifunktionellen
Mechanismus aktivieren und die Reaktionsraten gegeniuber Katalyse durch ein

Zentrum auf das dreihundertfache erhdhen.

Vi
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1. Introduction

1.1 Catalytic conversion of microalgae oil to kerosene

The search for sustainable energy sources replacing fossil fuels is one of the main
challenges of our modern society®. The transportation sector accounted for 28% of
global final energy consumption in 2014 of which fossil fuels represented 91%?2.
Especially the aviation sector, with a current growth rate of 5% per year, relies on an
energy carrier with high energy density, providing simple storage as well as easy and
fast fueling/handling. Hydrocarbon fuel is currently the only energy carrier satisfying all
these requirements compared to other energy carriers (e.g. Battery, Hydrogen). In the
context of the global intent to reduce CO2 emissions?, sustainable hydrocarbon fuels
attract increasing interest3. To allow for an economically viable substitution of fossil by
sustainable sources, it is desirable that the substituting fuel is a drop-in fuel, thus
readily usable in existing combustion engines, fueling/storage infrastructure and the
fuel distribution network. Such drop-in fuels can be obtained readily from e.qg.
microorganisms via fermentation with subsequent hydrogenation (e.g. farnesane),
from cellulosic biomass via thermochemical pathways (e.g. gasification with
subsequent Fischer-Tropsch process) and via phototrophic pathways from microalgae
with subsequent catalytic deoxygenation. In this context, microalgae can be
manipulated in order to accumulate oil (triglycerides), a natural molecule for energy
storage. Fuel derived from microalgae is considered to be a third-generation biofuel —
due to the high growth rates and oil contents of microalgae as well as being non-edible
and independent of fresh water and arable land*. In comparison to terrestrial plants,
microalgae show a 10 — 100 times higher biomass yield per acreage and can archive

a 30 times higher oil content on a weight basis*.
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1.2 Algenflugkraft project

The Algenflugkraft project pursued the concept of an integrated bio-refinery, which
aimed at a closed cycle of production, harvest and catalytic conversion of microalgae
biomass to aviation fuels, biogas and CO2 binding construction materials. Within the
concept of catalytic conversion of the microalgae, the microalgae are opened via cell
wall cleavage facilitated by ionic liquids to allow separation into microalgae oil and the
biomass residue rich in proteins and oxygenates. The microalgae oil (mainly
triglycerides) is converted into diesel range alkanes and propane, originating from the
glycerol backbone of the triglycerides, via hydrodeoxygenation over supported Ni
catalysts. The obtained diesel range alkanes are hydrocracked into kerosene range
alkanes and light alkanes over Pt/HY catalysts. The light alkanes obtained in both
processes are undergoing aromatization over Ga modified H-ZSM-5 catalysts. In the
process scheme, the required H2 for the hydrodeoxygenation and the hydrocracking is
supplied by the aromatization process and the aqueous phase reforming of the
microalgae residue. The topics examined in this thesis are the hydrodeoxygenation of

triglycerides and the aromatization of light alkanes.
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1.3 Zeolites

1.3.1 Composition and structure

Naturally occurring zeolites are microporous aluminosilicates with tectosilicate (three-
dimensional) frameworks with a (Si + Al)/O ratio of 1/2°. The development of synthetic
zeolites allowed to obtain framework structures not naturally occurring and to substitute
Si and Al by other elements (e.g. Fe, B, Ga, Ge)®. Zeolites are generally constituted by
corner connected TOg4 tetrahedrons (Basic building units = BBU), where T is typically
Si or AlS. The connection of two Al tetrahedrons via a common O is unstable and thus
not observed, known as the Lowenstein rule. Therefore, the highest substitution of Si**
by AI** is limited to Si/Al ratios of one and higher. The tetrahedrons are connected to
form composite building units (CBU, e.g. rings, single chains or polyhedral building
units), responsible for the topology of the zeolite®. Combinations of CBUs allow to
constitute a large variety of different zeolite framework types, which are described by
a three letter code (e.g. MFI)8. The building blocks of the MFI framework are displayed

exemplary in Figure 1.

\_/) N—1
L1
/ [
a b C d

Figure 1. Building blocks of the MFI framework: Pentasil unit (a), chain of pentasil units
(b), layer composed of pentasil units (c), Zigzag pore structure.

Dependent on the CBUs constituting the framework, the material can have different
topologies (channels, cavities, cages) allowing diffusion of guest species in different
dimensions (0, 1-, 2- or 3-dimensions)®. The effective width of channels, cavities and
cages describes the accessibility of the pore system to guest species. Channels and

cavities are typically constituted by 8-, 10-, and 12-membered rings (referring to the
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guantity of tetrahedrons forming the ring). According to their ring size, zeolites are
classified as small, medium and large pore zeolites, respectively. The associated
geometrical constraint in zeolite pores is a keystone to the industrial use of zeolites.
Reaction rates and selectivities can be influenced taking advantage of entropic
constraints on transition states as well as limited diffusion of reactants or products in
the channels and cavities. Frameworks, pore dimensionality, pore size classification
as well as ring and pore sizes of industrially important zeolites are listed in Table 1.

Table 1. Framework code, pore dimensionality, pore size classification as well as ring and pore size’

Framework Pore Pore size
dimensionality  classification Ring size Pore size [A]
MOR 1 dimensional Large-pore 12-ring 6.5x7.0
8-ring 2.6 x57
FER 2-dimensional  Medium-pore 10-ring 42 %54
8-ring 3.5x4.8
LTA 3-dimensional Small-pore 8-ring 41 x4.1
CHA 3-dimensional Small-pore 8-ring 3.8x3.8
MFI 3-dimensional  Medium-pore 10-ring 51x55
10-ring 5.3%x5.6
BEA 3-dimensional Large-pore 12-ring 6.6 X 6.7
12-ring 5.6 x5.6
FAU 3-dimensional Large-pore 12-ring 7.4x74

1.3.2 Hierarchical structures

In order to improve accessibility and molecular transport in zeolites, while maintaining
the well-defined micropore structure and acid properties, a second poresystem
(mesoporous or macroporous) can be implemented into the structure. Such materials

with multiple levels of porosity are called hierarchical zeolites. If micropore diffusion-




Introduction

limitations exist and therefore the effectiveness of a given catalysts or adsorbent is
reduced, the introduction of a hierarchical pore system can effectively enhance the
reaction rate, bypassing the diffusion limitations in the micropores by allowing parallel
diffusion pathways in meso- or macropores®. In general, the introduction of a
secondary pore system with different hierarchy can be archived via two different
synthetic approaches: In the bottom-up method a secondary pore system is introduced
during the synthesis of the material while the top-down approach relies on modifying
the microporous material in a post treatment8. While introducing well defined pores in
the materials, industrial application of bottom-up methods is limited by high cost of
organic templates or processes (centrifugal filtration or multiple calcinations of
material)®. In contrast to that, top-down methods are less expensive and more robust,
therefore being more suitable for industrial application, although the introduction of
additional pores is less selective and defined®. An example of a bottom-up method,
used in this work, is the replacement of the structure directing agent in the synthesis
of the material, which results in the formation of self-pillared zeolite nanosheets with
mesopores of defined diameter between the nanosheets®. Examples of top-down
methods are the post-treatment of zeolites with NaOH solution leading to desilication
of the material or the industrially relevant steaming of zeolites resulting in

dealuminations®.

1.3.3 Active sites in pure and Ga modified zeolites

Isomorphous substitution of Si(IV)Oa4 by Al(ll)O4 tetrahedra results in a negative
charge on the trivalent Al. This negative charge is balanced by a monovalent cation
(e.g. H", NH4* or metal ion). If the balancing species is H*, a Brgnsted acid site is
formed (BAS, Figure 2 a). Si** only coordinated by three O, as well as charge balancing
metal cations act as Lewis acid sites (LAS, Figure 2 b and c, respectively). LAS and
BAS in a material can differ in density (extensive property) and in strength (intensive
property). The strength of Brgnsted acid sites varies based on the type of the trivalent
isomorphous substituent ( e.g. Al > Ga in H-ZSM-50) and its concentration (for low
Si/Al ratios BAS strength decreases). The influence of pore geometry is still under
debate!?.
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Figure 2. Graphical representation of Brgnsted acid sites (a), Lewis acid sites related to metal cations
(b) and related to coordinatively unsaturated Si (c)

Under reductive atmosphere and at high temperature, monovalent cationic Ga species
can be exchanged with the protons of the Brgnsted acid sites in the zeolite!>3,
However, their characterization is challenging, as the reduced species readily oxidize
in contact with water (e.g. in ambient air)*3. Ga*, [GaH2]*, [GaO]* and [HGaOH]* have
been proposed to be the exchanged species on Ga modified H-ZSM-5 materials'>?’.
Kwack et al. assumed the formation of initially [GaO]* and of Ga* under more severe
reducing conditions based on two signals at around 450 °C and 630 °C during TPD of
Gaz203/H-ZSM-5'4, Price et al. detected a weight loss corresponding to two water
molecules per Ga203 in microbalance experiments on similar catalysts, therefore
assuming the formation of Ga* 12, Iglesia et al. observed a XANES Ga K-edge energy
shift to lower energies under reducing conditions at high temperature, while the edge
energy shifted to higher energies cooling down in Hz. They interpreted this behavior as
[HGaOH]* and [GaO]* being in equilibrium, with the equilibrium being on the side of
[HGaOH]* at high and of [GaO]* at low temperatures. Hock et al. observed similar
XANES Ga K-edge energy shifts on Ga modified zeolites'’. By comparing them to Ga
K-edge energies of organometallic Ga complexes with Ga being coordinated to up to
four ligands via alkyl or ether bridges, they concluded, that the formation of [HGaOH]*
or [GaO]* under reducing conditions at high temperatures can be excluded, while
energy shifts previously attributed to a Ga* could also originate from [GaHz]*. These
contradicting results evidence the still open debate and the requirement to combine
different characterization methods to clarify the nature of the Ga species in Ga modified

zeolites.
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1.4 Bifunctional catalysis

Bifunctional or cooperative catalysis describes a catalytic conversion by two functional
groups, in which both functions are implicated in the rate-determining step, hence
resulting in a higher reaction rate constant compared to the additive contributions of
the two isolated groups (e.g. hydrogen activation over frustrated Lewis acid base pairs
18) 19 1t is important to distinguish this from concerted catalysis, in which the different
functions may catalyze separate steps in a sequence of reactions (e.g. (de-
Yhydrogenation function and Bransted acid site in hydrocracking) *°. The relevant state
of the science for dehydrogenation and cracking of light alkanes and the

deoxygenation of triglycerides is presented in the following chapters.

1.5 Dehydrogenation and cracking of light alkanes

1.5.1 Thermodynamics of light alkane dehydrogenation and cracking

Dehydrogenation and cracking of alkanes are endothermic reactions with a positive
change of entropy (Table 2). In order to allow for reasonably high equilibrium
conversions, dehydrogenation requires higher reaction temperatures compared to
cracking (Figure 3). Hence, industrial dehydrogenation processes are carried out at
higher temperatures compared to catalytic cracking processes (Fluid catalytic cracking
500 - 565 °C?°, Catalytic dehydrogenation 525 to 705 °C?'). With increasing carbon
chain length, the reaction enthalpy of both reactions is decreasing, therefore more
energy is required for conversion of shorter alkanes on a mass basis. Lower partial
pressures shift the equilibrium conversion to the side of the products for both reactions,

as during reaction two molecules are formed out of one.

Table 2. Standard enthalpy and entropy of reaction for propane dehydrogenation and cracking.

Reaction ArHgas ArSqas
[kJ- mol!]  [J (mol - K)?]

Dehydrogenation AN == X +tH 125.1 127.8

Cracking N === Z +CH, 82.3 136.0
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Figure 3. Equilibrium conversion of propane cracking (a) and cracking (b)
as a function of temperature at a propane at different partial pressures.

1.5.2 Dehydrogenation and cracking of light alkanes over Ga modified

zeolites

Dehydrogenation is catalyzed by Lewis and Brgnsted acid sites, while cracking is only
catalyzed by Brgnsted acid sites. On Brgnsted acid sites, both reactions pass through
a carbonium ion in the transition state (Figure 4). C-H bonds (for dehydrogenation) or
C-C bonds (for cracking) can be protonated by Brgnsted acid sites forming 3-center-
2-electron bonds as proposed by Haag and Dessau?? based on the work of Olah?3.
This carbonium ion formation is believed to be the rate determining step of cracking,
based on kinetic measurements and DFT calculations?4?5. Most prominent
experimental indications for this are the reaction order being unity, the presence of a
kinetic isotope effect in alkane cracking for deuterated and undeuterated Brgnsted acid
sites and the dependency of the apparent activation enthalpy on the carbon chain

length?#, which is going to be discussed in more detail.
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Figure 4. Enthalpy diagram for protolytic cracking and dehydrogenation based partly on 24 and 25,

The intrinsic enthalpy of activation was found to be independent of carbon chain length
and position of the C-C bond?“. Prior to protonation, alkanes are adsorbed on Brgnsted
acid sites. Adsorption enthalpies are increasing concomitantly with carbon chain length
by an amount of approximately 12 kJ - mol* per CH2 segment?*. The energy liberated
in adsorption reduces the energy needed to overcome the activation barrier for the
formation of the carbonium ion. This is reflected in the decrease of apparent activation
by the adsorption enthalpy of the respective hydrocarbon?*. This is the reason for the
observed exponential increase of cracking rates of alkanes with increasing carbon
chain length (Figure 5)?4. Even though it is believed today, that for dehydrogenation
the rate-determining step is also the carbonium ion formation, based on a reaction
order of unity and DFT calculations®> 27, no kinetic isotope effect for alkane
dehydrogenation was found over deuterated and undeuterated Brgnsted acid sites?2.
Generally, C-H bond compared to C-C bond protonation is more difficult, reflected in
activation enthalpy being higher by approximately 40 kJ - mol*2°.
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Figure 5. Graphic representation of relation of adsorption enthalpy
as well as apparent and intrinsic activation enthalpy based on 24 and 25.

It was shown that Ga modified zeolites exhibit significantly higher dehydrogenation to
the detriment of cracking rates compared to pure zeolites'#15 3031 Synergistic
interactions between Ga species and Brgnsted acid sites are described, which cannot
be explained by additive contributions of Ga and Brgnsted acid sites only4-15 30-31,
Several hypotheses were made on the nature of the interaction between Ga species
and Brgnsted acid sites. The proposals can be separated into two types. In the first
type, dehydrogenation is taking place via formation of carbonium ion on Brgnsted acid
sites with the Ga species facilitating conversion'® 31, Whereas in the second type of
proposals, Ga species abstract a hydride from the alkane under formation of a
carbenium ion. Here, the role of the Brgnsted acid site is to present the proton for
recombination with the hydride forming molecular H2'# 20, In the following, the four most

important mechanistic proposals are presented.

In the mechanism proposed by Meriaudeau et al.*° propane is adsorbed on Ga20s as
a hydride and an alkoxy species (Figure 6). In a second step the alkoxy group
exchanges with the proton of the Brgnsted acid site. This allows for recombination of

the hydride and the proton to molecular Hz. In the last step the alkene desorbs.

10
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Figure 6. Reaction mechanism of propane dehydrogenation as proposed by Meriaudeau et al.2°,

The mechanism proposed by Sachtler et al.}* (Figure 7) proceeds also with an
abstraction of a hydride from the alkane, however, by Ga*. The stabilization of the
formed carbenium ion is not explained. In a next step the hydride is directly
recombining with the Brgnsted acid proton. Finally, the carbenium ion is reconstituting

the Brgnsted acid site under formation of the olefin.
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Figure 7. Reaction mechanism of propane dehydrogenation as proposed by Sachtler et al. 14,

Iglesia et al.*®> proposed the formation of a carbonium ion on a Brgnsted acid site in a
first step. The role of [GaO]* being to facilitate the recombinative desorption of

molecular hydrogen.
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Figure 8. Reaction mechanism of propane dehydrogenation as proposed by Iglesia et al. 15.

Hutchings et al.3! proposed that the role of Ga20s would be to polarize C-H bonds,
which makes protonation by a Brgnsted acid sites forming a carbenium ion easier
(Figure 9). Prior studies found that Lewis acid sites in zeolite channels can indeed

polarize C-H bonds32-34,
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Figure 9. Reaction mechanism of propane dehydrogenation as proposed by Hutchings et al. 31,

The significant differences in the proposals underline the need for a comprehensive
analysis of the reaction mechanism of alkane dehydrogenation over Ga species and
Brgnsted acid sites, in order to gain a deeper understanding on the synergetic

interaction over these sites.
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1.6 Deoxygenation of triglycerides

1.6.1 Thermodynamics of deoxygenation of triglycerides

Triglycerides can be converted to alkanes via three general pathways:
Hydrodeoxygenation, decarbonylation and decarboxylation (Table 3). The H:2
consumption is decreasing in that order, with a low H2 consumption of e.g.
decarboxylation being conceptually cost and energy efficient. However, this is
counterbalanced by the loss of carbon atoms of the reactant as CO or CO2 reducing
the carbon mass efficiency of the process. All pathways are exothermic and nearly

complete equilibrium conversions are archived at temperatures above 473 K.

Table 3. Thermodynamics of different pathways of deoxygenation of triglycerides.

AH° AS ArG°513
Reaction type Equation [kJ - [J - (mol [kJ -
mol?] - K)Y] mol?]

Hydrodeoxygenation Cs7H11006 + 12 H2 > CsHs  -991.7 -323.5 -825.8
+ 3 CigHss + 6 H20

Decarbonylation Cs7H11006 + 6 H2 2 C3Hs -388.2 710.7 -752.8
+ 3 Ci7H3s + 3 CO + 3 H20

Cs7H11006 + 3 H2 > CsHs

+ 3 Gt + 3 COb -379.8 9413  -862.6

Decarboxylation

1.6.2 Deoxygenation of triglycerides over supported Ni catalysts

Different types of catalysts, e.g. reduced metals or industrial hydrotreating catalysts
(sulfided transition metal catalysts like NiMo, CoMo) are active for the deoxygenation
of triglycerides. However, transition metal catalysts contaminate the product stream
and deactivate due to removal of sulfur from the surface via a reverse Mars-van
Krevelen mechanism3®, Both noble and base metal catalysts showed to be active,
however, the latter attracted significant interest, due to lower concerns on material
stability and cost3¢. Despite the thermodynamic feasibility of hydrogen free
deoxygenation, sulfided transition metal catalysts are inactive in the absence of Hz,
while noble and base metal catalyst are significantly less active and readily deactivate
due to coke formation in a Hz-free atmosphere3’. Comparing Pt, Pd and Ni supported

on ZrOz2, Ni showed reaction rates comparable to the noble metals for the conversion
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of palmitic acid, a model compound for triglycerides3®. Because of its activity, stability
and low costs?®, Ni is one of the most promising metals for deoxygenation catalysts, .
In view of reactions pathways, decarbonylation and decarboxylation are typically
catalyzed by metals, whereas hydrodeoxygenation readily proceeds if metal and
Bragnsted acid sites are present via dehydration of the alcohol intermediate (formed
over the metal) over the Bransted acid sites®” 3°. This makes Ni supported on zeolites
a suitable catalyst choice, if deoxygenation without carbon loss is desired. The
proposed reaction mechanism over bifunctional Ni supported zeolite catalysts in

literature is shown in Figure 10.
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Methanation: CO + H, = CH,4 + H,0

Figure 10. Proposed reaction mechanism of microalgae oil conversion over bifunctional Ni/zeolite
catalysts®.

While microporosity in zeolites can result in rate enhancement and shape selectivity, it
can also cause pore diffusion limitations and restricted access of substrates to active
sites within the micropores. This problem is more aggravating for large and bulky
molecules (e.g. triglycerides). Metals supported on hierarchical zeolites, with a
complementary system of meso- or macropores, may thus allow for a better
accessibility to active sites and for limiting pore diffusion limitations inside the
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micropores. Therefore, they have been speculated to allow for higher activities in

contrast to metals supported on zeolites with conventional structure®.

