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Chapter 1

1.1.  Energy and Fuel Production

Energy is required for many different purposes, such as heating and cooling of our
buildings, production and processing of food and other products, and transportation
of people and goods. In 2022 the world used a total amount of 604 EJ (1 EJ = 10'®
J) and this amount is still increasing.! Most of our energy consumption (82%) is
by utilization of fossil fuels, i.e. crude oil, natural gas and coal, as can be inferred
from Figure 1.1. Energy consumption is an indicator for economic growth? and
most of its rise is attributed to increased consumption in developing countries.!
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Figure 1.1. Development of the global energy consumption from 1965-2022 per category. Figure based
on data from ref.! using their Energy Charting tool.?

Although the contribution of renewables (including hydroelectricity) is increasing,
we are still largely dependent on fossil resources to meet our energy demand. The
use of fossil fuels results in the emissions of CO,. CO, is a greenhouse gas, a group
of gases that are infamous for their role in global warming.* The transport sector
is one of the biggest contributors to CO, emissions.” One of the reasons this sector
makes so much use of fossil fuels is the high energy density of liquid hydrocarbons,
making them a convenient energy carrier.®” Moreover, these hydrocarbons can be
handled and distributed relatively safely and easily.

Fossil sources, such as crude oil, need to undergo refining before they can be applied
as fuels. In a modern refinery multiple conversion processes come together. Each
of these processes is adjusted to the feedstock that enters the refinery, as the crude
oil composition varies from well to well.® First, the oil is distilled to separate the
different constituents in fractions. The gaseous constituents are sold as Liquefied
Petroleum Gas (LPG). All liquid fractions are further treated: undesired heteroatoms
sulfur (S) and nitrogen (N) are removed by hydrotreating, reforming is performed to
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give gasoline the desired properties, and hydrocracking and fluid catalytic cracking
are applied to convert the heavier oil fractions into kerosene and diesel fuels.®?

Various raw materials cannot directly be converted into transportation fuels, but can
be applied as carbon sources, which can eventually be turned into liquid fuels.'®!
Examples are natural gas, coal, bitumen-water emulsions, oil sand residues, and
heavy petroleum fractions. The processes converting these resources into liquid fuels
are often referred to as feed-to-liquids (XTL, in which X could theoretically be any
carbon source). XTL is performed on an industrial scale, and mostly via so-called
indirect liquefaction. Natural gas is used as a feedstock, but also coal (South Africa,
China) is converted. For all indirect liquefaction technologies, independent of the
feedstock, synthesis gas (or syngas) is an intermediate. Syngas is a mixture of H,
and CO and can be obtained from natural gas via, e.g., steam reforming (Eq. 1.1):"?

CH, +H,0+= CO+3H, (Eq. 1.1.)

In order to produce syngas from solid and liquid carbon sources, the feed has to be
gasified. During gasification, the carbonaceous feedstock reacts with steam and/or
oxygen to yield a gas mixture containing H,, CO, CO, and CH,."”* Gasification with
steam (Eq. 1.2) and oxygen (Eq. 1.3) can be summarized with the following reaction
equations:'>!4

C+H,0—»CO+H, (Eq.1.2.)
C+%0,—CO (Eq. 1.3.)

In most gasifiers, the water-gas shift reaction (WGS, Eq. 1.4) and methanation (Eq.
1.5) proceed simultaneously, producing CO, and CH,, respectively:

CO +H,0 — CO, + H, (Eq. 1.4.)
CO+3H,+= CH,+2H0 (Eq.15.)

The WGS reaction is also used to change the H/CO ratio. For the production of
fuels from syngas, an H /CO ratio of 2/1 is desired.'™!" Furthermore, during syngas
production, the gas mixture has to be purified to remove sulfur and nitrogen
compounds. !4

Liquefaction can be carried out via Fischer-Tropsch (FT) synthesis, transforming the
syngas into liquid hydrocarbons. A variety of hydrocarbons can be synthesized via
FT, and the overall reaction equation for the production of alkanes via FT is:!01215.16

(2n+1)H, +n CO— C H +n H,0 (Eq. 1.6.)