Next to effects based on their potential pore geometry and accessibility to active sites,
the support can influence the intrinsic activity of metals. This effect has been reported
for noble metals for reactions like hydrogenation®, C-C hydrogenolysis*!, ring
enlargement*?, and isomerization*3. In contrast to that, this effect has only been
recently observed for C-O hydrogenolysis over base metals, but has not been
rationalized. On noble metals, several models were proposed in order to rationalize
the effect of the support on metal catalyzed reactions, which are going to be tested for
the case of Ni: Brgnsted acid sites in vicinity to Ni particles could change certain bond
strengths due to its interaction with the reactant facilitating its conversion on the Ni
particle. Brgnsted acid sites could increase the coverage of reactants on the catalyst
surface concomitantly increasing the rates of conversion44. Highly active sites based
on the interplay of a very small Ni particle and one or more Brgnsted acid sites inside
the micropore channels of the zeolite could be formed, facilitating the supply of the Ni
particle with hydrogen analogue to a recently proposed mechanism in homogeneous
catalysis/organometallic chemistry*. Brgnsted acid sites could decrease the electron
density of adjacent Ni particles resulting in different substrate-metal interactions
leading to a higher intrinsic Ni activity 6. As zeolite supported Ni catalysts represent
highly active hydrodeoxygenation catalysts, a better understanding of the synergetic

effect between support and metal is desirable.
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1.7 Scope of the thesis

Hydrodeoxygenation of trigylcerides over Ni supported on MFI type zeolites and
dehydrogenation of light alkanes over Ga modified H-ZSM-5 are covered within the

scope of converting microalgae oil to hydrocarbons in the kerosene range.

In the first part, the hydrodeoxygenation of triglycerides and related model fatty acid
alkyl esters (tristearate, methyl stearate) over Ni supported on MFI type zeolites is
studied. The accessibility of triglycerides to metal sites and the diffusion of reaction
intermediates within micropores of the zeolite is potentially restricted. Supports
possessing a hierarchical pore system (containing micro-, meso- and macropores)
have been speculated to allow a better accessibility compared to materials with
conventional morphology. To explore this potential advantage, Ni supported on MFI
type zeolites with well-defined conventional and hierarchical structure will be
synthesized and compared in the deoxygenation of triglycerides and related model
compounds (Chapter 2). Comparing aluminosilicate (H-ZSM-5) with pure silicate
(Silicalite 1) MFI type supports within this study, an increase in intrinsic Ni activity for
the initial C-O hydrogenolysis, the rate-determining step of fatty acid alkyl ester
conversion, were observed. Such effects were reported in literature and studied
intensively for supported noble metal catalysts for reactions other then C-O
hydrogenolysis. As zeolite supported Ni materials are promising active, stable and
cheap hydrodeoxygenation catalysts, it is envisaged to correlate the intrinsic Ni activity
quantitatively with the zeolite Brgnsted acidity (Chapter 3). In conjunction with this, an
unprecedented study of apparent transition state enthalpy and entropy will be
conducted with the aim of elucidating the origin of the enhanced intrinsic Ni activity by
Bregnsted acid sites.

In the second part, the dehydrogenation of light alkanes over Ga modified H-ZSM-5,
being the rate-determining step of light alkane aromatization over industrial catalysts,
will be studied (Chapter 4). A synergistic interaction between Lewis acidic Ga species
and Brgnsted acid sites is described in literature, as catalysts containing both species
exhibit a high rate of propane dehydrogenation, which cannot be explained only by
additive contributions of Ga and Brgnsted acid sites. However, the nature and
concentrations of active sites present on Ga exchanged zeolite catalysts and the
mechanism of dehydrogenation are still under debate. Therefore, the nature and
concertation of active sites of Ga modified H-ZSM-5 catalysts with different Ga/Al ratios
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will be determined via IR spectroscopy of adsorbed pyridine (py-IR), in operando X-ray
absorption spectroscopy (XAS) and pulsed temperature programed reduction (TPD).
Having established the stoichiometry and nature of active sites responsible for the
synergetic interaction, the mechanism of dehydrogenation over these sites will be

elucidated based on kinetic studies and DFT calculations.
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2 Hydrodeoxygenation of fatty acid esters catalyzed by Ni
on nano-sized MFI type zeolites
2.1 Abstract

The impact of support morphology and composition on the intrinsic activity of Ni
supported on MFI-type zeolite was explored in the hydrodeoxygenation of methyl
stearate, tristearate, and algae oil (mixture of triglycerides). The nano-sized structure
of the support (self-pillared nanosheets) is beneficial for the activity of the catalysts.
Higher Ni dispersion and concomitant higher reaction rates were obtained on nano-
structured supports than on zeolite with conventional morphology. Rates normalized
to accessible Ni atoms (TOF), however, varied little with support morphology. Acidity
of the support increases the rate of Ni-catalyzed C-O hydrogenolysis per surface metal
site.
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2.2 Introduction

The conversion of biomass derived oils and fatty acids into transportation fuels is a
promising route towards synthesis of renewable energy carriers. Thus, the
development of chemical technologies for the conversion of, e.g., mixtures of lipids or
phenolic compounds (derived from vegetable/microalgae oils, or pyrolysis oils,
respectively), into third generation biofuels has received large interest. Research
efforts focus on describing the conversion of complex mixtures of oxygenates to fuel

components and on the development of novel stable catalysts.

Active catalysts for the transformation of biomass-derived oils must contain metal and
acid functionalities, which lead to efficient deoxygenation through sequences of
hydrogenolysis, hydrogenation, and dehydration ' 2. Deoxygenation of fatty acids
proceeds via hydrodeoxygenation (HDO), whereby oxygen is removed by consecutive
steps of hydrogenolysis and hydrogenation, or via decarboxylation/decarbonylation
(DCO), which does not consume hydrogen but reduces the carbon number of the
product. HDO and DCO are typically catalyzed by metals, whereas full oxygen removal
readily proceeds on acid sites via dehydration. The DCO/HDO selectivity, which
controls the tradeoff between hydrogen consumption and carbon losses, usually favors

HDO over DCO for deoxygenation of fatty acids.®

Ni supported on zeolites is one of the most promising systems for deoxygenation,
because of its activity, stability and versatility 6. Metal content, particle size of the

metal and the acidity of the zeolite can be adjusted using a wide variety of methods.

Whereas the microporosity of zeolites (close to the dimensions of the molecules to be
converted) leads to rate enhancement and shape selectivity, it is also associated with
potential diffusion limitation and restricted access of substrates to active sites. These

problems are more aggravating as the size and complexity of molecules increases.

In order to mitigate the drawbacks of microporosity, while keeping the advantageous
structure and well defined acid properties, the crystalline domains have been reduced
to nanometric size increasing the fraction of mesopores within the zeolite crystals
(hierarchical zeolites) 7 8. Metals supported on such zeolites have been speculated to

be more accessible than metals in the pores of conventional zeolites °.

To explore this potential advantage, we have prepared Ni catalysts on supports with

well-defined zeolite domain sizes and pore systems. That is, MFI type zeolites (silicate
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and aluminosilicate) with conventional morphology and house of cards organized
nanosheets. The Ni loading was kept constant (deposited by deposition-precipitation).
The influence of physicochemical properties on the catalytic activity for the
deoxygenation of methyl stearate, tristearate, and microalgae oil is explored. A smaller

domain size of the zeolite is indeed found to be beneficial for catalytic activity.

2.3 Experimental

2.3.1 Synthesis of supports

The aluminosilicate MFI type zeolite with a Si/Al ratio of 90 (H-ZSM-5) was synthesized
by adding tetraethyl orthosilicate (130 mmol), sodium aluminate (1.44 mmol), and
tetrapropylammonium hydroxide (26 mmol) to deionized water (1425 mmol). In the
synthesis of silicate MFI type zeolite (Silicalite 1) sodium aluminate was not added to
the solution. Aging of the mixtures took place under stirring at room temperature
overnight. The aged solutions were transferred into Teflon-lined stainless-steel
autoclaves and treated at 443 K for 72 h in a rotating oven with a speed of 30 rpm.
After cooling, the resulting suspensions were centrifuged and washed with deionized
water. The recovered solids were dried at 343 K overnight and treated in flowing
synthetic air (100 ml-mint) at 823 K (heating rate of 2K:mint) for 8 hours.
Subsequently, the powders were stirred in deionized water overnight at 343 K. For the
ion exchange, the materials were suspended in 90 mL of 1 M ammonium nitrate
solutions and stirred for 5 h at 343 K. The liquid was separated by centrifugation. This
step was repeated three times. After drying at 343 K overnight, the materials were
finally treated at 823 K (heating rate of 10 K-min) for 5 h under a flow of synthetic air
(100 ml-min-Y).

Nano-structured self-pillared aluminosilicate zeolite nanosheets with MFI framework
(n-H-ZSM-5) and the silicate counterpart (n-Silicalite 1) were prepared according to
Ref.8. For the zeolite material synthesis (Si/Al = 90), tetraethyl orthosilicate (50 mmol)
was added dropwise to a 40 vol. % solution of tetra-n-butylphosphonium hydroxide
(168 mmol) while stirring. To this solution, 9.3 g distilled water and aluminium
isopropoxide (1 mmol) was added. The mixture was aged for 12 hours with stirring at
room temperature. The solution was transferred to a Teflon-lined stainless steel
autoclave and treated for 40 hours at 388 K in a rotating oven at 20 rpm. The product

was cooled and washed with distilled water until the pH of the washing solution was

24



Hydrodeoxygenation of fatty acid esters catalyzed by Ni on nano-sized MFI type
zeolites

lower than 9. The final product was dried for 12 hours at 343 K and treated in flowing
synthetic air (100 mL-min't) at 823 K (heating rate of 1 K-min?).

The synthesis of the self-pillared silicalite nanosheets was performed adding tetraethyl
orthosilicate (170 mmol) to a 40 vol. % solution of tetra-n-butylphosphonium hydroxide
(51 mmol) dropwise while stirring. Distilled water was added and the mixture was
stirred for 12 hours at room temperature and transferred to a Teflon-lined stainless
steel autoclave and heated for 40 hours at 388 K with stirring. The product was cooled
and washed with distilled water until the pH of the washing solution was lower than 9.
The final product was dried for 12 hours at 343 K and treated in flowing air (100 mL-min-
1) at 823 K (heating rate of 1 K-min) for 12 hours. The materials were stirred in a
suspension of distilled water for 12 h at 343 K. The proton forms of the materials were
obtained by mixing the solids with 1 M (80 g-L™) solutions of ammonium nitrate. This
suspension was heated at 343 K while stirring for 5 hours and the solid was recovered
by centrifugation. This process was repeated three times. The final product was dried
at 343 K for 12 hours and treated in flowing air (100 mL-min-t) at 673 K (heating rate

of 1 K-mint) for 4 hours.

2.3.2 Synthesis of Ni catalysts

Ni was incorporated via the deposition-precipitation method °. The procedure
consisted in preparing a solution of nickel nitrate (35 mmol) in 250 mL of deionized
water. An aliquot of 40 mL of this solution was used for dissolving urea (105 mmol) and
the remaining volume (210 ml) was mixed with a sample of solid support. The
suspension was refluxed at 363 K. When the temperature of the suspension reached
343 K, the solution of nickel nitrate and urea was added dropwise. After 43 min at 363
K, the suspension was cooled to room temperature, filtered and the solid was washed
with deionized water at 333 K. After drying at 343 K for 24 h, the catalyst precursor
was subsequently treated in flowing synthetic air (100 mL-min-!) at 673 K (heating rate
of 1 K-min) for 4 h and in hydrogen (100 mL-mint) at 733 K (heating rate of 2 K-min-
1) for 4 h.

25



Hydrodeoxygenation of fatty acid esters catalyzed by Ni on nano-sized MFI type
zeolites

2.3.3 Chemical and physicochemical characterization

Elemental analysis of all materials was performed via atomic adsorption spectroscopy
with an Unicam M Series Flame-AAS instrument equipped with an FS 95 auto-sampler
and a GF 95 graphite furnace. Powder X-ray diffraction patterns were recorded with a
Philips X'Pert Pro system (ACuKa = 0.154056 nm, 40 kV/40 mA) with a step size of
0.017° and a scan speed of 0.3 s per step. Transmission electron micrographs were
recorded with a JEOL JEM-2011 TEM instrument with a maximum acceleration of 120
kV. Scanning electron microscopy measurements were performed on a JEOL JSM
7500F SEM. Shape, primary particle size and morphology of the materials were
determined from TEM and SEM images. Particle size determination was done based
on the evaluation of at least 300 particles. Nitrogen physisorption was carried out at 77
K on a PMI automated sorptometer after outgassing the samples under vacuum at 523
K for 2 h. The BET isotherm was used to evaluate the apparent specific surface area
over a relative pressure range of 0.01-0.1 p/po. The micro- and mesopore volumes
were evaluated by using non-porous hydroxylated silica as the reference adsorbent 11,
The macro-pore volume was calculated by subtracting micro- and mesopore volumes
from the total pore volume determined at p/po = 0.95. The pore size distribution of the
zeolites was evaluated by the DFT method (cylindrical pore, NLDFT equilibrium

model). Particle size of the supports was determined from TEM and SEM images.

The concentration of chemisorbed H2 on Ni was determined with a Sorptomatic 1990
instrument. Samples were treated in a flow of Hz at 723 K for 1 h and then evacuated
at the same temperature for 1 h before measurements. Hydrogen adsorption was
conducted at 307 K in a pressure range of 0.5-13.2 kPa with an equilibration time of 5
min. After completing the first isotherm, the sample was evacuated to 10 kPa and a
second isotherm was measured. The second isotherm (physisorption) was subtracted
from the first one. The amount of chemisorbed hydrogen was determined by
extrapolating the linear part of the difference isotherm (P > 6.5 kPa) to zero pressure.
The concentrations of chemisorbed H2 were calculated assuming an H/Ni
stoichiometry of 1.

Infrared spectroscopy of adsorbed pyridine and 2,6-di-tert-butyl-pyridine (2,6-DTBPYy)
as probe molecules was used to determine the total concentration and location of
Bransted and Lewis acid sites % 13, The instrument used for the experiments was a

Thermo Nicolet 5700 FT-IR spectrometer with a resolution of 4 cm™. All samples were
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pressed into self-supporting wafers (density ~0.01 g-cm™) and activated under vacuum
(p < 1077 kPa) for 1 h at 723 K (heating rate of 10 K-mint). The activated materials
were exposed to pyridine or 2,6-DTBPy at 0.01 kPa and 423 K for 0.5 h and evacuated
for 1 h to desorb weakly bound molecules. The bands at ~1545 cm™ and ~1450 cm™
were integrated to determine the total concentration of Brgnsted and Lewis acid sites,
respectively. The samples were subsequently heated to 723 K (10 K-mint) for 0.5 h in
vacuum to determine the concentration of strong Brgnsted and Lewis acid sites. The
concentration of Brgnsted acid sites interacting with 2,6-DTBPy was calculated by
integrating the N-H* stretching vibration band at 3367 cm™ 13, All spectra were
collected at 423 K. The acid site concentrations reported were normalized to the weight

of the sample.

2.3.4 Activity tests

The experiments were performed in a 45890HP Parr vessel. Preliminary experiments
employing varying particle sizes and stirring rates discarded the presence of diffusion
artefacts. All reactions were conducted at a hydrogen pressure of 40 bar with 84.7 mg
(5 mmol) of eicosane as an internal standard and 45 g of dodecane as solvent. 89.5
mg (5 mM) methyl stearate, or tristearate (1.66 mM), or 89.5 mg microalgae oil (the
composition of microalgae oil is given in Table S1) were used as reactants. Samples
of 30 mg of the catalysts were reduced as described before and immediately employed
in the reaction. Catalyst stability was tested using Ni/n-H-ZSM-5 in the conversion of
microalgae oil in four consecutive runs. After each run, new reactant solution was
introduced into the reactor. This was performed under H2 flow in order to avoid
exposure of the catalyst to air. Prior to the reaction, the reactor was filled with 15 bar
hydrogen and purged three times. As soon as the temperature reached 553 K, the
pressure inside the reactor was set to 40 bar with hydrogen. Aliquots of the liquid phase
were periodically extracted from the reactor and analyzed offline by a gas
chromatograph (GC, Agilent Technologies 7890B GC) connected to a flame ionization
detector (FID) and a mass spectrometer (MS, Agilent Technologies 5977A). The GC
was equipped with a HP-5 capillary column. Quantification was done based on the
internal standard and an external calibration of the GC-FID signal of each compound.
The molar carbon balance was always higher than 97%. The gas phase was analyzed
offline with an Agilent 7890B gas chromatograph with a FID. The GC was equipped
with molsieve 13x, DB-1, and Hayesep Q columns.
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Reaction orders of methyl stearate and triglyceride conversions were determined to be
unity using the integrated rate law. First-order rate constants were calculated taking
into account the complete concentration profiles. The R? value of the regression line

was typically above 0.98.

2.4 Results and discussion

2.4.1 Characterization

Four parent supports and four Ni catalysts were obtained by the procedures described
above. In the following the supports are labeled as H-ZSM-5 (aluminosilicate MFI type
zeolite with conventional porosity), Silicalite 1 (silicate MFI type zeolite with
conventional porosity), n-H-ZSM-5 (aluminosilicate zeolite with MFI framework and
self-pillared nanosheet structure), and n-Silicalite 1 (silicate zeolite with MFI framework
and self-pillared nanosheet structure). The corresponding catalysts are denoted as
Ni/H-ZSM-5, Ni/Silicalite 1, Ni/n-H-ZSM-5, and Ni/n-Silicalite 1.

2.4.2 Characterization of the catalysts

Representative TEM images of the catalysts are shown in Figure 1. In the materials
with conventional morphology (Ni/H-ZSM-5 and Ni/Silicalite 1), the particles of the
support have projected rectangular shapes of about 200 x 360 nm. SEM images
(Figure S1 in the supporting information) of the support confirmed this shape. The small
agglomerates observed at the perimeters of the supports in TEM images are identified
as Ni particles. In contrast, the supports with nano-sized structure (Ni/n-H-ZSM-5 and
Ni/n-Silicalite 1) consist of round rough particles with diameters of about 100 nm. These
particles are agglomerates of orthogonally linked microporous nanosheets with height
of 8 nm and lengths of 20 — 100 nm. The Ni particles are observed as small dark dots
within the crystalline domains and on the outer surface of the support particle. The
morphologies of H-ZSM-5 and Silicalite 1 were nearly identical within the conventional
or nano-structured series. The morphologies shown in Figure 1 for the nano-structured
materials (Ni/n-H-ZSM-5) allow to assign the broad distribution of mesopores detected
by N2-physisorption (vide infra) to cavities between the nano-sized crystals and to inter-
crystalline voids between the particles. Moreover, the Ni particles observed in Figure
1 evidence the large differences of Ni particle sizes between the series with

conventional and nano-structured morphology.
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Figure 1. Representative micrographs of Ni supported on (n)-H-ZSM-5 and (n)-Silicalite 1 materials.
Note the cross-linking between crystalline sheets for the nanosheet materials (n-H-ZSM-5 and n-
Silicalite 1), which produces mesoporosity. The dark dots in all images are nickel particles.

The X-ray patterns of the catalysts (Figure S2 and Figure S3 in supporting information)
show the characteristic main reflections at 20 = 8.3°, 9.2°, 23.5°, 24.3°, and 24.8° of
MFI framework zeolites 4. The patterns of the nanosheet materials (Ni/n-H-ZSM-5 and
Ni/n-Silicalite 1) have peaks at the same positions although broader. This indicates
that the same crystallographic phase is present in all materials although with very
different crystal size. The broader XRD reflections of the n-H-ZSM-5 materials are
caused by the small crystalline domains 8. The X-ray diffractograms of the parent
supports show also that the MFI framework was not affected by the Ni deposition. The
X-ray diffractograms of the catalysts showed, moreover, reflections at 26 = 44.5°, and
52.8°, assigned to the (111) and (200) planes of Ni (FCC).

The micropore and mesopore volumes (Vmicro, and Vmeso, respectively) of the catalysts
with conventional and nano-structured structure differed greatly (Table 1). The
nanosheet materials (Ni/n-H-ZSM-5 and Ni/n-Silicalite 1) had mesopore volumes,
which were one order of magnitude higher than those of conventional counterparts
(Ni/H-ZSM-5 and Ni/Silicalite 1). The micropore volumes of the nanosheet materials

were, in contrast, 2.5 times smaller than those of the materials with conventional
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morphology. Deposition of Ni led to a decrease of the micropore volume of nanosheet
materials by a factor of 10 (Table 1). This indicates that Ni particles either selectively
fill or block a large fraction of micropores of the nano-structured materials. The Si/Al
ratios of the aluminosilicate materials were comparable (92 and 108 for H-ZSM-5 and

n-H-ZSM-5, respectively).

The N2 physisorption isotherms and pore size distributions of the materials hardly
changed upon Ni deposition (Figure 2, and Figure S5). The series of materials with
conventional morphology shows type | isotherms, typical for microporous materials,
whereas the series with nano-structured morphology exhibits type IV isotherms with
hysteresis loops at relative pressures above 0.6, indicative of mesoporous systems.
Figure 2 shows the homogeneous distribution of micropores in the series with
conventional morphology and the large contribution of mesopores (with diameters

mainly below 150 A) for the series with nano-structured morphology.

Table 1. Ni content (Ni), accessible Ni atoms (accessible Ni), Si/Al ratio (Si/Al), total pore volume (Viota),
micropore volume (Vmicro), mesopore volume (Vmeso), average mesopore diameter (dm), and Ni particle
diameter (D) of supports and Ni catalysts.

Acces

Ni a sible V'iotal Vmicro Vmeso )
Material Wt.%)] [nanw] Ni 2 Si/Al - [cm®  [cm®  [cm?® [nm]

' [umol o] o] o]

9]

H-ZSM-5 - - 92 0.21 0.14 0.07 -
Silicalite 1 - - - 0.18 0.13 0.09 -
n-H-ZSM-5 - - 108 0.95 0.055 0.90 20
n-Silicalite 1 - - - 0.84 0.06 0.78 20
Ni/H-ZSM-5 9.7 12.9 128 92 0.22 0.15 0.07 -
Ni/Silicalite 1 10.1 8.4 207 - 0.24 0.13 0.11 -

Ni/n-H-ZSM-5 9.3 4.5 349 108 0.80 0.004 0.79 20

Ni/n-Silicalite 1 9.8 4.7 370 - 0.76 0.006 0.75 20

a Determined based on H2 chemisorption and elemental analysis.

30



Hydrodeoxygenation of fatty acid esters catalyzed by Ni on nano-sized MFI type
zeolites

Quantification of the acid sites at the external surface of the zeolite was performed via
adsorption of 2,6-di-tert-butyl-pyridine (2,6-DTBPYy). The difference spectrum, i.e., the
spectrum of the zeolite subtracted from the spectrum recorded after 2,6-DTBPy
adsorption (Figure S4 in supporting information) showed that a fraction of terminal
SiOH groups (3745 cm™) and Brgnsted acid sites (3610 cm™) interacted with 2,6-
DTBPy, as the intensity of both bands decreased. New bands appeared at 3370 cm™
and 1616 cm™, which are assigned to the N-H* vibration of protonated 2,6-DTBPy and

to one of its C=C ring vibrations, respectively 13.

The acidities of the zeolites, as determined by IR spectroscopy of adsorbed pyridine
and 2,6-DTBPy are summarized in Table 2. The total concentration of acid sites was
comparable for both materials, i.e., 45-52 umol-g*, and 153-173 pumol-g* for H-ZSM-
5, and n-H-ZSM-5, respectively. However, most of the acid sites on n-H-ZSM-5 were
strong, whereas 50 % of LAS and 33 % of BAS in H-ZSM-5 were weak. Comparisons
of the adsorption of pyridine and 2,6-DTBPy indicated that only 10 % of BAS (17
umol-g*) were accessible for 2,6-DTBPy in H-ZSM-5, whereas 43 % of the BAS (66

umol-g1) were accessible in n-H-ZSM-5.

The Ni catalysts contained Ni loadings of around 10 wt. %. The dispersion of the metal
was assessed by XRD, TEM and Hz chemisorption (Table S2 of the supporting
information). Although there are variations for the dispersions of small Ni particles, the
trends are identical within the results derived from a specific technique. The average
particle sizes of Ni particles were smaller on nanosheet materials than on materials
with conventional morphology, whereas Ni particles have very similar sizes within the
series (d (Ni/H-ZSM-5) = d (Ni/Silicalite 1) < d (Ni/n-H-ZSM-5) = d (Ni/n-Silicalite 1)).
Small metal particles may escape from detection in XRD and TEM measurements. The
former technique is limited to particles with crystalline domains large enough to
produce coherent reflection, while the latter is limited by the resolution of the instrument
and size of the metal particles. H2 chemisorption, in contrast, titrates the surface atoms
of the metal particles independently of their size. Therefore, the results obtained by H2
chemisorption were used for calculation of intrinsic activities (Table 1). The
concentrations of accessible Ni atoms varied by a factor of 3 between H-ZSM-5 and n-

H-ZSM-5, i.e., 128 umol-g* and 349 pumol-g*, respectively.
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2.4.3 Catalytic activity and selectivity

Catalytic activity and selectivity of Ni catalysts (pure (n)-H-ZSM-5 or (n)-Silicalite 1 are
not active) for HDO of methyl stearate, tristearate, and microalgae oil were
investigated. The kinetic results are compiled in Figures 3, 4, and S4, and in Tables 3
and 4.

2.4.4 Hydrodeoxygenation of methyl stearate

The specific activity (per mass of catalyst) increased in the presence of
aluminosilicates and was always higher for the hierarchic material, i.e., Ni/Silicalite 1 <
Ni/n-Silicalite 1 < Ni/H-ZSM-5 < Ni/n-H-ZSM-5 (Table 3). Thus, the mesoporosity
improved the reaction rates twofold (e.g., k = 0.36 h-! on Ni/Silicalite 1, compared to k
= 0.75 h't on Ni/n-Silicalite 1), while the use of aluminosilicate instead of silicate based
zeolites enhanced the rate by a factor of 3 (e.g., k = 0.36 h'* on Ni/Silicalite 1, compared
to k = 1.16 h'! on Ni/H-ZSM-5). The rate of conversion on Ni/n-H-ZSM-5 was faster
than on Ni/H-ZSM-5 by a factor of 4. The activity of Ni supported on nano-structured
zeolite (Ni/n-H-ZSM-5), however, was one order of magnitude higher than Ni supported
on microporous silicate (Ni/Silicalite 1). That is, the combination of using a zeolite and

mesoporosity had a synergistic effect on the activity of the supported metal.

Table 2. Concentrations of acid sites of the conventional and the nano-structured material.

Total acid  Strong acid Weak acid  Accessible Inaccessible

Material sites? sitesP sites® BASH BASE®
[umol-g7] [umol-g7] [umol-g7] [umol-g7] [umol-g7]
LAS BAS LAS BAS LAS BAS

H-ZSM-5 46 173 24 115 22 58 17 156

n-H-ZSM-5 52 153 50 152 1 1 66 87

a After adsorption of pyridine at 423 K and outgassing for 1 h under vacuum. ? After subsequently heating
the samples of 2 to 723 K for 0.5 h under vacuum. ¢ Difference between total concentration of
Brgnsted/Lewis acid sites and concentration of strong Brgnsted/Lewis acid sites. ¢ Defined as
percentage of 2,6-DTBPy interacting with total Brgnsted acid sites. ¢ Difference between total
concentration of Brgnsted acid sites (both strong and weak) and concentration of Brgnsted acid sites
accessible for 2,6-DTBPy.
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Figure 2. No-physisorption isotherms and pore size distributions of Ni catalysts.

The analysis of the intrinsic activity shows a different picture. The variation of TOFs
follows the same trend as that of specific rates (Ni/Silicalite 1< Ni/n-Silicalite 1 << Ni/H-
ZSM-5 < Ni/n-H-ZSM-5). Within the experimental error (£10 %), however, TOF on the
silicalite based catalysts (Ni/Silicalite 1 and Ni/n-Silicalite 1) are the same (~20 h'?),
whereas for the zeolite based catalysts the activity of Ni/n-H-ZSM-5 is higher than that
of Ni/H-ZSM-5 only by 30 %. In a word, a nano-structured pore system has little effect
on the activity of Ni supported on silicalite and a modest one on the activity of Ni on
zeolites. Supporting the Ni particles on aluminosilicate zeolites (H-ZSM-5 or n-H-ZSM-
5), on the other hand, increases the intrinsic activity of Ni by a factor of ~5 compared
to supporting the metal on the corresponding silicate zeolites (Silicalite 1 or n-Silicalite
1).

Figure 3 shows the evolution over time of the concentration of methyl stearate and the
products. Stearic acid, stearyl stearate, and octadecanol are intermediate products,
having concentrations that pass through maxima; whereas octadecane and
heptadecane are final products. These observations allow us to propose the reaction
network shown in Figure 5 in agreement with previous reports 4. Stearic acid is
produced by a hydrogenolytic C-O cleavage of methyl stearate or triglyceride, which
produces methane or propane as by-products (only alkanes detected in the gas
phase). Hydrolysis of methyl stearate to methanol and stearic acid was excluded, as
methanol was not detected in the gas and liquid phases while conversion over pure

zeolite (which could have catalyzed hydrolysis via Brgnsted acid sites) was not
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observed. A second hydrogenolysis step converts the acid to the highly reactive
aldehyde intermediate (stearic aldehyde, not observed in this work), which undergoes
decarbonylation to heptadecane, or hydrogenation to octadecanol. Direct
decarboxylation of stearic acid, observed over Pt and Pd 3, is excluded on Ni catalysts
because stearic acid was not converted under N2 atmosphere. Dehydration of
octadecanol (yielding octadecene), and consecutive hydrogenation leads to
octadecane as a final product. In parallel to the described steps, esterification of stearic
acid and octadecanol yields stearyl stearate only on aluminosilicate-based catalysts
(Ni/H-ZSM-5 and Ni/n-H-ZSM-5), when stearic acid is present in relatively high

concentrations.

Table 3. First order reaction rate constant, initial rate and turn-over frequency for the
hydrodeoxygenation of methyl stearate.

Initial reaction rate

Reaction rate Turnover frequency ©

Catalyst constant k ah-1] [mmolffhb_gcat)_ll [MOlreactant- (MOlaccesible ni- )]
Ni/H-ZSM-5 1.16 12.0 94
Ni/Silicalite 1 0.36 4.0 19
Ni/n-H-ZSM-5 4.42 44.0 126
Ni/n-Silicalite 1 0.75 8.0 22

a Calculated via the integrated rate law taking into account the concentration profile during the entire
reaction time. P Calculated at zero reaction time as the product of the rate constant and initial
concentration. ¢ Determined by normalizing the initial rates with the concentration of surface Ni atoms.

Stearic acid was not observed on silicate based catalysts (Ni/Silicalite 1 and Ni/n-
Silicalite 1), which implies that the hydrogenolysis of the Csp?-O bond of the acid is
faster than that of the Csp3-O bond of the methyl stearate. Furthermore, octadecane
is not observed and very low concentrations of octadecanol are formed. This is due to
the absence of Brgnsted acid sites on silicalite, which hinder the dehydration of
octadecanol. As a consequence, only the decarbonylation pathway towards
heptadecane is available to convert the octadecanal-octadecanol pair, which likely

reaches equilibrium even at low reaction times.
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Figure 3. Evolution of the concentrations of methyl stearate and reaction products over time on the
catalysts with different morphology and acidity. Reaction carried out with methyl stearate as reactant (5
mmolar in dodecane) at 40 bar H, and 553 K.

In contrast to Ni supported on silicates, stearic acid was observed on aluminosilicate
based zeolites (Ni/H-ZSM-5 and Ni/n-H-ZSM-5), which indicates that the Csp3-O
hydrogenolysis of the methyl stearate is faster than that of the Csp2-O bond of the acid.
As the aluminosilicate catalysts are much more active than the silicalite counterparts,
we conclude that supporting Ni on zeolite enhances the Csp3-O cleavage to a larger
extent than the Csp?-O cleavage. The most distinctive feature of Ni on zeolites is that
octadecane is the main final product, which indicates that the dehydration of
octadecanol, followed by hydrogenation of the octadecene intermediate is faster than
the decarbonylation of octadecanal.
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2.4.5 Hydrodeoxygenation of tristearate and microalgae oil

While the sequence of catalytic activities for tristearate and microalgae oil, normalized
to mass of catalyst, was the same than that observed for methyl stearate, i.e.,
Ni/Silicalite 1 < Ni/n-Silicalite 1< Ni/H-ZSM-5 < Ni/n-H-ZSM-5 (Table 4), it should be
noted that the reactivity of methyl stearate was lower than that of tristearate or
microalgae oil. We hypothesize that this is caused by a higher heat of adsorption of
the latter, directly influencing the measured rates, as the reaction order was determined
to be one. Considering the performance of Ni/Silicalite 1 as the reference, catalysts
with nano-structured supports were approximately three times more active. Similar
observations were made for the conversion of microalgae oil. The use of zeolite instead
of silicalite as a support enhanced the rate by a factor of five (e.g., k = 0.4 h't on
Ni/Silicalite 1, compared to k = 2 h'* on Ni/H-ZSM-5). The conversion rates on Ni/n-H-
ZSM-5 were higher than on Ni/H-ZSM-5, and Ni/Silicalite 1 by factors of 4 and 20,
respectively. Thus, the use of zeolite and hierarchical pore systems have positive

effects on the activity of the catalysts for the conversion of the three feeds.

Despite of different morphologies (conventional or nano-structured), TOFs are
comparable on materials with the same composition (aluminosilicate or silicate)
following the trend Ni/Silicalite 1 < Ni/n-Silicalite 1 << Ni/H-ZSM-5 < Ni/n-H-ZSM-5.
Thus, the hierarchic materials stabilize smaller Ni particles and the higher reaction
rates per mass of catalyst on Ni supported on nano-structured materials are due to
better metal dispersion. In contrast, the use of zeolite instead of silicalite as a support
enhances the TOF by an order of magnitude (e.g., TOF=17 ht on Ni/Silicalite 1,
compared to 158 h't on Ni/H-ZSM-5).

The products of tristearate conversion in the liquid phase were identical to the products
observed for methyl stearate conversion, i.e., stearic acid, stearyl stearate,
octadecanol, octadecane and heptadecane. This indicates direct Csp3-O
hydrogenolysis of the ester bond of glycerol and stearic acid. The product distributions,
including the evolution of products over time, for the HDO of tristearate and microalgae
oil are similar (Figure 4 and Figure S6). On the catalysts based on aluminosilicate
zeolite with conventional morphology, the conversion of triglyceride yielded more
octadecane than the conversion of methyl stearate. We attribute this to competitive
adsorption of methyl stearate on Brgnsted acid sites, which reduces the rate of

octadecanol conversion to octadecane. In contrast, the triglycerides are too bulky to
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access the micropore system of the zeolite, where most of the acid sites are located.
Thus, dehydration of the alcohol on Brgnsted acid sites occurs rapidly in the presence
of triglycerides, resulting in higher selectivity to octadecane than in the presence of
methyl stearate. Besides this, the evolution of reactant and products and their
dependence on catalyst composition is the same as that described for methyl stearate.
Thus, the nature of the reactants (methyl stearate, tristearate, or a mixture of
triglyceride) mainly influences the overall rates, whereas the selectivities are affected

to a lower extent. A general reaction network is shown in Figure 5.

During recycling experiments, the reaction rate of triglyceride conversion on Ni/n-H-
ZSM-5 stayed constant within the measuring error (Figure S7). Changes in the reaction
order were not detected, i.e., a first order behavior was observed in all runs. Hence,
deactivation does not take place under the reaction conditions explored. In line with
the catalytic stability, the X-ray diffractograms of the spent catalysts were almost
identical to those of the fresh catalysts (Figure S8 and S9). This indicates, that the
support and Ni particles are structurally stable under the conditions applied in this

study.

2.4.6 On the effects of mesoporosity and composition of the support on
the hydrodeoxygenation reactions
Nickel catalyzes the initial hydrogenolytic steps of the reaction network. The Brgnsted
acid sites, on the other hand, catalyze the conversion of the intermediately formed
alcohol via dehydration or esterification. This is an important role, because the
selectivity of the final products depends to a large extent on the ability of the catalyst
to dehydrate the alcohol. If this functionality is missing, then equilibrium between the
alcohol and octadecanal favors carbon loss, because Ni is very active for

decarbonylation of the latter *°.

The question arises as to how the presence of mesoporosity influences the
performance of the catalysts. The results here demonstrate that nano-structured
systems lead to more active catalysts than large crystal MFI type zeolites in line with
results obtained for catalysts supported on BEA 6. The main cause for the higher
activities is the higher dispersion of Ni of the nano-structured materials. Note that the
concentration of exposed Ni atoms is up to a factor of 3 higher on the nanostructured

materials than on the typical morphologies. This is likely due to the high specific surface
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area accessible to deposit Ni particles in the nano-structured supports compared to

the conventional counterparts.

The morphology of the support showed only a modest positive effect on the intrinsic
metal activity i.e., the ratios of the TOFs observed on nano-structured catalysts divided
by the TOFs observed on conventional catalysts are all above 1 but below 2. Therefore,
there are not large differences in the concentration of Ni sites available for methyl
stearate, tristearate, and triglycerides on the catalysts. Consequently, as the examined
triglycerides are too bulky to enter the micropore system of MFI type zeolites, the

majority of the active Ni has to be located on the outer surface of the supports.

The dimensions of support and nickel particles in different catalysts as well as the
triglyceride are schematically compared in Figure 6. The figure shows the higher Ni

dispersion on the nano-structured materials.

Table 4. First order reaction rate constant, initial rate and turn-over frequency for the
hydrodeoxygenation of tristearate, and microalgae oil2.

Turnover frequency

Reaction rate constant Initial reaction rate ro _
[m0|reactant' (m0|acce5|ble

-1 . . -1
Catalyst [(h] [mmol-(h-gear)”] ni-h) ]
Tristearate M|cr(;ﬁ|gae Tristearate Mlcrg?llgae Tristearate Mlcrgﬂlgae

Ni/

2.0 2.6 20.2 25.8 158 201
H-ZSM-5
Ni/

0.4 0.3 3.5 3.1 17 15
Silicalite 1
Ni/n-H-

8.4 8.0 84.0 80.4 241 230
ZSM-5
Ni/n-
o 1.1 0.9 10.7 8.9 29 24
Silicalite 1

aThe parameters corresponding to tristearate and microalgae oil were calculated based on the product
formation with first order kinetics. P Calculated by dependence of conversion on reaction time with first
order kinetics. ¢ Calculated at zero reaction time. 4 Determined by normalizing the initial rates with the
concentration of surface Ni atoms (supporting information).
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Figure 4. Evolution of the concentrations of reaction products of tristearate conversion over time on the
catalysts with different morphology and acidity. Reaction carried out with tristearate as reactant (1.66
mmolar in dodecane) at 40 bar H, and 553 K.