(2n+2)

Products ranging from methane to high molecular weight paraffinic waxes can be
obtained via this process.!> The selectivity towards hydrocarbons with a certain
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range of molecular weight can be controlled to a certain extent and is dependent on
the process conditions. In most cases, however, a mixture of alkanes, alkenes and
oxygenates with varying molecular weight is obtained and this mixture forms the
syncrude that needs refining.

Syncrude refining — like the refining of crude oil — consists of distillation and
separation of the different fractions, and reactions, such as hydrocracking and
hydroisomerization, are applied to ensure the resulting fuel meets the required
specifications.'®!” Hydroisomerization, for example, is required to introduce
branches in the relatively straight paraffins in the syncrude. These branches improve
the octane number of gasoline and give the required cold-flow properties to diesel
and jet fuel. Hydrocracking is required to crack the solid waxes into a liquid fraction
that is suitable as fuel. Hydrocracking and hydroisomerization are the key reactions
discussed in this dissertation and a more thorough description is given in Section 1.5.

A main advantage of syncrude over crude oil is the low metal-, sulfur- and nitrogen
content,'’ and therefore, XTL is a promising technology to make ultraclean fuels.
Moreover, with the current desire and need to move to more sustainable and
renewable energy, biomass'®?’ and municipal solid waste?'** are being increasingly
used as a resource for the production of liquid fuels.

1.2. Turning Trash into Treasure: Waste to Liquids

In the EU alone, 2.15 billion tons of waste were generated in 2020 by both economic
activities (90.6%), such as construction, mining and quarrying, waste and water
services, and manufacturing and households (9.4%).7¢*” Worldwide, 2.01 billion
tons of municipal solid waste (MSW) were produced by households in 2016 and
this amount is projected to increase to 3.40 billion tons in 2050.% Most of it (40%)
is discarded in landfills.?® This waste consists of paper, food, plastics, glass, metals,
wood, textiles, and other materials. Landfill waste can be converted into fuels,
attacking several problems simultaneously:? the ever-increasing amounts of waste;
the increase of space for agricultural activities, as the amount of land required for
landfills decreases; the landfill’s greenhouse gas emissions (mainly methane); and the
production of transportation fuels from a partially renewable source as on average
49% of the global MSW consists of food, wood and other plant materials.?®

MSW is one of various raw materials that can be seen as solid carbon sources, which
can be turned into liquid fuels in a process referred to as Waste to Liquids (WTL)."
The chemistry remains largely similar to the production of fuels from other solid
carbon materials via XTL as described in Section 1.1: the raw materials are gasified
to produce syngas, the syngas is converted in liquid fuels and waxes via the Fischer-
Tropsch process, and the liquids and waxes are refined to produce high quality fuels
and lubricants. A schematic overview of this process is given in Figure 1.2.

10
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Figure 1.2. Schematic overview of the WTL process in seven steps. 1) Waste is collected from
households; 2) the waste from multiple households arrives at a collection facility, ideally close to the
WTL-plant; 3) at the WTL-plant, the waste is gasified, producing synthesis gas (CO and H,); 4) the
synthesis gas is purified, unwanted impurities (water, acid gas and particulate matter) are removed in
a wet scrubbing process and the CO/H, ratio is adjusted; 5) the syngas is converted into a mixture of

hydrocarbons (or syncrude) via Fischer-Tropsch synthesis; 6) the syncrude is cracked and isomerized
via hydroconversion to produce jet fuel and diesel; 7) the jet fuel (and diesel) is ready to be used for
transportation.

Compared to “old” fossil fuel based systems, the WTL refinery could reach a
reduction of greenhouse gas emissions of up to 90%.* WTL is also an interesting
strategy compared to “new” liquid fuel production by hydrogenation of CO,. This is
aresult of CO, hydrogenation displaying lower energy efficiency and related higher
costs of around 1000 USD/barrel,*! whereas the production of fuels from MSW costs
around 100 USD/barrel.** Although research endeavors might reduce the former
costs, this is not expected to take place in the near future.’