The main factor increasing the intrinsic activity of the catalyst is the composition. We
attribute this promoter effect to acidity as it is the only property intrinsically changing
with composition. This metal-support effect is known for hydrogenation 7: 18 25 C-C
hydrogenolysis 1° 25, ring enlargement 2% 25 and isomerization 21 25, Effects of acid
sites on C-O cleavage, however, have been reported only recently 2224, Many
explanations have been put forward for this effect, e.g., decreased electron density at
the metal due to withdrawing toward acid sites °, and interactions of metal sites and
protons from the BAS 26, All theories invoke increasing polarization of the metal sites.
Our results suggest that this polarization originates from a direct interaction between
Brgnsted acid sites with Ni particles, as a significant Brgnsted acid site concentration

was found on the outer surface/pore mouths of both aluminosilicate based catalysts.
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However, it is not in the scope of this work to test this proposal. Further studies are

being carried out.
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Figure 5. Reaction network for the hydrodeoxygenation of tristearate and methyl stearate. “Ni” and “H*”
denote steps catalyzed by metal and acid sites. Compounds in brackets were not observed in this study.
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Figure 6. Graphical representation of catalysts with conventional and nano-structured morphology.
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2.5 Conclusions

Ni catalysts supported on hierarchical materials, i.e., self-pillared nanosheets, are
more active in deoxygenation of methyl stearate, tristearate, and algae oil than the
counterparts with conventional structure. The high Ni activity attained on the
hierarchical materials are due to outstanding metal dispersion as rates normalized to
accessible Ni (TOF) on catalysts with hierarchical and conventional structure are
comparable. TOFs of methyl stearate and triglyceride conversion, being independent
of support morphology, indicate that the majority of Ni particles are located on the outer
surface of the supports (triglycerides are too bulky to access the micropore system of

MFI type zeolites).

Interestingly, the acidity of the support has a strong positive influence on the intrinsic
activity of Ni. Therefore, the most active catalyst relies on the highest Ni dispersion in
the presence of nano-sized crystallites as well as on the highest concentration of acid

sites.

Overall, self-pillared zeolite nanosheets have an important potential as catalytic
supports for bulky reactants that do not access the microporous system. This is
because its small particle sizes and hierarchical support morphology increase the
concentration of accessible acid sites by factors of 3-4 and provide a one order of
magnitude higher mesopore volume for metal deposition compared to conventional

zeolite supports.
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3 Ni-catalyzed C-O hydrogenolysis enhanced by

cooperation with Brgnsted acid sites on Ni/H-ZSM-5

3.1 Abstract

Rates of methyl stearate and stearic acid conversion on supported Ni catalysts
increase in parallel with the concentration of Brgnsted acid sites of MFI supports. Thus,
the intrinsic rates of C-O hydrogenolysis on Ni are enhanced by Brgnsted acid sites.
This effect is attributed to the participation of Brgnsted acid sites in the reaction,
lowering the apparent transition state enthalpy (compensated by increasingly negative
apparent transition state entropy). The barrier for the C-O bond cleavage in stearic acid
is higher than in methyl stearate, which parallels the corresponding C-O bond
dissociation energies. The decrease in reaction barrier is substrate dependent. That
is, the rate determining step shifts from the C-O hydrogenolysis of methyl stearate to
that of stearic acid in the presence of Brgnsted acid sites. Ni works cooperatively with
Brgnsted acid sites in proximity, i.e., Brgnsted acid sites interact with the carbonyl
group of the substrate, decreasing the strength of the C-O bond and facilitating its

hydrogenolysis on Ni.

2
Cy7H3s o~

u (@]
Co MoV OH

>

Zeolite Brgnsted acid site Bragnsted acid site
concentration concentration

Activation energy
2
[}
[ J [ |
o}
on
Turnover frequency

—
) 4

PR
Ci7Hzs o<

C-0 bond strength reduced

47



Ni-catalyzed C-O hydrogenolysis enhanced by cooperation with Brgnsted acid sites
on Ni/H-ZSM-5

3.2 Introduction
Triglycerides can be upgraded by catalytic hydrodeoxygenation (HDO) to alkanes that

can be used as drop-in fuelsl. The conversion occurs in a cascade of reactions
(hydrogenation, C-O hydrogenolysis, decarbonylation, and dehydration), which require
metal and acid sites acting concertedly. As the focus of catalyst development shifts
from noble metals to base metals, due to concerns on material stability and cost?, Ni
supported on zeolites has been found an effective bifunctional catalyst for HDO of bio-
oils of diverse origin®#. Beyond the role of catalyzing dehydration steps, the acid sites
of the zeolite increase the intrinsic activity of the metal for C-O hydrogenolysis in fatty
acid esters on Ni supported on H-ZSM-5 and BETA>®. Such effect of acid supports on
the intrinsic activity of metals has been reported for noble metals’ for hydrogenationg,
C-C hydrogenolysis®, ring enlargement'®, and isomerization!!. In aqueous phase, the
TOF for hydrogenolysis of phenolic monomers increased parallel to acid site
concentration of Ni/H-ZSM-5'2. This highlights the importance of understanding
synergistic effects between metal and acid sites in bifunctional catalysts.

Hence, this work focuses on understanding the enhancing effect of Brgnsted acid sites
on the intrinsic activity of Ni. We report the characterization of Ni catalysts supported
on MFI zeolites with varying concentration of Brgnsted acid sites and their catalytic
activity for the C-O hydrogenolysis steps in the conversions of triglycerides to alkanes.
Lewis acid site concentrations of the supports were minimized. Methyl stearate was
chosen as a model compound for this study, because of its structural similarity to
triglycerides i.e., both molecules contain an ester functionality, comparable carbon
chain length, and similar conversion pathways over supported Ni catalysts under Hz
atmosphere 3 13, We explored the variation in apparent transition state enthalpy and
entropy elucidating the origin of the enhancement of intrinsic Ni activity by Brgnsted
acid sites, suggesting that this correlation originates from the participation of the acid

sites in the hydrogen addition reactions.

3.3 Experimental section
3.3.1 Chemicals

All chemicals were purchased from commercial sources and used without further

purification. Ammonium hexafluorosilicate (Alfa Aesar, 99.999 %), ammonium nitrate
(Sigma-Aldrich, 2 99.0 %), dodecane (Sigma-Aldrich, = 99.0 %), eicosane (Aldrich, 99

48



Ni-catalyzed C-O hydrogenolysis enhanced by cooperation with Brgnsted acid sites
on Ni/H-ZSM-5

%), methyl stearate (Alfa Aesar, 99.0%), Ni nitrate hexahydrate (Alfa Aesar, 99.9985
%), sodium aluminate (Riedel de Haen), tetraethyl orthosilicate (Aldrich, 98 %),
tetrapropylammonium hydroxide solution (Sigma-Aldrich, 1.0 M in deionized water),
urea (Sigma-Aldrich, 2 99.0 %).

All gases were obtained from commercial sources and used without further purification.
N2 (Westfalen, > 99.999 %), synthetic air (Westfalen, > 99.999 %), H2 (Westfalen, >
99.999 %) and Ar (Westfalen, > 99.996 %).

3.3.2 Catalyst preparation
3.3.2.1 Zeolite synthesis

Four MFI materials including three zeolites with varying Si/Al ratio and one silicalite-1
material were synthesized via the hydrothermal synthesis described in the supporting
information. The ion exchange was carried out by suspending the wet powder in 90
mL 1 M ammonium nitrate solution and stirring the suspension overnight at 343 K.
Subsequently, the liquid phase was separated by centrifugation and discarded. The
ion exchange was repeated three times. The obtained materials were dried overnight
at 343 K.

Following the synthesis, the zeolites were treated with ammonium hexafluorosilicate in
order to minimize the concentration of extra-framework aluminum. Samples (4 g) of H-
ZSM-5 90, H-ZSM-5 150, H-ZSM-5 200 and silicalite 1 were suspended in 29 mL, 17
mL, 13 mL and 13 mL, respectively, of a 1 M ammonium hexafluorosilicate solution
and stirred vigorously at 353 K for 5 h. Subsequently, the solids were separated by
centrifugation and washed six times with 40 mL deionized water. The materials were

treated in a flow of synthetic air (100 mL/min) at 823 K (heating rate 10 K/min) for 5 h.

3.3.2.2 Deposition precipitation of Ni

All supports were loaded with Ni via the deposition-precipitation method'4. In a typical
synthesis a Ni nitrate solution was prepared by dissolving 10.18 g (35 mmol) Ni nitrate
hexahydrate in 250 ml of deionized water. The solution was divided in two volumes of
210 mL and 40 mL. The larger volume was transferred into a magnetically stirred 500
mL three neck flask containing 1.9 g of the support. The flask was connected to a reflux
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condenser and a thermometer. This suspension was heated to 343 K. In the second
volume of the Ni nitrate solution, 6.3 g (105 mmol) urea was dissolved and the resulting
solution was added drop wise to the suspension in the three-necked flask. The
resulting suspension was further heated to 363 K, kept at this temperature for 40 min
and quenched to room temperature. The suspension was vacuum filtered, washed
three times with deionized water and dried overnight at 343 K. The obtained green
powders were treated at 673 K (heating rate 1 K/min) for 4 h in a flow of synthetic air
(100 mL/min) and reduced at 733 K (heating rate 1 K/min) for 5 h in a hydrogen flow
(2100 mL/min).

3.3.3 Catalyst characterization

3.3.3.1 Atomic Absorption Spectroscopy (AAS)
Atomic absorption spectroscopy was carried out on a UNICAM 939 AA-Spectrometer
equipped with a GF 95 graphite furnace. The samples were dissolved in a solution of

hydrofluoric acid (48 %) and nitro-hydrochloric acid at 383 K before the measurement.

3.3.3.2 N2 physisorption

The surface area, pore volume and distribution of pore sizes were determined by N2
adsorption/desorption isotherms at 77 K. The measurements were carried out in a
Thermo Finnigan Sorptomatic 1990 Series. Prior to adsorption, the samples were
evacuated at 473 K for 2 h at 10-® mbar. The total pore volume was calculated based
on the Gurvich-rule'®. The mesopore volume was determined by the BJH method?®.
The micropore volume was determined by the t-Plot method established by Lippens

and de Boer?l?

3.3.3.3 X-Ray diffraction (XRD)
Powder X-ray diffraction patterns were collected with a PANalytical X’Pert Pro PW
3040/60 instrument (ACuKa = 0.154 nm, 45 kV/40 mA). The diffractograms were

recorded from 26 = 5° to 70° with a step size of 0.017 °/min and a scan time of 1 h.
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3.3.3.4 Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM)
The transmission electron microscopy (TEM) measurements were performed with a
TEM-instrument (JEOL JEM-2011) at 120 kV. The average particle size and its
standard deviation as well as the dispersion of the Ni particles was calculated based
on the Ni particle size distribution of at least 300 Ni particles measured in more than
five regions of the sample. The surface, shape and the porosity of the catalyst were
visualized scanning electron microscopy (SEM) via scanning electron microscopy

carried out in a JEOL 500 SEM microscope.

3.3.3.5 FTIR-spectroscopy of adsorbed pyridine and 2,6-di-tert-butylpyridine
(DTBP)
The IR measurements were carried out on a Thermo Nicolet 5700 FTIR spectrometer
with a resolution of 4 cm™ averaging 124 scans in a total measuring time of 65 s. The
self-supporting wafers were reduced in a flow of 10 mL - min-t Hz for 1 h at 723 K with
a heating rate of 10 K - min't and subsequently outgassed at 106 mbar for one hour.
The concentrations of weak and strong Lewis and Brgnsted acid sites were determined
as described in the following. After reduction, the samples were exposed to 0.1 mbar
pyridine at 423 K for 30 min and outgassed for 1 h to remove the gaseous and
physisorbed pyridine. For determination of the strong acid sites, the sample was
heated at 723 K (heating rate of 10 K - min) for 0.5 h in order to remove weakly
chemisorbed pyridine. The concentrations of Brgnsted and Lewis acid sites (BAS and
LAS, respectively) were derived from the integral of the signals at 1546 and 1455 cm-
1, respectively, normalized to the weight of the wafer. The molar extinction coefficients
applied were 4.32 and 3.26 pmol - cm™ for Brgnsted acid and Lewis acid sites,
respectively. The accessibility of Brgnsted acid sites was determined using 2,6-di-tert-
butylpyridine instead of pyridine as probe molecule!®. The procedure was similar to the
one described for pyridine. The fraction of Brgnsted acid sites accessible for 2,6-di-
tert-butylpyridine was calculated from the decrease of the O-H stretching vibration

band of the Brgnsted acid sites at 3616 cm™.
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3.3.3.6 Hydrogen chemisorption

H2 chemisorption measurements were carried out with a Thermo Scientific Surfer
Sorptiometer. Before the measurement, the sample was reduced in a flow of H2 for 1
h at 723 K and evacuated 1 h at 573 K. A first adsorption isotherm was measured at
298 K from 0 to 533 mbar. After desorption of physisorbed H2 for 20 min at 298 K and
102 mbar, another adsorption isotherm was measured at 298 K from 0 to 533 mbar in
order to quantify physisorbed Hz. Subtraction of the second from the first isotherm
yielded the isotherm of chemisorbed H2. The concentration of adsorbed Hz was
calculated based on the metal content (measured via AAS) and the y-axis intercept of

the extrapolated linear high-pressure part of the H2 chemisorption isotherm.

3.3.4 Catalytic reactions

The experiments were conducted in a Parr 45890HP autoclave. All reactions were
conducted at a Hz pressure of 40 bar with 84.7 mg (5mmol) of eicosane as an internal
standard and 45 g of dodecane as solvent. As reactant 671.6 mg (37.5 mmol) methyl
stearate or 640.1 mg (37.5 mmol) stearic acid were used. Samples of 30 mg of the
catalysts were reduced in Hz at 7323 K for 4 h prior to the reaction.

The reactor was filled three times with 15 bar H2 and subsequently flushed to ensure a
pure H2 atmosphere. The temperature was set to the desired value and stirring was
started with a rate of 700 rpm. Control experiments showed the absence of transport
artefacts at this stirring rate. As soon as the desired temperature was reached, the
pressure of the reactor was set to 40 bar with Hz2. Aliquots were periodically extracted
and analyzed offline with a gas chromatograph (GC, Agilent Technologies 7890B GC)
connected to a flame ionization detector (FID) and a mass spectrometer (MS, Agilent
Technologies 5977A). The GC was equipped with a HP-5 capillary column.
Quantification was done based on the internal standard and an external calibration of
the GC-FID signal of each compound. The carbon balance was always better than
97%.

Reaction rate constants were calculated based on methyl stearate or stearic acid
conversion according to the integrated rate law assuming a first order reaction. The R?

values of the regression lines were typically above 0.98.
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3.4 Results and discussion

3.4.1 Catalyst characterization

Ni catalysts supported on MFI type zeolites with varying Brgnsted acid site
concentration, i.e., one silicalite and three H-ZSM-5 materials were denominated as
Ni/silicalite 1, Ni/H-ZSM-5 250, Ni/H-ZSM-5 180, and Ni/H-ZSM-5 100 according to
their Si/Al ratio (Table S1). The characterization of the parent zeolites and materials
treated with AHFS is reported in the supporting information. The X-ray diffractograms
showed the characteristic pattern of the MFI framework (Figure S3). The reflections
were sharp and narrow, indicating a highly crystalline material. This is in line with the
uniform, well-defined and medium-sized crystallites observed by scanning electron
microscopy (Figure S2). Primary zeolite particles had a platelet shape with a diameter
of 340 + 20 nm and a height of 160 + 15 nm. Varying the Si/Al ratio did not impact the

morphology of the zeolite crystals.

The concentration of Brgnsted acid sites ranged from 2 - 97 umol - g as determined
by IR spectroscopy of adsorbed pyridine (Table 1). These concentrations were lower
than those of the parent materials (Table S4), which cannot be accounted for by the
reduction of the exposed support surface upon deposition of Ni particles. We speculate
that some Brgnsted acid sites were consumed during the deposition precipitation of Ni
due to the heterocondensation of hydroxyl groups and Ni(ll) hydrooxoaqua complexes
forming a Ni phyllosilicate'®. The dealumination occurring during the deposition of Ni
was also associated with decreasing acid site concentration. The concentrations of

Lewis acid sites of the catalysts were in the range of 5 - 16 umol - g (Table 1)

The accessibility of Brgnsted acid sites in the pore mouths of supports and the
corresponding catalysts was determined by IR spectroscopy of adsorbed 2,6-di-tert-
butylpyridine (DTBP). Only Brgnsted acid sites at the pore mouths of the zeolite are
able to adsorb DTBP, because its kinetic diameter (0.7 nm) is significantly larger than
the diameter of micropores of the MFI framework (0.56 nm respectively)?°. The
percentage of Brgnsted acid sites of the supports accessible to DTBP was around 10
%. This value is in good agreement with observations for H-ZSM-5 catalysts with
comparable crystal size?l. After Ni loading, the fraction of accessible Brgnsted acid
sites decreased with increasing Brgnsted acid site concentration (up to 12%, 5.9% and
2.5 % for Ni/H-ZSM-5 250, Ni/H-ZSM-5 180 and Ni/H-ZSM-5 100, respectively).
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Table 1. Ni content, Ni crystal size/dispersion, and acid properties of the catalysts.

Acid site .
, b , : Accessible BAS
Ni2 d Ni® Dispersion® .. .., concentration® o
Sample (Wi%] [nm] (%] Si/Al [umol - g concentration
LAS BAS [umol - g1 [%]
Ni/H-ZSM-5
7.76 114 8.89 102 16 113 2.5 2.5
100
Ni/H-ZSM-5
7.83 127 7.95 180 13 55 2.5 5.9
180
Ni/H-ZSM-5
7.78 134 7.57 250 6 44 3.0 12
250
Ni/silicalite 1 7.92 8.08 12,5 - 5 0 - -

3.4.1.1 Ni particles

The concentrations of Ni were around 7.8 wt% on all catalysts (Table 1). The X-ray
diffractograms showed diffractions of Ni(0) crystals at 44.50° and 51.86°, which
corresponds to the (111) and the (200) planes, respectively (Figure S 4). Based on the
full width at half maximum of the (111) reflection the average particle size of the Ni
particles was calculated via the Scherrer equation to be in between 6.1 and 9.2 nm
(Table S3).

The size distribution of Ni particles was symmetric and narrow for all catalysts (Figure
S5). The averaged patrticle size of Ni determined by H2 chemisorption, TEM, and XRD
followed the same trend: d (Ni/silicalite 1) < d (Ni/H-ZSM-5 100) < d (Ni/H-ZSM-5 180)
< d (Ni/H-ZSM-5 250) (Table 1, Table S4). As the Ni particle size determined by all
methods were significantly larger (above 10 nm) than the micropore size of the MFI
framework of the support (0.56 nm), we conclude that most of Ni particles were located

on the outer surface of the zeolite particles.
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3.4.2 Reaction kinetics

3.4.2.1 Effect of Brgnsted acid sites on the intrinsic Ni activity for methyl
stearate C-O hydrogenolysis

The rates of methyl stearate conversion to stearic acid increased with increasing
Brgnsted acid site concentration (Figure 1). Control experiments showed that the
zeolites alone were not active for this reaction. Thus, the first C-O bond cleavage is
concluded to be a Ni-catalyzed step. Higher conversion rates were attributed to
increasing intrinsic activity (turn over frequencies, TOF) of metal particles with
increasing Brgnsted acid site concentration of the support.

Reaction rates increased by about a factor of 4 (2.2 to 8.5 mmOlwvethyistearate* (h - catalyst)”
1) in parallel to an increase of Brensted acid site concentration from 0 to 113
pumol-gcatayst 1(Ni/silicalite 1 and Ni/H-ZSM-5 100). The TOFs increased by a factor of
about 6 (from 13 to 81 MOlwethyistearate'(MOlaccessible ni * h)?), as the Ni particles on
Ni/silicalite 1 compared to Ni/H-ZSM-5 100 catalysts were smaller. This is comparable
to the six fold increase of the TOF of phenol hydrodeoxygenation over Ni/H-ZSM-5
compared to Ni/SiO2*?. For comparison, TOF for the C-C hydrogenolysis of neo-
pentane increased by one order of magnitude on Pd/HY with a Si/Al of 2 compared to
Pd/SiO2 without Brgnsted acid site??.
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Figure 1. Concentration of methyl stearate, reactions intermediates and products as a function of
reaction time for the catalysts with different silica to alumina ratios at 523 K.
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Table 2. Rates and TOFs of methyl stearate conversion to stearic acid for catalysts with varying
Brgnsted acid site concentration.

Concentration of

Initial rate accessible Ni TOF
Sample [mmO|MethyIstearate : atoms [m0|MethyIstearate :
(h : gCataIyst)'l]a [}.J.m0|accessible Ni - (molaccessible Ni - h)-l]
gCatalyst'l]b
Ni/H-ZSM-5 100 8.5 105 81
Ni/H-ZSM-5 180 6.0 106 57
Ni/H-ZSM-5 250 5.7 100 56
Ni/silicalite-1 2.2 169 13

aKinetic results obtained at 523 K, 40 bar Ha.

b Determined via AAS and H2 chemisorption.

3.4.2.2 Influence of Brgnsted acid site concentration on the rate
determining step of conversion of methyl stearate to alkanes

Remarkably, a change of the rate-determining step from the conversion of methyl
stearate on the silicalite based catalyst (without Brgnsted acid sites) to the conversion
of stearic acid on the zeolite-based catalysts (containing Brgnsted acid sites) was
observed.

The intermediate stearic acid accumulated in significant concentrations during the
conversion of methyl stearate on Ni supported on acidic zeolites. In contrast, stearic
acid was not detected on Ni/silicalite. This implies, in the reaction network of methyl
stearate conversion (Figure 2), that the C-O bond cleavage of the ether bond of the
methyl stearate (r1) is faster than that of the hydroxyl group of the carboxylic acid the
(r2) on Brgnsted acidic catalysts in contrast to the conversion of methyl stearate (ri <
r2) on catalyst lacking Brgnsted acidity. The observed product distribution at longer
reaction times is similar to those previously reported34. The selectivity shifts from n-
heptadecane to n-octadecane with increasing Brgnsted acid site concentration (100 %
selectivity to n-heptadecane on Ni/silicalite and 85 % octadecane and 15 %
heptadecane selectivity on Ni/H-ZSM-5 100), as dehydration of the intermediate
octadecanol, leading to octadecane is catalyzed by Brgnsted acid sites only. In
parallel, a small fraction of n-alkanes was isomerized on Brgnsted acid sites (selectivity
of 0.8 % to iso-heptadecane and 4.6 % to iso-octadecane over Ni/H-ZSM-5 100 after
7 h reaction at 523 K).
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Figure 2. Reaction network for methyl stearate conversion.

Kinetic experiments of the C-O hydrogenolysis of stearic acid showed higher TOFs
proportional to the increase of Brgnsted acid site concentrations (Figure 3, Table 3).
The increase of reaction rates of stearic acid conversion was less pronounced than for
methyl stearate, showing that the synergy of Ni and Brgnsted acid sites depends on
the substrate (Figure 4). Thus, the shift of the rate-determining step from methyl
stearate conversion (r1) to stearic acid conversion (rz) on Brgnsted acidic catalysts is

attributed to the stronger enhancement of r1 rather than of r2.

58



Ni-catalyzed C-O hydrogenolysis enhanced by cooperation with Brgnsted acid sites

on Ni/H-ZSM-5
40 40
Ni/H-ZSM-5 100 Ni/H-ZSM-5 180
< 30 -
g g
E® E
§% S
g 15 g
c c
[} [}
g 10 2
o o
(@) O
5
0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Reaction time [h] Reaction time [h]
40 - 40
Ni/H-ZSM-5 250 [ Ni/silicalite 1
_ 35 1 __ 351
- 30 A — 30 -
E L E —O— Stearic acid ]
E%] E£2°1 —e—Octadecanol
§ 20 1 § 20 1 —&—Iso heptadecane
g 15 A g 15 - —— Heptadecane
@ o} —O—Is0 octadecane
g 10 - e 10 A
8 8 —e— Octadecane
5 5 (
0 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Reaction time [h] Reaction time [h]

Figure 3. Concentration of stearic acid, reactions intermediates and products as a function of reaction
time on catalysts with varying Si/Al ratio at 523 K.
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Table 3. Reaction rates and TOFs of stearic acid conversion.
. Concentration of Turn over

Initial rate . )

Sample [MMOlstearic acid * (h - accessible Ni frequency
Catal )-l]a atoms [um0|accessible [m0|Stearic acid -

gcatalyst Ni gCataIyst'l]b (m0|accessible Ni h)'l]
Ni/H-ZSM-5 100 7.1 105 68
Ni/H-ZSM-5 180 4.5 106 42
Ni/H-ZSM-5 250 3.6 100 36
Ni/silicalite-1 2.4 169 14

aKinetic results obtained at 523 K, 40 bar Ha.

b Determined via AAS and H2 chemisorption.

100

Turnover frequency
[mOIreactant ’ (mOIaccessibIe Ni h)_l]

o

0 25 50 75 100

Bronsted acid site
concentration [umol - g]

Figure 4. Turn over frequencies for methyl stearate and stearic acid conversion in dependence of the
Brgnsted acid site concentration of the support at 523 K.

3.4.2.3 Difference in activation energy of methyl stearate and stearic acid

Activation energies for stearic acid hydrogenolysis were higher than those of methyl
stearate on all catalysts, which reflects the difference in bond dissociation energy of
the bonds cleaved. That is, the bond dissociation energy (BDE) of the R1C(O)-OH bond
in fatty acids is higher than in alkyl esters R1C(O)O-R2 (BDE = 461.5 kJ - mol? for
CH3sC(0O)-OH, BDE = 462.3 kJ - mol* for CH3CH2C(O)-OH and BDE = 354 kJ - mol*
for CH3CH2C(0)-OCH2CHs 2%). The apparent activation energy of methyl stearate on
Ni/silicalite was 139 kJ - molt. This is higher than the apparent activation energy of
107 kJ - mol? reported on Pt/y-Al20s (573 — 623 K, 6.9 bar, Hz, methyl stearate
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dissolved in tetradecane??*). For the conversion of stearic acid over Ni/silicalite 1, the
apparent activation energy of 198 kJ - mol? is also higher than the apparent activation
energy of 175 kJ - mol* determined on 15 wt% Ni/y-Al2O3 (533 — 563 K, 13 — 14.5 bar

Hz in n-dodecane)?®.

3424 Influence of Brgnsted acid sites on activation enthalpies and
entropies of C-O hydrogenolysis of methyl stearate and stearic acid

The apparent activation energies decreased with increasing Brgnsted acid site
concentration of the catalysts from 139 kJ - mol* to 109 kJ - mol* for methyl stearate
and from 198 kJ - mol? to 127 kJ - mol? for stearic acid (Figures S8 and 9).
Interestingly, a stronger dependence on the concentration of Brgnsted acid sites was
observed for the apparent activation energy of the C-O hydrogenolysis of stearic acid
than of methyl stearate (Figure 5). A similar correlation between reaction rates and
Brensted acidity was reported for the C-C hydrogenolysis of neo-pentane on supported
Pd?2, There, the effect was explained by Pd-protons adducts, which decrease the
electron density of Pd resulting in highly active sites. In analogy, the electron density
of the Ni particles of the catalysts studied are hypothesized to decrease with increasing
concentration of Brgnsted acid sites in the vicinity. However, XANES measurements
did not show measurable shifts of the Ni K-edge energy nor a change in the intensity
of the white line with varying Brgnsted acid site concentrations of the support (Figure
S7). Therefore, we conclude that a significant change in electron density of Ni particles
was not induced by the presence of Brgnsted acid sites?®.
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Figure 5. Apparent activation enthalpy as a function of the Brgnsted acid site concentration of Ni
catalysts supported on silicalite-1 and H-ZSM-5.

Table 4. Apparent activation energies, enthalpies and entropies for methyl stearate and stearic acid
conversion over the catalysts with varying Brgnsted acid site concentration.

Methyl stearate Stearic acid
EA, app AS t J EA, app S { J
Sample AHapp' [k (app |[ AHapp' [k (app |[
_ - - (mol - . - - (mol -
[kJ - mol mol] [kJ - mol mol]
1] K)“] 1] K) ]
Ni/H-ZSM-5 -114 +
109+9 105+9 -148+18 127+12 122+12
100 28
Ni/H-ZSM-5
180 119+12 115+12 -132+19 1645 159+5 -47+12
Ni/H-ZSM-5
250 128+9 124+9 -115+16 189+12 186+12 4.79+23
Ni/silicalite-1 139+13 135+13 -96.8+24 198+11 194+11 12313

Brgnsted acid sites at the perimeter of the metal particles have been concluded to

increase hydrogenation rates by aiding the adsorption of hydrocarbons?’. That is,

reaction rates increase with coverage of hydrocarbons on metal sites in the vicinity of

Brgnsted acid sites. However, the five-fold and six-fold increases in rates observed for
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stearic acid and methyl stearate, respectively, would require equivalent increases in
coverage. We regard those coverage increases as not likely for Ni particles with such
little fraction of metal atoms at the interface with the support. That is, the concentration
of surface Ni atoms is more than one order of magnitude higher than the concentration
of Ni atoms at interface with the support. For instance, for a Ni particle with a diameter

of 10 nm, the ratio of surface to interface atoms is 22 (calculations described in the Sl).

We showed in a previous work that the reaction occurs outside the micropores of the
support, as a similar increases in TOF for increasing Brgnsted acid site concentration
were observed for reactants that cannot access the micropores of similar catalysts?.
We hypothesize, therefore, that Brgnsted acid sites located at pore mouths in vicinity
to metal particles facilitate catalysis for the C-O hydrogenolysis. In this scenario, the
apparent activation enthalpies and entropies result from contributions of C-O
hydrogenolysis over unpromoted Ni sites and over the Ni sites interacting with
Brgnsted sites. Therefore, with increasing Brgnsted acid site concentration, the

contribution of this second kind of sites to the measured TOF increases.

This postulate implies that the promoted Ni sites exist only at the support-metal
interface. The low concentration of such sites must be compensated by a direct

involvement in the reaction mechanism of C-O hydrogenolysis.

For the Brgnsted acid sites to impact the enthalpy and entropy of the transition state
they must interact with the polar moiety of the reactant, facilitating its conversion on
the Ni particle. For methyl stearate and stearic acid weakening of the C-O bond is
plausible upon protonation of the carbonyl group oxygen as shown in Figure 6. Methyl
stearate is more readily protonated than stearic acid due to the proton affinities of
methyl esters being higher (e.g., 830.2 kJ - mol* for methyl propanoate) compared to
carboxylic acids (e.g., 797.2 kJ - mol? for propanoic acid)?®. For comparison, proton
affinities of alcohols are comparable (e.g., 789.2 kJ - mol?! for butanol). As alcohol
dehydration via acid-catalyzed protonation was observed under the applied conditions
(octadecanol to octadecane via the readily hydrogenated intermediate octadecene), it
is highly likely that protonated species of methyl stearate and stearic acid exist under

the studied reaction conditions.

Hence, we propose that in the mechanism for C-O hydrogenolysis (Figure 6) the
reactant is adsorbed on metal sites via the C and O of the C-O bond to be cleaved.
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Protonation of the carbonyl O atom (and the concomitant positive charge) by a
Brgnsted acid site weakens the adsorbed C-O bond due to electron withdrawal and
polarizes the bond. This facilitates the hydrogenolysis step upon nucleophilic addition
of H adsorbed on the metal to the electrophilic C atom. This is reflected in the
decreasing transition state enthalpy observed with increasing concentration of
Brgnsted acid sites. There is a compensation effect, i.e., the change in apparent
transition state entropy becomes more negative as the enthalpy increases, which is
rationalized by tighter transition states, when interacting with Brgnsted acid sites (the
degrees of freedom are reduced). After the C-O cleavage, stearic acid and methane
are desorbed (in the case of methyl stearate as the reactant). The mechanism
corresponding to the hydrogenolysis of stearic acid is presented in Figure S10.

CHs
O._OH HOYO
R R
H
° H
@)
I
Zeolite
H;C---
H'OYO(S Ni ".' OYO--
@(l) R Cl) R
Zeolite Zeolite

Figure 6. Proposed reaction mechanism for the C-O hydrogenolysis of methyl stearate over Ni facilitated
by the protonation of the substrate by a Brgnsted acid site.
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3.5 Conclusion

The TOFs of C-O hydrogenolysis of methyl stearate and stearic acid on Ni increase
proportionally to the concentration of Brgnsted acid sites of the MFI supports. This is
manifested by a decrease in the apparent enthalpy of the transition state on Ni sites
close to Brgnsted acid sites. The activation enthalpies for C-O hydrogenolysis of
methyl stearate (n-Ci17H3sC(O)O-CHs) are lower than those of stearic acid (n-
C17H35C(0)-OH), which reflects the difference in the corresponding bond energies.
Thus, the TOFs increase to a larger extent with Brgnsted acid site concentration for
methyl stearate than for stearic acid. As the conversion takes place on Ni particles
outside the micropores of the support and the electronic density of the metal does not
depend on the support, it is concluded that the C-O hydrogenolysis is accelerated on
highly active metal sites at the interface with the support. Ni and Brgnsted acid sites
are hypothesized to act cooperatively, i.e., Brgnsted acid sites protonate the basic
oxygen of the carbonyl group, decreasing the strength of the C-O bond. This facilitates
its Ni catalyzed C-O bond cleavage due to the concomitant reduction of the enthalpy

of the transition state.
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4 Lewis-Brgnsted acid pairs in Ga/H-ZSM-5 to catalyze
dehydrogenation of light alkanes
4.1 Abstract

The active sites for propane dehydrogenation in Ga/H-ZSM-5 with moderate
concentrations of tetrahedral aluminum in the lattice were identified to be Lewis-
Brgnsted acid pairs. With increasing availability, Ga®™ and Brgnsted acid site
concentrations changed inversely, as protons of Brgnsted acid sites were exchanged
with Ga*. At a Ga/Al ratio of 0.5, the rate of propane dehydrogenation was two orders
of magnitude higher than with the parent HZSM-5, highlighting the extraordinary
properties of the Lewis-Brgnsted acid pairs. Density functional theory calculations
relate the high activity to a bifunctional mechanism that helps catalyzing a heterolytic
activation of the propane C-H bond.
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4.2 Introduction

The increasing availability of propane from shale gas together with the worldwide
increase in propene demand has spurred interest in on-purpose production of propene
via dehydrogenation. While being catalyzed with higher energy of activation compared
to monomolecular cracking,?2 dehydrogenation is also catalyzed by Brgnsted acids
via hydronium ions %% as well as by Lewis acid sites, such as Ga, Zn, La. Especially,
the combination of Brgnsted and Lewis acids in the zeolite micropore channels was
observed to be active for propane dehydrogenation.’ Gallium modified H-ZMS-5 has
been used commercially for the aromatization of light alkanes °. However, the nature
active sites in these Ga exchanged zeolites catalysts and the mechanism of
dehydrogenation is still discussed controversially.” 9 1116 While the present
contribution will not address comprehensively the aspects to resolve all open points, a
homotopic catalyst with unprecedented activity for dehydration is reported.

Under reductive atmosphere and high temperature, monovalent Ga* cations can be
formed and exchanged for the protons of zeolite Brgnsted acid sites.'*1> However,
besides Ga*, other cations such as [GaH2]*, [GaO]*, [HGaOH]* as well as Ga203
appear to exist as active sites for propane dehydrogenation.”> % 114 A synergistic
interaction between Lewis acidic Ga species and Brgnsted acid SiIOHAI sites has been
indirectly reported, as catalysts containing both exhibit a rate of propane
dehydrogenation, which is higher than the additive contributions of Ga and Brgnsted
acid sites.” % 1516 The atomistic nature of these sites has not been unequivocally

resolved.

In principle, two mechanisms have been proposed for the dehydrogenation of propane
on Ga and H-ZSM-5. According to the first mechanism, alkanes are dehydrogenated
via carbonium ion intermediates or transition states at the Brgnsted acid sites and the
Lewis acidic Ga species facilitates the recombinative desorption of Hz2.° Alternatively,
the alkane C-H bond has been proposed to be polarized on Ga20s, facilitating the
formation of carbonium ions on Brensted acid sites.'® According to the other
mechanism, the dehydrogenation proceeds via an initial abstraction of a hydride by a
Ga cation’ or by Ga203*® generating transiently a carbenium ion. The abstracted H-
and H* of the Brgnsted acid site recombine, forming Hz and an alkoxy group.

In order to resolve these discrepancies, the synergy of Lewis-Brgnsted acid pairs in a

series of well-defined GaH-ZSM-5 zeolite was examined for the dehydrogenation of
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propane and butane. The nature and concentration of the active site were determined
in situ via X-ray absorption spectroscopy (XANES), temperature programmed
reduction (TPR) and infrared (IR) spectroscopy of adsorbed pyridine. The nature and
stoichiometry of the sites required for the synergetic interaction of Ga and Brgnsted
acid sites was elucidated and a mechanism for the dehydrogenation is proposed,
supported by physicochemical characterization, kinetic experiments and DFT (Density
functional theory) calculations.

4.3 Experimental

4.3.1 Synthesis

NH4-ZSM-5 provided by Clariant (MFI-100 EX 1716.00 H1-C) with a Si/Al=50 was
suspended in an aqueous solution of ammonium hexafluorosilicate (AHFS, 4-fold
excess with respect to the Al content of the sample) and heated to 353 K under
vigorous stirring for 5 h. Subsequently the zeolite was washed six times with hot (353
K), deionized water. This procedure was repeated three times. Afterwards, the zeolite
was dried at 373 K and converted into the protonic form by calcination in a stream of
synthetic air (100 mL/min, 5h, 10 K/min). Silica (Aerosil 200, Evonik) was used as non-
acidic support for comparison. The AHFS treated zeolite was loaded with Ga via
incipient wetness impregnation by an aqueous Ga(NOs3)s solution (Ga(NOs)s, Sigma,
Aldrich, purity < 99%). After drying under static conditions (10 h, 373 K), the catalysts
were calcined in a stream of synthetic air (100 mL/min, 4h, 873 K, 2 K/min). The
samples are denoted as H-ZSM-5, Ga203/SiO2 and X/Y Ga/Al Ga/H-ZSM-5 according
to their Ga/Al ratio.

4.3.2 Catalytic experiments

Catalytic reactions were performed in a fixed bed plug flow reactor, consisting of a
quartz glass coated stainless steel reactor. The catalyst bed typically contained 4 mg
of catalyst with a particle size range of 160 - 280 pm diluted in 200 mg silicon carbide
in order to ensure isothermal reaction conditions. Before the reaction, the pre-calcined
catalysts were reduced in Hz (50 mL/min, 1h, 873 K, 15 K/min). Subsequently, the
samples were purged with N2 (15 mL/min, 10 min) at 823 K and the reactions were
carried out at 1 bar total pressure with N2 as an inert diluent. The apparent activation
enthalpies and entropies were determined in the temperature range of 783 K - 823 K
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for propane and in the range of 763 K — 803 K for butane with a hydrocarbon patrtial
pressure of 8.75 mbar and a total flow rate of 100 mL - min-1. Determination of reaction
orders were carried out at hydrocarbon partial pressures ranging from 0.25 — 45 mbar
at 783 K and a total flow rate of 100 mL - mint. An Agilent 6890 Series GC-FID system
equipped with an Agilent Technologies HP - PLOT/Q column (30m x 0.320mm) and a
FID was used for product analysis. The mass balance was better than 99 % in all

experiments.

Reaction rate constants were determined under differential conversions (x < 3.2 %).
The overall reaction rates were determined based on the fraction of converted
reactants (propane or n-butane). Cracking and dehydrogenation rates were
determined for propane from the yields using methane and ethane for cracking and
propene for dehydrogenation. For n-butane methane and propene, ethane and ethane
were used to determine the rates for cracking and cis-2-butene, trans-2-butene, 1-
butene and iso-butene for the rate of dehydrogenation. Bimolecular and secondary
reactions were avoided by studying the system at low conversion levels. This was
confirmed by the formation of equimolar ratios (1.0 + 0.1) of cracking products
(C2H4/CHa4 for CsHs and CsHe/CHa for C4Ha0), while products heavier than the reactants
were absent. Deactivation was below 5 % during catalytic experiments. All reaction
rates and rate constants were normalized to the mass of catalyst. Site specific turnover
frequencies were calculated based on catalysts containing only one type of site by
normalizing the reaction rate constant to the concentration of the respective active site.
Apparent activation enthalpies and entropies were calculated based on the Eyring

Polanyi equation:

with the reaction rate constant k normalized per site and to one bar taking into account
the respective reaction order, the absolute temperature T, the gas constant R, the
Boltzmann constant ks, the Planck’s constant h and the Gibbs energy of activation
AG°*. The equation was extended via the Gibbs-Helmholtz equation to the following
form:

o % o %
kg T ASapp. AHgpp.
== e R -e RT

k

73



Lewis-Brgnsted acid pairs in Ga/H-ZSM-5 to catalyze dehydrogenation of light
alkanes

with the apparent activation enthalpy AHapp* and apparent activation entropy ASapp.®*

the equation can be rearranged to its linear form:
_AH* 1 kp  ASH

Tty TR

K
T

This form was used for the representation of the results in Eyring plots and the
determination of apparent activation enthalpies and entropies as well as their standard

deviations.