The world’s first commercial-scale WTL plant is Fulcrum’s Sierra BioFuels Plant
in Nevada (USA), which produced its first synthetic crude oil, a product that can be
further refined into transportation fuels, in December 2022 .** According to a life cycle
assessment,® its greenhouse gas emissions are more than 60% below a petroleum
baseline. Most of the emission prevention was attributed to avoided landfilling of
MSW. Therefore, WTL can play a role in the provision of more sustainable energy,
mainly in the form of transportation fuels. The processes that are applied in both oil
and WTL refineries, and many other processes require catalysts.

11
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1.3. Heterogeneous Catalysis

A catalyst is in a simplified manner defined as “something that makes a reaction go
faster, without being consumed in the process”.*¢ Additionally, it is very important
that the catalyst makes the desired product and that it is stable over longer times.
Compared to the substrate, only limited amounts of catalyst are required as a catalyst
can participate in multiple consecutive reactions. Many different types of proteins,
molecular complexes and solids can act as catalysts, and hence catalysis is divided
in three subcategories: biocatalysis, homogeneous catalysis, and heterogeneous
catalysis.”

In biocatalysis, the catalyst is in most cases an enzyme.’*® An enzyme is a rather
complex protein that catalyzes reactions in living cells. Generally, these enzymes
convert one specific reactant into a specific product. Because of their specificity,
biocatalysts mainly find applications in the food and pharmaceutical industry.
Homogeneous catalysis is one of the two types of “chemical catalysis” and is the
name used for processes in which the catalyst and the reactants are in the same
phase. In most of the examples, these processes take place in the liquid phase and
both catalysts and reactants are in solution. Homogeneous catalysts range from ions,
such as protons and hydroxide ions, to organometallic complexes.

The catalysts described in this dissertation are “chemical” catalysts commonly
referred to as heterogeneous catalysts. Heterogeneous catalysts are generally solids
and the reactants are in the liquid or gas phase. Some books and journals even refer
to it as “classical” catalysts, as it is the most widely industrially applied type of
catalysis.** It is estimated that 85% of all industrial chemical processes makes use of
catalysts, and in 80% of these processes a heterogeneous catalyst is used.’” Most of
the heterogeneous catalytic processes known today were developed in petrochemical
and bulk chemistry production, where the use of solid catalysts is favorable for the
large scale, high temperature, and high pressure processes. An additional advantage
is the facile separation of solid catalysts from the liquid or gaseous reactants and
products.

Commonly, the active site of a heterogeneous catalyst consists of a metal surface. To
make the most use of the metal, and to thus have as much of the metal atoms available
at the surface, supported metal nanoparticles are applied. Different metals catalyze
different reactions: for example, the aforementioned Fischer-Tropsch process is
typically catalyzed by Co or Fe,*®3 synthesis of methanol from syngas is typically
performed with Cu,** and Pt and Pd are widely applied for hydrogenation and
dehydrogenation reactions.** The support is generally a relatively inert oxide, such
as alumina or silica, or a carbon support.’’” Heterogeneous catalysts are not limited
to supported metal particles, however. Solid acid materials, such as zeolites***’
and amorphous silica-aluminas* find applications in cracking and isomerization
reactions, for example.

12
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1.4. Zeolites and Zeotypes

Zeolites were first described by the Swedish chemist Axel Cronstedt, who referred
to them as boiling stones, and hence gave the name ‘zeolites’ (from Greek: ‘Ce®’
meaning ‘to boil” and ‘Ajfoc’ meaning ‘a stone’).* They are microporous, crystalline
aluminosilicates.’®! The pores and cavities in a zeolite are of molecular dimensions,
and hence they are also referred to as molecular sieves. They are widely used for
industrial applications, such as sorption, catalysis and ion exchange. Zeolites can
be found as naturally occurring minerals, but they can also be synthesized. The first
successful synthesis of a zeolite material was claimed by Sainte-Claire Deville in
1862 and since the 1940s zeolite synthesis really took off with Richard Barrer and
Robert Milton as the founding fathers.”>** Ever since, many different synthetic forms
have been obtained with a far greater variety than encountered in naturally occurring
solids.™

The zeolite architecture is based on SiO, and AlO, tetrahedra as so-called primary
building blocks.> These tetrahedra can connect in different ways, building up
secondary and tertiary building blocks. Examples of these building units are shown
in Figure 1.3. Together these building units make up a framework. Zeolite type (or
zeotype) materials containing tetrahedrally coordinated Si, Al, P and transition metals
or other elements including B, Ga, Fe, Cr, Ti, V, Mn, Co, Zn, Cu and more have also
been synthesized.55 Examples of these zeotypes are AIPO, (aluminophosphate) and
SAPO (silicoaluminophosphate), and their respective transition metal containing
counterparts MeAPO and MeAPSO. To date, there are about 260 different zeolite
and zeotype structures according to the International Zeolite Association.’® Since
every framework has unique properties, several laboratories actively search after
new frameworks.
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Primary building unit
Tetrahedron

Tertiary building unit Framework

Secondary building unit Sodalite unit Faujasite

Figure 1.3. Examples of primary, secondary and tertiary building blocks of zeolites and the faujasite
framework as an example of a zeolite framework.

Substitution of Si** by AI’* in the zeolite framework results in the creation of a
negative charge on the framework, which is compensated for by cations such as Na*,
K*, NH," and H'. Similarly, Si*" substitution for P>* in AIPO, zeotype framework
— which results in the formation of SAPO — creates a negative charge, and hence

13
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charge compensation with cations, such as protons.

The catalytic activity of zeolites is mainly due to the Breonsted acidity of protons.
A large set of acid-catalyzed chemical reactions can be performed with the help of
proton exchanged zeolites. Classically, most of these reactions involve hydrocarbon
conversion for the production of high-quality fuels. Other examples include the
production of olefins and aromatics from methanol and the production of bulk and
fine chemicals.* From the group of zeotype materials, SAPO is the most relevant
to catalysis. It has a lower acid strength than aluminosilicate zeolites.’”* Moreover,
these SAPOs can be synthesized to possess structures that are never encountered in
aluminosilicate zeolites.”

While the focus is shifting from the conversion of petroleum feedstocks to the
conversion of renewables, zeolite and zeotype materials will remain relevant.
These materials have shown to be useful catalysts during the conversion of
biobased compounds® 2 and plastic recycling® . Since properties such as the pore
architecture, the acidity, and the location of heteroatoms can be tuned, the possibilities
with zeolite catalysis are numerous.

1.5. Bifunctional Catalysis for Hydroconversion

If a single catalyst particle contains two or more independent catalytic functions we
refer to it as a multifunctional catalyst. Each of these functions has to be active under
the same reaction conditions. Other words for multifunctional catalysis are — mostly
depending on the field of study — hybrid catalysis,’” % and tandem catalysis.”* 7

Bifunctional catalysts with a metal and an acid function are widely applied in
industrial processes, such as catalytic dewaxing, catalytic reforming, hydrocracking
and hydroisomerization.****” The latter two are also referred to as hydroconversion.
During hydroconversion, the metal (oxide or sulfide) catalyzes the dehydrogenation
and hydrogenation (DHD/HD) of alkanes and alkene intermediates. The Bronsted
acid function catalyzes skeletal rearrangement, i.e. isomerization, and cracking of
the alkene intermediates. For DHD/HD classically metal sulfides (CoMoS, NiMoS,
MoS,, WS)) are used, as they are more resistant to sulfur and nitrogen poisoning.”™ "’
Alternatively, for the conversion of ultraclean feedstocks in particular, molybdenum
carbide,” oxide” and oxycarbide,**®! nickel oxide and nickel,®? and platinum and
palladium'®%% are used. Ultrastabilized Y Zeolite (USY)* and Mordenite*’ typically
provide the Brensted acid function.

The mechanism for hydroconversion is depicted in Figure 1.4. This mechanism
is also referred to as classical bifunctional mechanism and was first proposed by
Coonradt and Garwood.*® The reaction is initiated by dehydrogenation of the alkane
on a metal site, resulting in the formation of an alkene. This alkene will then diffuse
to a Brensted acid site, where it adsorbs and is protonated to form a carbenium ion.
The carbenium ion is transformed into an alkylated cyclopropane molecule which
subsequently opens to form a methyl branched alkene (or i-alkene) molecule via the

14
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molecule via the Protonated Cyclopropane (PCP) mechanism.*”*® Instead of creating
a branch, this mechanism can also lead to the shift of an already present methyl
branch along the alkene chain.