4.3.3 Characterization

The composition of the samples was determined by inductively coupled plasma -
optical emission spectrometry (ICP-OES) on a 700 Series ICP-OES by Agilent
Technologies. The Ga/Al ratios set during the synthesis were archived with a deviation
of £ 5 % (Table S1)

Concentration and strength of Lewis and Brgnsted acid sites (LAS and BAS,
respectively) were determined by infrared spectroscopy of adsorbed pyridine using a
Bruker VERTEX 70 IR spectrometer. Self-supporting wafers of the samples were
reduced (1h, 873 K, 15 K/min) in a stream of Hz2 (20 mL/min) and outgassed (1h, 873
K, 10 mbar). The reduction conditions were identical with those before kinetic
measurements in the plug flow reactor. Pyridine was adsorbed on the samples at an
equilibrium pressure of 10t mbar (0.5 h, 423 K). Concentrations of Lewis and Brgnsted
acid sites were determined via quantifications of the bands related to coordinatively
adsorbed pyridine (1446 cm™ and 1455 cm™) and protonated pyridine (1545 cm),
respectively, using molar extinction coefficients of 3.26 and 4.32 pmol - cm™.
Deconvolution of the two bands of coordinatively adsorbed pyridine was done via two

Gaussian functions centered at 1446 cm™ and 1455 cm™.

Magic-angle spinning nuclear magnetic resonance measurements of 2’Al were carried
out on a Bruker Avance AMX-500 spectrometer. Samples were packed into ZrOz rotors
after hydration (48 h) at 42 mbar H20. The spinning rate was 10 kHz. Al(NO3z)- 9H20
was used as a reference. Spectra of parent H-ZSM-5 and Ga modified H-ZSM-5

showed no signal of octahedrally coordinated Al (O ppm) (Figure S1).

The X-ray absorption near-edge structure (XANES) at the Ga K edge (10368.3 eV)
was measured at the Alba Light Source in Barcelona, Spain on beamline BL22 —

CLAESS. Spectra were recorded in fluorescence mode at ambient temperature for
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references and during in situ reduction, purging and reaction at intervals of ca. 8 min
for the catalysts. The spectra were normalized to an edge step height of one and the
energy calibrated using metallic Ga (10368.3 eV).1” Edge energies were determined
at the inflection points of the Ga K edges. The samples were packed in capillary
reactors with 1 mm outer diameter and 0.02 mm wall thickness. The catalysts were
reduced (1h, 873 K, 15 K/min) in a stream of Hz (5 mL/min) and purged with helium (5
mL/min) at 873 K for 0.5 h before the reaction was carried out at 873 K with 5 mL/min
5 vol% propane in He. Subsequently, the catalysts were cooled to ambient temperature
in a stream of Hz2 (5 mL/min). Metallic Ga, Ga3* in the form of Ga203, GaClz and Ga* in
the form of Ga(l)Ga(lll)Cla (commercially available as GaClz) were used as references.
The contribution of Ga(l) was extracted from the spectra of Ga(l)Ga(lll)Cls by
subtracting the spectra of isostructural K(I)Ga(lll)Cla from Ga(l)Ga(lll)Cla. K()Ga(lll)Cla
was synthesized by mixing stoichiometric amounts of KCl and GaCls, sealing it into a

capillary inside a nitrogen atmosphere (Glovebox) and treating it at 573 K for 3h.

4.3.3.1 Stoichiometry analysis of temperature programmed reduction

Consumption of H2 and formation of H20O during reduction of the samples were
guantified via a Pfeiffer Vacuum Prisma QME 200 mass spectrometer. A quartz reactor
tube was packed with 600 mg or 7.2 mg (90 umol) of Ga/H-ZSM-5. The samples were
calcined (2h, 873 K) in a stream of 20 vol% O2 in He (5 mL/min) and purged in a stream
of He (5 mL/min, 1h, 873 K) in order to exclude water formation by reaction of H2 with
02 adsorbed on the catalyst. Subsequently, reduction was carried out via pulses of
0.69 mL (27.75 umol) H2 diluted in He (41 vol% H2 in He) introduced into a constant
stream of He (5 mL/min) at intervals of 0.25 h at 873 K. For each sample 40 pulses
were recorded. Calibration of the H2 signal was done via the known amount of H2 per
pulse and corresponding area of unreacted H2 signal after the reduction. The reduction

of CuO in H2 was used for calibration of the H2O signal.

4.3.3.2 Density functional theory calculations

Density functional theory calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP)® using a periodic model of MFI with a triclinic unit cell
having the experimentally determined dimensions of 20.02 A x 19.90 A x 13.38 A. The
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RPBE functional’® was used to describe exchange and correlation and the DFT-D2
method of Grimme et al.?® was used to include semi-empirical dispersion interactions.
The Kohn-Sham orbitals were constructed in a plane wave basis with an energy cutoff
of 400 eV and were described in the core regions using the projector-augmented wave
method.?! The Kohn-Sham orbitals were only calculated at the TI'-point and their
occupancies were determined using the Gaussian smearing method with o = 0.02 eV.
Electronic structure minimization was performed using the RMM-DIIS algorithm until
the change in total energy fell below 104 eV. Geometry optimization on local-minimum

structures was carried out until the forces on all atoms were below 0.05 eV/A.

Transition state structures were determined using the nudged elastic band method
(NEB)?? with 8 or 16 images, depending on the complexity of the reaction trajectory,
and a force convergence criterion of 0.3 eV/A for each image. The maximum-energy
structure was then interpolated along the NEB trajectory and used to generate the
starting structure and reaction coordinate to refine the transition state with the dimer

method?3 until the forces on all atoms fell below 0.05 eV/A.

The harmonic vibrational frequencies were determined for each structure using a
limited set of atoms in the unit cell that consists of all of the non-framework atoms and
9 framework atoms. It was confirmed that all of the local-minimum structures had real
frequencies and the transition state structures had a single imaginary frequency. The
frequencies were used to calculate the vibrational contribution to the free energy in the
harmonic approximation for each structure at 783 K. For the gas phase species
propane, propene, and Hz, the translational and rotational contributions to the free
energy were also computed in the ideal gas approximation at 783 K and partial
pressures of 10, 0.1, and 0.1 mbar, respectively. Apparent activation enthalpies and
free energies were calculated using the enthalpies and free energies of the transition

state structures relative to the initial state of the active site and gas phase propane.

4.4 Results and discussion

4.4.1 Influence of the Ga concentration on the reaction kinetics
Ga/H-ZSM-5 catalysts with Ga/Al ratios in the range of 1/9 to 3/2 were studied in order
to investigate the influence of the Ga/Al ratio on the reaction kinetics in propane

dehydrogenation. A strong influence of the reaction rate on the Ga/Al ratio was
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observed, with a maximum in propane conversion at a Ga/Al ratio of 1/2 (Figure 1,
Table S2). The maximum reaction rate on Ga/H-ZSM-5 (for Ga/Al = 0.5) was two
orders of magnitude higher than for H-ZSM-5 (0.011 and 1.6 - 10 - mol - (g - s)?, 783
K), which is substantially higher than those reported previously.” The higher rate
enhancement observed is attributed to highly ordered structure in the present case

compared to similar studies in the literature.
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Figure 1. Overall, protolytic cracking and dehydrogenation rate as a function of Ga/Al ratio of the
catalysts (Reaction temperature 783 K, propane partial pressure 8.75 mbar).

The contributions of protolytic cracking and dehydrogenation to the overall rate are
shown in (Figure 1). The reaction rates of cracking and dehydrogenation on parent H-
ZSM-5 match with the values reported in literature.> 4 © The reaction rate of
dehydrogenation follows the same trend as the total rate, with a maximum in reaction
rate at a Ga/Al ratio of 0.5, increasing its selectivity from 22 % (H-ZSM-5) to 89% (Y2
Ga/Al Ga/H-ZSM-5) at conversions less than 3.2%. The dehydrogenation rate is
increased by more than two orders of magnitude (350) with the best Ga modified H-
ZSM-5 compared to the parent H-ZSM-5 (0.0044 and 1.5 - 10 - mol +(g's)?, 783 K).
Protolytic cracking followed a similar trend as dehydrogenation, reaching a maximum
at Ga/Al ratio of 0.5, with very little or no protolytic cracking being observed for Ga/Al
= 1, decreasing its selectivity from 35% (H-ZSM-5) to less than 3%. The decline in the
protolytic cracking rate is in line with the decrease in the BAS concentration as the
Ga/Al ratio decreased. The reaction rate ratio of dehydrogenation/cracking on H-ZSM-
5was 0.63 (783 K), while on %2 Ga/Al the ratio was 19 (783 K), highlighting the increase
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of the dehydrogenation over the cracking rate on Ga modified H-ZSM-5 compared to
parent H-ZSM-5. To compare the marked contribution of the Ga species, a Ga203/SiO2
catalyst was studied, which showed only activity for dehydrogenation (0.13 - 10" - mol

- (g-s)?, 783 K), while protolytic cracking was not observed.

Comparable differences in the rates were observed for the dehydrogenation of butane
between the most active catalyst (Ga/Al ratio of 0.5 on parent H-ZSM-5) and the parent
H-ZSM-5. The dehydrogenation rate at 783 K increased by a factor of 21 on %2 Ga/Al
compared to H-ZSM-5 for butane (0.38 and 0.018 10 - mol - (g - s)?, 783 K). Note
that these rates of butane dehydrogenation on the parent H-ZSM-5 are in line with prior

results in literature.> 24

Table 1. Reaction rates of propane dehydrogenation and cracking on Ga modified zeolitic and oxidic
materials at 783 K (Rates x 10’ [mol - (g - s)]). The following abbreviations have been made: Overall
(Over.), Dehydrogenation (Dehy.), Cracking (Crack.) and Dehydrogenation/Cracking (D/C).

Dehydro-

Catalyst Overall Cracking genation D/C
H-ZSM-5 0.11 0.07 0.04 0.63
1/3 Ga/Al 3.18 0.23 2.95 12.0
1/2 Ga/Al 15.91 0.79 15.12 19.2
3/4 Ga/Al 1.46 0.08 1.38 17.2
1 Ga/Al 0.99 0.04 0.95 21.9
3/2 Ga/Al 0.38 0.01 0.37 27.7
Gaz/SiO2 0.13 - 0.13 -

In order to study the influence of the Ga/Al ratio on the contribution of active sites to
rate of dehydrogenation the reaction rate had to be separated into contributions of Ga
sites and BAS catalyzed reactions, requiring the quantification of the proposed active

sites as well as the determination of their atomistic structure.
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Table 2. Reaction rates of alkane dehydrogenation and cracking on Brgnsted acid and Lewis Brgnsted
acid pairs 783 K (Rates x 107 [mol - (g - s)1]). The following abbreviations have been made: Overall
(Over.), Dehydrogenation (Dehy.), Cracking (Crack.) and Dehydrogenation/Cracking (D/C).

H-ZSM-5 1/2 Ga/Al Ga/H-ZSM-5
Alkane Over. Dehyd. Crack. D/C Over. Dehyd. Crack. D/C
Propane 0.11 0.044 0.070 0.63 15.9 15.1 0.79 19.2

n-Butane 0.82 0.175 0.65 0.27 4.76 3.67 1.09 3.41

4.4.2 Nature and concentration of active sites

The concentration of acid sites was determined by IR spectra of adsorbed pyridine
after reduction in Hz. In situ reduction was critical, as a fast oxidation of cationic Ga
species was observed upon contact with traces of water (e.g., in ambient air),
reestablishing protons on BAS and GaxOy clusters under formation of molecular Hz
(Figure S2). In line with these observations, the Brgnsted acid site concentration
decreased only to a small extent for Ga/H-ZSM-5 catalysts without in situ reduction;
with ¥2 Ga/Al-ZSM-5 20% of the BAS were converted to LAS, for 3/2 Ga/Al the fraction

increase to 25%.

The presence of three different types of acid sites was shown by IR spectroscopy of
adsorbed pyridine. One type of Brgnsted acid sites and two types of Lewis acid sites
with bands at 1555 cm™ (protonated pyridinium ion, BAS) as well as 1457 cm™ and
1446 cm™ (coordinatively adsorbed pyridine, Ga* and GaxOy) respectively, were
distinguished (Figure S3). It should be noted in passing that the 1455 cm™ band of
coordinative adsorbed pyridine corresponds to strong LAS (such as highly accessible
ARt Ga3®* or Ga* sites), while the band at 1446 cm™ is characteristic of weak or
sterically shielded LAS.
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Figure 2. Concentrations of Lewis and Brgnsted acid sites of catalysts as a function of the Ga/Al ratio.

The Brgnsted acid site concentration after in situ reduction decreased linearly with
increasing Ga concentration (Figure 2). The direct compensation of the decrease in
the concentration of BAS by Ga sites (for catalysts with Ga/Al < 1) strongly suggests
the exchange of the protons of the SIOHAI groups by a monovalent cationic Ga*
species with a stoichiometry of Ga:H* = 1:1. The decrease in Brgnsted acid site
concentration, measured by adsorbed pyridine, agrees well with the decrease of the
O-H stretching vibration of the Brgnsted acid sites (3616 cm™). For Ga/Al ratios > 0.5
a second Ga species was observed, which does not substitute for protons of BAS. The
lower wavenumber of this LAS (1446 cm™) points to a site that acts as considerably
weaker LAS towards pyridine. As the total concentration of acid sites did not linearly
increase with the Ga loading for samples with Ga/Al ratios > 0.5, the formation of GaxOy

clusters in which not all Ga atoms are accessible for pyridine is hypothesized.

The oxidation state of the cationic Ga species was studied by X-ray absorption
spectroscopy (Figure 3). During in situ reduction (temperature raised from 293 to 873K
in Hz flow) of unreduced %2Ga/Al the Ga K-edge shifted from 10374.3 eV to 10370.2
eV (Figure 3). To assign these shifts to the oxidation state, Ga(lll)Cls and
Ga(l)Ga(lll)Cls were used as references for Ga*3 (10373.5 eV) and Ga* (10369.9 eV)
species. Thus, these changes observed in the XANES during in situ reduction suggest
a change in the oxidation state of Ga. However, a distinction between Ga* and specially
coordinated Ga®* such as [GaH2]* needs to be taken into account, as charge donation
of H2 to Ga*® would lead to an electronic structure similar to Ga* *4. Therefore, the

XANES cannot discern unequivocally between Ga* and [GaH2]*! 14 and further analysis

80



Lewis-Brgnsted acid pairs in Ga/H-ZSM-5 to catalyze dehydrogenation of light
alkanes

of this site is discussed below. For the Ga203/SiO2 catalysts the edge did not change
significantly during in situ reduction (Figure S4), indicating that the majority of Ga20s3
was not reduced on SiO2. These findings agree well with the results from IR spectra of
adsorbed pyridine, suggesting the existence of two Ga species. We hypothesize that
the Ga giving rise to the white line peak at 10370.2 eV is related to a strong LAS,
presumably Ga* substituting the H* of the bridging hydroxyl group. In consequence,
the white line at 10374.3 eV is attributed to Ga®* in a more aggregated environment as
GaxOy clusters.
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Figure 3. A. Change of edge energy of Ga species during reduction of %2 Ga/Al Ga/H-ZSM-5 and B.
comparison of edge energy of %2 Ga/Al Ga/H-ZSM-5 during reaction with Ga*! reference.

To further differentiate between Ga* and [GaH2]** the stoichiometry of H2 consumption
and Hz20 formation during reduction of ¥2Ga/Al , containing only Ga species substituting
for protons, was followed (Figure S5). The catalyst was initially calcined in order to
assure that all Ga species are in non-hydroxylated Ga3®* state and subsequently
reduced in Hz. The catalyst reduction resulted in a H2 consumption of Hz, consumed/Ga203
= 2:1 and H20 formation leading to a ratio of Hz, consumed/H20r0rmed = 2:3. The potential
reactions of Ga203 with H2 to form reduced Ga species are summarized below (Figure
4). Combining the specific consumption of Hz and its ratio to the concentration of H20
formed (Figure 5) allows us to conclude that after reduction at high temperatures Ga*
was selectively formed. Thus, we also conclude that the band of coordinatively
adsorbed pyridine at 1457 cm™ and the white line at 10370.2 eV are characteristic of

the existence of Ga*in a homotopic site.
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Figure 4. Plausible reactions of H2 with Ga,O:s.
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Figure 5. Consumption of H; as a function of H.O formation during the pulsed TPR of the 2 Ga/Al Ga/H-

ZSM-5 catalyst.

4.4.3 Mechanism of propane dehydrogenation on Lewis-Brgnsted acid

pairs

The maximum in dehydrogenation rate was observed at the catalyst with a Ga/Al ratio

of 0.5, for which Ga* and Brgnsted acid sites are present in equal concentrations. The

observed reaction rate was about 50 times higher than the reaction rate expected for

additive contributions of Ga203 and Brgnsted acid sites only, pointing to the synergy

between Ga* and Brgnsted acid sites. Comparing turnover frequencies of these Lewis-
Bragnsted acid pairs (1/2 Ga/Al Ga/H-ZSM-5) to isolated Brgnsted acid sites (H-ZSM-
5) and to active sites on Ga203 (Ga203/SiOz2), shows that the Lewis-Brgnsted acid pairs

are by far the most active sites (Table 3).
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Table 3: Turnover frequencies of propane dehydrogenation on Brgnsted acid sites, Lewis-Brgnsted acid
pairs, isolated Ga* and Ga,03 783 K (Rates x 10* [MOlpropane - (MOfactive site * S)™]).

Active site SIOHAI SiO(Ga)AI-SiOHAI Gaz0s3

Turnover frequency 0.14 93.76 1.40

Direct analysis of the mechanism is challenging. The synergistic site cannot be
characterized by the specificity of the adsorption of alkanes, as they adsorb separately
on both Ga* and Brgnsted acid sites. Neither allow H/D exchange experiments insight
into the mechanism, as H/D exchange is equilibrated in presence of Brgnsted acid
sites at the temperatures of the reaction.® The regioselectivity of the dehydrogenation,
i.e., the presence of 1-butene, which would be formed if dehydrogenation would take
place via hydride abstraction by Ga, cannot be used to distinguish between
mechanisms proposed, as hydride shifts on Brgnsted acid sites are also equilibrated

at the studied reaction temperatures.®

Thus, in order to distinguish between a classic protolytic dehydrogenation over
Brgnsted acid sites facilitated by Ga* ® 16 and hydride abstraction from the alkane by
Ga*,” 15 the reaction order of the dehydrogenation was studied. The reaction order of
dehydrogenation passing over a carbonium ion in the transition state (TS)?® over H-
ZSM-5 is one (Figure S6).°> Reaction rates are proportional to the alkane fugacities,
while only a small fraction of Brgnsted acid sites is occupied. The formation of the
carbonium ion has been suggested to go through a late transition state, with H-H bonds
being nearly formed.2 This involves the protonation of a C-H bond in CsHs to form a C-
H-H three-center two electron bond, which is less stable than the C-C-H analogues

formed during cracking.?®
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Figure 6: Representation of measured reaction rates and contributions of two additive mechanisms over
1 Gal/Al Ga/H-ZSM-5 with propane partial pressures ranging from 0.25 — 45 mbar at 783 K.

Dependence of the reaction rate showed a significant slower rate at the upper end of
the explored partial pressures from 0.25 to 45 mbar. While a reaction order of ¥2 Ga/Al
of 0.5 over a range of partial pressures (Figure Sl 7) was determined, a closer
inspection points to two additive mechanisms of first-order (Fig 6). The contributions
for the two reactions were estimated by assuming that at low partial pressures the
reaction was determined by catalysis from a site that binds propane rather strongly,
but has a limited concentration on the catalyst. At high partial pressures the reaction is
been hypothesized to be dominated by a first-order reaction catalyzed by sites with a
rather weak interaction with propane, but being more abundant on the studied catalyst.
Extrapolation of this second contribution allows to estimate the upper limit of the impact
of the first pathway. We hypothesize at present that both pathways catalyze

dehydrogenation and cracking of propane in a monomolecular mechanism.

We speculate at present that the first pathway is associated with a small number of
defects on Ga-ZSM5, but we intend to systematically vary potential defect sites to
corroborate the origin of these sites. The main active site catalyzes dehydrogenation
via a mechanism involving both Ga* and Brgnsted acid sites, as hypothesized by
theoretical modeling below. Because the catalytically active sites form only at high
temperatures, it is currently not possible to reliably quantify the concentration of the
sites. If we estimate them to be equal to approximately half of the total concentration
of BAS, the sites saturating in the low propane partial pressure region are an order in
magnitude below to those in the high pressure region in concentration. These two sites

could result from a heterogeneous Al distribution within the zeolite lattice, resulting in
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different distances between the two Al of a pair, being one exchanged with Ga and the
other withholding the BAS.

It should be noted that within this hypothesis, the measured apparent activation
enthalpy is related to the contribution of the mechanism dominant at low pressures.
The two sites involved in the heterolytic dissociation are proposed to have two
(different) functions, stabilizing R-and H*. In consequence, the highest rate is observed
at equal concentrations of Ga* and BAS (Figure 1). When all BAS are replaced by
Ga*, the heterolytic dissociation of the alkane may occur between Ga* and framework
oxygen.?’ In absence of Ga*, H-ZSM-5, only one Brgnsted acid site is also involved,
however, passing through a carbonium ion in the transition state (TS).?° To corroborate
these models and to probe potential surface intermediates several of these reaction

paths were explored via DFT calculations.

4.4.4 DFT calculations

Three mechanisms were examined for propane dehydrogenation on H-ZSM-5 and
Ga/H-ZSM-5. The first is the Brgnsted acid mechanism, which occurs by protonation
of a C-H bond. The second is the Lewis acid mechanism, which occurs by heterolytic
cleavage of a C-H bond, with the Ga* acting as a Lewis acid that stabilizes the resulting
negatively charged alkyl fragment. The third mechanism, which we call the Lewis-
Bregnsted acid mechanism, occurs via bifunctional catalysis involving cooperativity
between the BAS and LAS. While the Brgnsted and Lewis acid mechanisms can also
occur on isolated Brgnsted and Lewis acid sites, respectively, the Lewis-Brgnsted acid
mechanism requires both BAS and LAS in close proximity.

H
\T/

Al
—O0----Ga o

\
\
\

Al—O—Si

Figure 7. Structural representation of a Lewis-Brgnsted acid site (LBAS) pair.

4.4.4.1 Brgnsted acid site mechanism
It is well known that alkane dehydrogenation can occur over a BAS by protonation of

a C-H bond.* 8 We examined whether the presence of a nearby Ga* on the LBAS can
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lower the activation barrier for this mechanism by polarization of the C-H bond, as
mentioned by Hutchings 6. The reaction initiates by protonation of the methylene C—
H bond of propane, which dissociates in the process to form an i-propenium cation and
H2 (Figure ). The i-propenium then transfers a methyl proton to a framework oxygen to

form the propene product.
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Figure 8: Brgnsted acid mechanism for propane dehydro-genation on the LBAS pair (the other Al center
and the Ga* are not shown).

The transition state resembles an i-propenium cation coordinated to an H2 molecule,
with the H2 also interacting with a basic framework oxygen. At no point along the
reaction trajectory is the classical 5-center carbonium ion formed, as the proton
interacts only with the hydride and not the carbon. This transition state structure is
similar to one found in another DFT study of butane dehydrogenation on Ga-free H-
ZSM-5.28 It is consistent with the conclusion of Kotrel et al.?? that transition state of
alkane cracking and dehydrogenation reactions are distinctively different. The
calculated apparent activation enthalpy for this reaction is 181 kJ/mol, expectedly
higher than the apparent activation enthalpy we calculate for an isolated H* site (155
kJ/mol). This indicates that the presence of Ga* does not increase the activity of the
Bregnsted acid mechanism, so that a different mechanism must be responsible for the

increased activity of the LBAS pair.

We would like to point out that the apparent activation enthalpy calculated for propane
dehydrogenation on an isolated H* site (155 kJ/mol) is much lower than the

experimentally measured apparent activation enthalpy (199+7 kJ/mol). Considering the
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heat of adsorption the value agrees well with the 190 kJ/mol reported in another DFT
study.?® Note that the lower value for intrinsic activation barriers by GGA DFT
functionals is known for acid catalyzed reactions in zeolites and arises from excessive
charge delocalization due to the electron self-interaction error in these functionals.* In
the other mechanisms that we examine below that do not proceed through carbenium
ion intermediates, the DFT barriers are expected to be significantly closer to the

experimental values.

4.4.4.2 Lewis acid mechanism

The second mechanism for propane dehydrogenation in presence of Ga*, originally
proposed by Pidko et al. and called the “alkyl” mechanism,?’ involves heterolytic
dissociation of the C-H bond over Ga* and a basic framework oxygen, with the alkyl
fragment binding to the former and the proton binding to the latter. Here, we examine
this mechanism over the LBAS pair to determine, if it could be responsible for the
enhanced activity of the Ga/H-ZSM-5. The initial step involves the heterolytic C-H
bond dissociation to form an intermediate state (I, Figure 9). As Ga* is not a strong
Lewis acid, this intermediate is very high in enthalpy, 176 kJ/mol relative to the initial
state (A) with propane in the gas phase. The proton in the intermediate then transfers
to Ga*, formally oxidizing it to Ga3* (state B), with an intrinsic enthalpy of 53 kJ/mol and

an apparent activation enthalpy of 240 kJ/mol.
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Figure 9. Alkane addition to Ga of the LBAS (the other Al and the BAS are not shown).

In a following step (Figure 10), the hydride bound to the Ga abstracts a proton from a
terminal C—H bond of the i-propyl to simultaneously eliminate Hz and propene,

regenerating the initial state A of the active site.
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Figure 10. Concerted elimination of the alkene and H from the Ga of the LBAS (the other Al and the
BAS are not shown).

This step has a calculated apparent activation enthalpy of 202 kJ/mol, making the
alkane addition step rate limiting. In contrast, Pidko et al.?’ found the elimination step
to be rate limiting, although the barrier they calculate (233 kJ/mol) is similar to ours. As
the apparent activation enthalpy of 240 kJ/mol is higher than for the Brgnsted acid
mechanism on the isolated BAS (181 kJ/mol), we conclude that Ga* by itself is not

sufficient to lower the barrier for propene dehydrogenation.

4.4.4.3 Bifunctional Lewis-Brgnsted acid mechanism

As neither the Brgnsted acid nor Lewis acid mechanism could account for the
increased propane dehydrogenation activity of the LBAS pair, we probe a third
mechanism that is explicitly bifunctional in nature. This mechanism originates from the
protonation of the Ga* by the adjacent BAS to form a [GaH]?*. This species, in which
the Ga is in the formal +3 oxidation state, is a much stronger Lewis acid than Ga*, as
evidenced by an increase in the charge on the Ga from 0.55 to 1.01 (Léwdin charge,
calculated using the quasiatomic orbital method3-32, The transfer of the proton from
the BAS to the Ga* occurs from the lowest free energy state of the LBAS (A) in two
sequential steps, A—A'and A'>A", with A"and A" being 35 kJ/mol and 75 kJ/mol higher
in enthalpy than state A (Figure 11).
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Figure 11. Two steps involved in the protonation of the Ga* by the BAS to form the active [GaH]?*.

Although the [GaH]?** species in state A" is much higher in enthalpy, it is significantly
more reactive for heterolytic C-H activation, owing to the higher Lewis acidity of Ga®*

compared to Ga*.

The by far most populated state at reaction conditions is the ground state of the Lewis-
Bregnsted acid pair (A), as evidenced by very low equilibrium constants of the other
states (Table 4) calculated based on the DFT values of the standard Gibbs free energy

(Figure 15). This is in line with the experimental results.
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Table 4. Standard Gibbs free energies and equilibrium constants of calculated states in relation to the
state comprising the Lewis-Brgnsted acid pair ground state and propane in the gas phase (A).

State AG°783 [kJ - mol] K

A" 92 7.3 - 107
A"+R 246 3.9 - 10"
TS-1 325 2.1-10%
B 242 7.2-10%7
TS-2 322 3.3-10%
C 82 3.4 -10°
TS-3 175 211012
A+P 83 2.9.10°

As with the alkane addition step of the Lewis acid mechanism, the negative alkyl
fragment binds to the Ga3* while the proton is transferred to a basic framework oxygen
(state B, Figure 12). Either a methyl or methylene C—H bond can be cleaved in this
step, with both pathways having the same calculated apparent activation enthalpy of
108 kJ/mol (relative to state A and gas phase propane, 55 kJ/mol relative to propane

physisorbed on state A"), which is far below the barriers of the other two pathways.

A" T B T
R—_
H H HO R 4
O__’\Ga%b'/Al 0 \Gé3+ \O/AI
N |7 NN/
Al—O—-Si Al—O—Si

Figure 12. Alkane addition to the LBAS.

In the next step (Figure 13), the proton on the BAS, formed from dissociation of the
alkane C-H bond, combines with the hydride bound to the Ga to eliminate Hz, resulting

in state C in which only the alkyl fragment is bound to the Ga.
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Figure 13. H; elimination from the LBAS.

This step also has a low calculated apparent activation enthalpy (103 kJ/mol for both
the methyl and methylene pathways) that is very similar to that of the alkyl addition
step. This is likely due to the similar mechanism involved — the reverse of this step is
heterolytic H-H activation, which is analogous to heterolytic C—H activation occurring
during the alkyl addition step. The much lower barrier compared to the concerted
alkene/H2 elimination step of the Lewis acid mechanism is made possible by the
bifunctionality of the LBAS, as the BAS which combines with the hydride is much more
acidic than the C-H bond of the alkyl fragment which combines with the hydride in the

latter mechanism.

Finally, the i-propyl (n-propyl for the methyl pathway) bound to the Ga desorbs as an
i-proponium (n-proponium) cation, which is then deprotonated by a basic framework

oxygen to eliminate propene (Figure 14).

C
H3C\H/CH3 fo) H3C\ /CH3 1)
C CH
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Al—O—Si Al—O—Si
A
HsC_ _CHy 0 HC  CH2 H\o
CH~_H | CH |
® S
A A
O&---G\a" /o E—— oi—--e\a+ o)
Al—O—Si Al—O—Si

Figure 14. Alkene elimination from the LBAS.

As the i-proponium (n-proponium) desorbs, the two electrons in the C—Ga bond localize
on the Ga®*, formally reducing it to Ga* and returning the active site to the initial state
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A. The calculated apparent activation enthalpy of this step is significantly lower for the
methylene pathway (151 kJ/mol) than for the methyl pathway (179 kJ/mol), as the
former occurs through a more stable secondary carbenium cation compared to the
latter, which occurs through a primary carbenium ion. Even though the apparent
activation enthalpy is higher than for the first two steps, the apparent activation free
energy is much lower since a significant amount of entropy is released by H:
elimination in the second step. Therefore, the propene elimination step is not rate

limiting according to the calculated free energies.
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Figure 15. Transition state structures for alkane addition (TS-1), H elimination (TS-2), and alkene
elimination (TS-3) of the bifunctional mechanism.
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Figure 16. Enthalpy (solid lines) and free energy (dashed lines) profiles for the bifunctional
Lewis/Brgnsted acid mechanism, occurring by activation of a methyl (blue) or methylene (orange) C-H
bond. Calculated at 783 K, 10 mbar propane, 0.1 mbar propene, 0.1 mbar H,. The labels for the
intermediates (A, A", B, C) and transition states (1, 2, 3) are indicated on the horizontal axis, with R
representing physisorbed propane and P representing physisorbed propene.

The structures of the transition states for the three steps of the bifunctional mechanism
are shown in Figure 15, while the overall energy and free energy profiles for this
mechanism are summarized in Figure 16. We note that the transition states of the first
and second steps (propane addition and Hz elimination) have the highest free energies
and are, thus, both kinetically relevant, while the propene elimination step is not. The
apparent activation energy is, therefore, expected to be between those of the first and
second steps (103 — 108 kJ/mol).

Alkane dehydrogenation by the [GaH]?* species was also examined in DFT studies by
Joshi and Thomson?3 and Pidko et al.?’. In the first study, it was concluded that [GaH]?*
associated with two nearby Al centers was the active species responsible for ethane
dehydrogenation in Ga/H-ZSM-5, although they propose a “carbenium” mechanism

whereby the C-H bond heterolytically dissociates with reverse polarization to form a
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hydride bound to the Ga center and an ethenium cation bound to the framework
oxygen. On the most favorable site for alkane activation, they calculate an activation
energy of 150 kJ/mol with respect to [GaH]?** and gas phase ethane. However, they
did not consider that having the Ga* on one Al center and the proton on the other
(Ga*/H*, analogous to state A in Figure 16) is lower in energy than [GaH]?**. We
calculated this energy difference on the same site that they use and find that Ga*/H* is
lower in energy by 41 kJ/mol, leading to an apparent activation energy of 191 kJ/mol.

Pidko et al. examined both the “carbenium” mechanism as well as the “alkyl”
mechanism for ethane dehydrogenation and found that the latter has a significantly
lower activation energy,?’ although still quite high (172 kJ/mol with respect to [GaH]?*
and gas phase ethane). This activation energy was calculated for a structure in which
the two Al centers were far apart (8.14 A), so that the basic framework oxygens
associated with the second Al center were too far away to accept the proton during C-
H bond activation. Instead, the proton is transferred to a much less basic Si-O-Si
oxygen, which is likely responsible for the high barrier. They also examined a second
structure in which both Al centers were located within the same 5-membered ring;
however, the geometry is such that the [GaH]?* strongly coordinates to four framework
oxygens, making it unreactive for C-H bond activation. In the structure we examine,
the two Al centers are located within a 10-membered ring so that the [GaH]?* is only

coordinated to three framework oxygens and is therefore significantly more reactive.

For this latter pathway, the apparent activation enthalpies for propane and butane
dehydrogenation over Y2 Ga/Al were significantly below the apparent activation
enthalpy for H-ZSM-5 (Table 5). While the values for AH*app. and AS°*app. for SIOHAI
4, the values obtained in presence of Ga* must be caused by the different reaction path
discussed above. In H-ZSM-5 the dehydrogenation occurs via the formation of a
carbonium ion in the transition state, on Lewis-Brgnsted acid pairs the reaction

pathway involves the heterolytic activation of the alkane.
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Table 5. Apparent activation entropy and enthalpy for active sites in the propane and n-butane
dehydrogenation. Kinetics measured In the rage of 783 — 823 K at a propane partial pressure of 8.75
mbar. The following abbreviations have been made: Alkane (Alk.), Propane (Pro.) and n-Butane (But.).

SIOHAI SiO(Ga)Al-SiOHAI

Alk AHiApp. AsiApp. AHiApp. AsiApp.

' [kJ-mol?] [J-molt-K1] [kJ-mol?] [J-molt-K1]
Exp.
Pro. 199+7.0 -52.0+3.1 129+ 6.6 -87.1+£6.5
But. 186 +4.4 -50.9+2.0 134+ 7.2 -86.2 £ 5.7
DFT
Pro. 155 -168 106 -221
But. - - 92 -228

45 Conclusion

On Ga/H-ZSM-5 catalysts with varying Ga/Al ratio three different sites, namely Ga*,
Bronsted acid sites and GaxOy were found. The Ga* and Brgnsted acid site
concentration changed inversely, as Ga* was exchanged with Brgnsted acid site
protons. At high Ga/Al ratios (>0.5) additional Ga20s3 clusters were formed. The highest
dehydrogenation rate (two orders of magnitude faster than the parent H-ZSM-5 and
Ga203/Si02 with the same Ga20s loading) was observed for a Ga/Al ratio of 0.5,
corresponding to a one to one ratio of Ga* and Brgnsted acid sites. This indicates a
synergy between Ga* and a Brgnsted acid site, forming a Lewis-Brgnsted acid pair in
the dehydrogenation of alkanes. The well-defined catalyst Y2 Ga/Al, containing mainly
(kinetically dominating, but not exclusively) homotopic Lewis Brgnsted acid pairs,
allowed us to study the mechanism and the kinetics of the alkane dehydrogenation on
these Lewis-Brgnsted acid pairs experimentally and via DFT calculations. A 0.5
reaction order with respect of propane, implies the dissociative adsorption of propane
on zeolite exchange sites, one compensated by H* and the other by Ga*. The highest
rates in propane dehydrogenation were, thus, found at equal concentrations of
Brgnsted acid and Lewis acid Ga* sites. While a reasonably high concentration of such
pairs are kinetically dominating (the rate increased by more than 300 times compared
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to the two extreme cases of pure H-ZSM-5 and the fully exchanged Ga-ZSM-5)
statistics of site distribution dictates that also some isolated Brgnsted acid sites and

Ga sites must exist.

The DFT calculations indicate that the Lewis-Brgnsted acid site pair carries out alkane
dehydrogenation through a bifunctional mechanism in which the Brgnsted acid site
protonates the Ga* to form a [GaH]?*, which is a strong Lewis acid. The [GaH]?*,
together with a basic framework oxygen of the Brgnsted the assessment of separately
in two sequential steps. This Lewis-Brgnsted acid pair is found to be much more active
than an isolated Ga* due to the large increase in Lewis acidity upon protonation of Ga*
by the Brgnsted acid site, which facilitates heterolytic C-H bond activation. The
Brgnsted acid site also significantly reduces the activation barrier for Hz elimination by
recombination with a hydride compared to the isolated Ga*, on which the proton comes

from an alkyl C-H bond to simultaneously eliminate propene.

These findings provide fundamental insight into the mechanism of alkane
dehydrogenation over Lewis-Brgnsted acid site pairs. The insight allows not only the
systematic development of highly active dehydrogenation catalysts, but offers in
general a new perspective on cooperative catalysis by Lewis and Brgnsted acid sites

in heterogeneous catalysis.
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See supporting information.
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Schreiber drafted the manuscript. The draft of the manuscript on the DFT calculations
was drafted by Craig P. Plaisance. Moritz W. Schreiber, Craig P. Plaisance, Karsten
Reuter, Andreas Jentys Ricardo Bermejo-Deval and Johannes A. Lercher revised the

manuscript.
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Conclusion

In the first part, the hydrodeoxygenation of triglycerides and related model fatty acid
alkyl esters (tristearate, methyl stearate) over Ni supported on MFI type zeolites were
studied. Triglycerides are too large to access zeolite micropores. Therefore, the
guestion was addressed, if catalytic activity can be enhanced by using hierarchical
supports (containing a micro- and mesopore system), overcoming potential access and
diffusion restrictions (Chapter 2). Catalysts with hierarchical compared to conventional
support structure indeed showed higher reaction rates by a factor of four in the
deoxygenation of microalgae oil, tristearate and methyl stearate. The higher activity is
related to a better dispersion of Ni on the hierarchical supports. However, rates
normalized to accessible Ni (TOF) are comparable. TOF of methyl stearate and
tristearate are independent of support morphology, indicating that the majority of Ni
particles responsible for conversion are located on the outer surface of the zeolites. In
a second step, the enhancement of intrinsic Ni activity by Brgnsted acid sites for the
C-O hydrogenolysis of key intermediates of triglyceride conversion was studied, aiming
to understand the effect typically reported for noble metals in different reactions
(Chapter 3). TOF of C-O hydrogenolysis of methyl stearate and stearic acid increase
proportionally to concentration of Brgnsted acid sites of MFI type supports up to a
factor of eight for the studied range of Brgnsted acid site concentrations. This is based
on a decrease in apparent enthalpy of the transition state over Ni nearby Brgnsted acid
sites. In this context, activation enthalpies of methyl stearate (n-C17H3sC(O)O-CHs) are
lower than those of stearic acid (n-Ci7HssC(O)-OH), reflecting the difference in the
corresponding C-O bond energies. This results in an increase of TOF to a larger extend
for methyl stearate than for stearic acid. As the conversion takes place on Ni particles
outside the micropores of the support and the electronic density of the metal does not
depend on the support, it is concluded that the C-O hydrogenolysis is accelerated on
highly active metal sites at the interface with the support. The O of the carbonyl group
can be protonated by a Brgnsted acid site, decreasing the strength of the adjacent C-
O bonds, facilitating the conversion over Ni and resulting in the observed higher rates.
This understanding allows to better explain observed effects and to rationally design

new catalysts exploiting the cooperation between base metals and Brgnsted acid sites.

In the second part, the dehydrogenation of light alkanes over Ga modified H-ZSM-5,
being the rate-determining step of light alkane aromatization over industrial catalysts,
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was studied (Chapter 4). In literature, the nature of active sites and their concentrations
as well as the reasons for an observed synergy between Ga species and Brgnsted
acid sites are still under debate. Therefore, Ga modified H-ZSM-5 with varying Ga/Al
ratio were studied. Three different active sites were determined (Ga*, Brgnsted acid
sites and Gaz203). Ga* and Brgnsted acid site concentrations change inversely with
increasing Ga/Al ratio, as Ga* is exchanged with Brgnsted acid site protons. At high
Ga/Al ratios, at which all protons are already exchanged with Ga*, GaxOy clusters form.
A maximum in dehydrogenation rate is observed for catalysts with a one to one ratio
of Ga* and Brgnsted acid sites (Ga/Al = %2). The observed rate is two orders of
magnitude faster as on isolated Brgnsted acid sites and Ga* sites. The well-defined
catalyst %2 Ga/Al, containing mainly homotopic Lewis Brgnsted acid pairs, allowed us
to study the mechanism and the kinetics of the alkane dehydrogenation on these
Lewis-Brgnsted acid pairs experimentally and via DFT calculations. A 0.5 reaction
order with respect of propane, implies the dissociative adsorption of propane on zeolite
exchange sites, one compensated by H* and the other by Ga*. The DFT calculations
indicate that the Lewis-Brgnsted acid site pair carries out alkane dehydrogenation
through a bifunctional mechanism in which the Brgnsted acid site protonates the Ga*
to form a [GaH]?*, which is a strong Lewis acid. The [GaH]?**, together with a basic
framework oxygen of the Brgnsted the assessment of separately in two sequential
steps. This Lewis-Brgnsted acid pair is found to be much more active than an isolated
Ga* due to the large increase in Lewis acidity upon protonation of Ga* by the Brgnsted
acid site, which facilitates heterolytic C-H bond activation. The Brgnsted acid site also
significantly reduces the activation barrier for H2 elimination by recombination with a
hydride compared to the isolated Ga*, on which the proton comes from an alkyl C-H
bond to simultaneously eliminate propene. These results give fundamental insight into
the mechanism of alkane dehydrogenation over Lewis acid site pairs. This allows not
only the systematic development of highly active dehydrogenation catalysts, but offers
in general a new perspective on cooperative catalysis by Lewis and Brgnsted acid sites

in heterogeneous catalysis.
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5 Supplementary information

5.1 Hydrodeoxygenation of fatty acid esters catalyzed by Ni on

nano-sized MFI type zeolites

Table S1: Fatty acid composition in triglyceride mixture of microalgae oil

Fatty acid composition [wt%]

Cia. Cis: Cis Cis: Cisz Coo: Co20 Co222 Co22 Co22: Co22 Cos  Stero

0 0 2 1 0 4 0 6 4 1 0 0 |

0.04 441 56.2 32.2 441 0.07 043 0.13 0.19 0.97 0.44 0.36 0.12

Nomenclature in lipid numbers: Cx.v:x number of carbon atoms in fatty acid chain; y number of double
bonds in fatty acid chain

Crude microalgae oil was obtained from Verfahrenstechnik Schwedt GmbH.

Table S2. Diameter, dispersion, and concentration of accessible Ni atoms on different materials as

determined from XRD, TEM, and hydrogen chemisorption.

XRD

Catalyst Diameter Dispersion Accessible Nickel atoms
[nm] [%6] [umol/g]

Ni/H-ZSM-5 10.5 9.6 157

Ni/Silicalite 1 10.0 10.1 174

Ni/n-H-ZSM-5 3.6 28.0 445

Ni/n-Silicalite 1 2.6 38.8 668
TEM

Catalyst Diameter Dispersion Accessible Nickel atoms
[nm] [%] [umol/g]

Ni/H-ZSM-5 8.8 11.5 187

Ni/Silicalite 1 8.0 12.6 218
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Ni/n-H-ZSM-5 2.3 43.7 693

Ni/n-Silicalite 1 2.4 41.9 721

Hydrogen chemisorption

Catalyst Diameter Dispersion Accessible Nickel atoms
[nm] [%] [umol/g]

Ni/H-ZSM-5 12.9 7.9 128

Ni/Silicalite 1 8.4 12.0 207

Ni/n-H-ZSM-5 4.5 22.0 349

Ni/n-Silicalite 1 4.7 21.5 370

XRD: particle diameters were calculated based on deconvoluted XRD signals for the
(111) plane reflection of Ni via the Scherrer equation?, where T is the particle size in A,
K is the shape factor (0.9 for spherical particles used), 8 is the line broadening at half
the maximum intensity of the reflection [20] after subtraction of the instrumental line
broadening (0.1 for used instrument), A is the X-Ray wavelength of the used cathode

and 0 is the Bragg angle of the signal.

K2
T= B cos (1)

TEM: Particle diameters were calculated based on at least 300 particles obtained from
at least 5 different areas of the catalyst on the carbon grid. The dispersion D based on
the mean particle size was calculated following formula?, with vni being the volume
occupied by a Ni atom (10.95 A3) and ani is the surface area of Nickel atom (6.51 A?)

and dva is the mean particle size.

The concentration of accessible Ni atoms was calculated based on the amount of Ni

on the catalyst per gram and the dispersion based on formula (3).

D — 6 (vNi/aNi) (2)
dva
i/Mni
Caccessible Ni atoms = D (i /M) (3)

Mcatalyst
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Silicalite

Conventional morphology

l Zeolite Silicalite |

Hierarchical morphology

Figure S1. Representative micrographs of (n)-H-ZSM-5 and (n)-Silicalite 1 materials.
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5 15 25 35 45 55 65
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Figure S2. X-ray diffractograms of the catalysts based on (n)-H-ZSM-5 and (n)-Silicalite 1 materials.
Nickel reflections are highlighted with a star (*).
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Figure S3. Detail of X-ray diffractograms in the region of Ni reflections of the catalysts based on (n)-H-
ZSM-5 and (n)-Silicalite 1 materials). Nickel reflections are highlighted with a star (*).
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Figure S4. Changes in IR spectra after adsorption of 2,6-di-tert-butyl-pyridine (2,6-DTBPy) at 423 K,
0.01 kPa and outgassing for 1 h in vacuum. The characteristic bands at 3370 cm™ (N-H* vibration) and
1616 cm™ (C=C vibration) appear from 2,6-DTBPYy interaction with the zeolite.
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Figure S5. N2-physisorption isotherms and pore size distributions of unloaded parent materials.
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Conventional support morphology

Nanosheet morphology
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Figure S6. Evolution of the concentrations of reaction products of algae oil conversion over time.
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Figure S7. Evolution of algae oil conversion over time for four consecutive recycling experiments of

Ni/n-H-ZSM-5.
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Ni/n-H-ZSM-5,
After recycling
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Figure S8. X-Ray diffractograms of Ni/n-H-ZSM-5 before and after four consecutive recycling
experiments. Nickel reflections are highlighted with a star (*).
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Figure S9. Detail of X-ray diffractograms in the region of Ni reflections of Ni/n-H-ZSM-5 before and after
four consecutive recycling experiments. Nickel reflections are highlighted with a star (*).
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5.2 Ni-catalyzed C-O hydrogenolysis enhanced by the Brgnsted acid
sites of Ni/H-ZSM-5

5.2.1 Characterization

The silicon to aluminum ratios of the parent materials, the AHFS treated supports and
the Ni loaded catalysts are listed in Fehler! Verweisquelle konnte nicht gefunden
werden.. The Si/Al ratios of the parent materials were close to the ratios in the
synthesis solutions (varied from 90 to 200). The AHFS treatment caused an increase
of the Si/Al ratio of the materials. The lower the Al concentration of the materials, the
more severe the dealumination was (0.7%, 4%, 7% increase of Si/Al ratio for H-ZSM-
5 100, H-ZSM-5 180 and H-ZSM-5 250, respectively) as previously reported?.

During the Ni loading, the Si/Al ratio increased further due to dealumination. This was
already observed and intensively studied for Ni deposited on HBEA and high surface
area SiO2 support materials?. The dissolution of some support materials was also

evidenced by the N2 physisorption isotherms (vide infra).

Table S1. Silicon to aluminum molar ratios of supports in parent support material, AHFS treated support
materials and in Ni loaded and reduced catalyst.

Si/Al Synthesis Parent Ni loaded AHFS Ni loaded
gel solution material parent treated AHFS
material material treated
material
H-ZSM-5 90 90 95 91 102
100
H-ZSM-5 150 162 170 168 180
180
H-ZSM-5 200 193 206 207 250
250
Silicalite 1 No Al2 No Al2 No Al2 No Al2 No Al2
asi/Al >
7000.
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Table S2:.Textural properties of AHFS treated supports and the corresponding catalysts.

Sample Total pore volume  Mesopore volume  Micropore volume
[cm® - g7 [cms - g1] [cm - gf]

H-ZSM-5 100 0.23 0.049 0.17
H-ZSM-5 180 0.23 0.029 0.17
H-ZSM-5 250 0.25 0.043 0.17
Silicalite 1 0.21 0.033 0.14
Ni/H-ZSM-5 100 0.28 0.11 0.16
Ni/H-ZSM-5 180 0.27 0.058 0.15
Ni/H-ZSM-5 250 0.29 0.085 0.13
Ni/Silicalite 1 0.22 0.062 0.12
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Figure S1. Adsorption-desorption isotherms and pore size distributions of the AHFS treated materials
and the corresponding catalysts.
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Figure S2: Representative SEM images of parent materials and catalysts with different silicon to
aluminum ratios.
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Figure S3. XRD patterns of Ni loaded catalysts supported on AHFS treated supports.

XRD measurement: crystal sizes were calculated based on deconvoluted XRD signals
of the (111) plane reflection of Ni using the Scherrer equation?:

K2
t= B cos@

Where T is the particle size in A, K is the shape factor (0.9 for spherical particles), B is
the line broadening at half the maximum intensity of the reflection [20] after subtraction
of the instrumental line broadening (0.1 for the used instrument), A is the X-Ray

wavelength of the used cathode and 0 is the Bragg angle of the signal.

TEM measurement: particle diameters were calculated based on at least 300 particles
obtained from at least 5 different areas of the catalyst on the carbon grid. The

dispersion D based on the mean particle size was calculated on the following formula*:

D=6 (vni/ani)

dVA

Where wni is the volume occupied by a Ni atom (10.95 A3) and ani is the surface area

of Ni atom (6.51 A2) and dva is the mean particle size.

The concentration of accessible Ni atoms was calculated based on the amount of Ni

on the catalyst per gram and the dispersion based on the following formula:
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- D (Mmy;/Mpy;)

Caccessible Ni atoms
mcatalyst

Ratio of accessible Ni atoms to Ni atoms at the perimeter of Ni particle and

support:

The quantity of accessible Ni atoms on a half-sphere being the surface area of the half-
sphere divided by the surface area ani occupied by a Ni atom on a polycrystalline
surface (6.51 A2)3,

2
s dVA

Naccessible Ni atoms halfsphere = 2a
Ni

The quantity of Ni atoms at the perimeter of a Ni particle and the support is:

T dyy
Ngccessible Ni atoms perimeter = d
Ni

with dni being the diameter of a Ni atom (2.82 A) and dva being the mean particle size.
Therefore, the ratio of accessible Ni atoms to Ni atoms at the perimeter of Ni particle

and support is:

Ngccessible Ni atoms halfsphere dVAdNi

Ngccessible Ni atoms perimeter 2 ayi

118



Supplementary information

¥

BNi/H-ZSM-5 180
LM

Ni/H-ZSM-5 250

! 50 nm

Figure S4. TEM images of catalysts.

Tgble S3. Ni content of catalysts and corresponding Ni crystal size/dispersion determined by H»
chemisorption and TEM.

Sample Ni H2 chemisorption TEM XRD
[wit%] dNi Dispersi dNi Dispers dNi Dispersio

[nm] on [%] [nm] ion [%] [nm] n [%]

Ni/H-ZSM-5  7.76 11.4 8.89 7.43 10.61 8.2 12.1
100 (£2.66)

Ni/H-ZSM-5  7.83 12.7 7.95 10.0 6.34 8.3 12.0
180 (£5.17)

Ni/H-ZSM-5  7.78 13.4 7.57 8.81 8.49 9.2 10.8
250 (£3.47)

Ni/Silicalite ~ 7.92 8.08 12.52 7.07 11.43 6.1 16.3
1 (£2.42)
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Figure S5. Ni particle size distribution based derived from TEM measurements of catalysts.

Table S4. Acid properties of support materials.

Sample Si/Al  Total acid sites Weak acid sites Strong acid sites
LAS BAS WLAS WBAS SLAS SBAS
H-ZSM-5 100 91 10 115 2 19 8 96
H-ZSM-5 180 168 6 72 2 8 4 64
H-ZSM-5 250 207 3 55 1 13 2 42
Silicalite-1 - 1 1 0 0 0 0
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On unreduced Ni catalysts, a signal was detected at 3680 cm™, which was assigned
to the O-H bridging vibration of NiOH (1). The NiOH is assumed to form on the reduced
Ni particles due to contact to atmospheric oxygen or air moisture. On the in situ
reduced catalysts however, this signal is not observed, showing that the in situ Ni is
fully reduced.
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Figure S6. IR spectra of the different catalysts after activation (1h at 723 K under vacuum 105 mbar)
normalized to the weight of the wafer. The signals of the bridging vibrations of the OH of Si-OH (a),
NiOH (b) and AIOHS:I (c) are marked with the dashed lines. The Ni/Silicalite catalyst does not exhibit a

signal for bridging vibrations of the OH of AIOHSI.
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Figure S7. XANES spectra of different supported Ni catalysts and metallic Ni reference.

5.2.2 Reaction kinetics

Eyring Polanyi equation

Apparent activation enthalpies and entropies were calculated based on the Eyring

Polanyi equation:

with the reaction rate constant k, the absolute temperature T, the gas constant R, the
Boltzmann constant kg, the Planck’s constant h and the Gibbs energy of activation
AG*. The equation can be extended via the Gibbs-Helmholtz equation to the following

form:

kg-T ast _AHf

k = e R e RT

The linear form of this equation is the following:
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Figure S8. Eyring plots of the different catalysts for the conversion of methyl stearate in the range of

513 - 543 K.
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Figure S9. Eyring plots of the different catalysts for the conversion of stearic acid in the range of 513 -
543 K.
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Figure S10. Proposed reaction mechanism for the C-O hydrogenolysis of methyl stearate over Ni
facilitated by the protonation of the substrate by a Brgnsted acid site.
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5.3 Lewis Brgnsted acid pairs in Ga/H-ZSM-5 for the
dehydrogenation of light alkanes
5.3.1.1 Elemental analysis
Table S1: Ga/Al ratios and Ga concentrations on synthesized catalysts.
Catalyst Target Target Ga Real Ga Deviation
Real Ga/Al
Ga/Al [ppm] [Ppm] [%]
H-ZSM-5 - - 0.00 0.00 -
1/3 Ga/Al Ga/H-
0.333 0.344 8 8.26 3.25
ZSM-5
1/2 GalAl Ga/H-
0.5 0.498 12 11.95 4.18
ZSM-5
3/4 GalAl Ga/H-
0.75 0.752 18 18,05 0.27
ZSM-5
1 Ga/Al Ga/H-
1 1.05 24 25,13 4.50
ZSM-5
3/2 GalAl Ga/H-
15 1.49 36 35.81 0.53
ZSM-5
Gaz203/SiO2 1.1 1.11 wt%
12 12.14 1.15
wt%Ga Ga
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5.3.1.2 Analysis of coordination symmetry of Al
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Figure S1: Determination of tetrahedrally coordinated Al (framework Al) and octahedrally coordinated
Al (EFAI) via 27Al MAS-NMR. Octahedrally coordinated Al (EFAI) represents 1% and 2% of all the Al in
the H-ZSM-5 and the % Ga/Al Ga/H-ZSM-5 sample, respectively.
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5.3.1.3 Reduction and oxidation cycles on % Ga/Al Ga/H-ZSM-5
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Figure S2: In-situ examination of Brgnsted acid site coverage (via IR spectroscopy) for ¥2 Ga/Al Ga/H-
ZSM-5 catalyst. A) Treatment step and B) BAS coverage.

128



Supplementary information

5.3.1.4 IR spectroscopy of pyridine adsorbed on Ga203/SiO2

BAS

Absorbance [arb. unit]

1575 1525 1475 1425
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Figure S3. In situ IR spectra of adsorbed pyridine and its interaction with Lewis and Brgnsted acid sites
of catalysts with different Ga/Al ratios.

5.3.1.5 XANES of Ga modified catalysts
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Figure S4: Change of edge energy of Ga species during reduction of Ga>O3/SiOx.
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5.3.1.6 Measuring the reduction stoichiometry over %2 Ga/Al Ga/H-ZSM-5
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Figure S5: Following stoichiometry of stepwise reduction via MS of 0.5 Ga/Al Ga/H-ZSM-5.

5.3.1.7 Kinetics of dehydrogenation over Ga modified H-ZSM-5 -

Table S2: Overall reaction rate of propane conversion and corresponding selectivities to cracking and
dehydrogenation products on Ga modified zeolitic and oxidic materials at 783 K

Overall
reaction Selectivity Selectivity
rate [x . .
Catalyst . cracking dehydrogenation
10
[%6] [%6]
[mol -
(9-s)
HSM 011 636 36.4
1/3
Ga/Al 3.18 7.2 92.8
1/2
Ga/Al 16.3 4.9 95.1
3/4
Ga/Al 1.46 55 94.5
1 Ga/Al  0.99 4.0 96.0
3/2
Ga/Al 0.38 2.6 97.4
Ga2/Si02  0.13 - 100.0
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5.3.1.8 Reaction order of propane dehydrogenation over H-ZSM-5 and %2 Ga/Al
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Figure S6: Determination of reaction order of propane dehydrogenation
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Figure S7: Determination of reaction order of propane dehydrogenation over Ga/H-ZSM-5 with propane
partial pressures ranging from 0.25 — 45 mbar at 783 K.
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5.3.1.9 Eyring plots of alkane dehydrogenation over H-ZSM-5, ¥ Ga/Al Ga/H-
ZSM-5 and Gaz203/SiOz2
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Figure S8: Eyring plots of propane dehydrogenation over H-ZSM-5, Y2 Ga/Al Ga/H-ZSM-5 and
Ga»03/SiO,. TOF determined in a temperature range from 783 — 823 K.
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Figure S9: Eyring plots of butane dehydrogenation over H-ZSM-5, Y2 Ga/Al Ga/H-ZSM-5. TOF
determined in a temperature range from 763 — 803 K.
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