(De)hydrogenation function Diffusion Acid function
-H, ) . + H*
nC, —> nC; «—> n-C, — nC;
+H, -H
. - H, . +H
-C, =— IC; < > i-C*, —>‘H i-C*,
+ H2 - H* l
n-C -H, nC nC, 4+n+ nC;
+ —_—> + < > + —_— +
C, +H, G5 C; -H* C;

Figure 1.4. The bifunctional mechanism explained using the example of n-heptane (n-C,)
hydroconversion. Linear alkanes are depicted with ‘n-’, branched alkanes are denoted with ‘i-’. The
superscripts ‘+’ and ‘=" denote carbenium ions and alkenes, respectively. Figure adapted from C.

Bouchy et al.'”

The resulting i-alkene intermediate may desorb from the acid site and diffuse to a
metal site to be hydrogenated to form the saturated i-alkane. However, successive
reactions on the Brensted acid site may also occur, which could eventually lead
to cracking via B-scission.’ During [-scission, alkylcarbenium ions act as
intermediates. Tertiary carbenium ions are the most thermodynamically stable,
followed by secondary carbenium ions. As a consequence, cracking of alkenes
with multiple branches is fast, resulting in the formation of lighter alkenes that are
subsequently hydrogenated towards alkanes. The formation of primary carbenium
ions is unfavorable and, in principle, does not take place.” %

Hydrogen has two functions during the hydroconversion process: it is used to
saturate (cracked) hydrocarbons towards alkanes, and it prevents the formation of
coke, i.e., high molecular weight hydrocarbons that may deactivate the catalyst,**
a major advantage over monofunctional catalytic cracking. Other benefits of
hydroconversion with bifunctional catalysis over monofunctional acid alternatives
are the milder reaction conditions, e.g. at lower temperatures, and the possibility
to control the product distributions with the operating conditions.”®* Furthermore,
bifunctional catalysts are more selective than monofunctional acid catalysts.”**%

For preferential hydroisomerization of long chain alkanes, zeolites and zeotypes
with unidimensional pores of medium size consisting of 10-membered rings are

15
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beneficial.*** ZSM-22 and SAPO-11 are examples of solid acids with these textural
properties. The high selectivity towards isomers is attributed to acid catalysis taking
place in the pore mouths of the zeolites.”*'*! Pore-mouth catalysis is based on the fact
that a hydrocarbon molecule does not need to diffuse fully inside the zeolite pores,
but rather adsorbs in the pore entrance where it can react with the zeolite acid sites.
This leads to preferential branching at terminal C atoms. Furthermore, hydrocarbons
with longer chain lengths can adsorb in multiple pore mouths, in a so-called key-
lock mode,'® !> which in turn can explain branching at more central carbon atoms.
Schematics explaining pore mouth and key-lock adsorption are shown in Figure 1.5.

a b g_/_\_g
Figure 1.5. Schematic representations of examples of a) pore mouth adsorption, and b) key-lock

adsorption of branched hexadecane molecules in unidimensional zeolite/zeotype pores. Micropore
walls are drawn in green.

Next to the zeolite pore size and -dimensionality, the zeolite acidity and its balance
with the DHD/HD functionality play a key role in bifunctional catalysis. Therefore,
the metal-to-acid site (n,/n,) ratio is an important factor determining whether or
not the bifunctional catalyst is “ideal”.'®!'** In an “ideal” bifunctional catalyst the
DHD/HD reactions are at thermodynamic equilibrium!® and the acid-catalyzed
reactions are rate-determining.”>'%'% Already in 1987, Guisnet and co-workers
found that catalysts with higher n, /n, display higher selectivities towards isomers.'*”
Later it was found that even heterogeneities in metal loading and hence n /n, at the
nanoscale can impact the catalytic performance in a bifunctional catalysts.'%” It is
generally accepted!®1%-119 that the location of the active sites with respect to each
other seems to play a key role in bifunctional catalysis.

1.6. Location of Active Sites

There are three key performance criteria that determine the quality of a catalyst:
activity, selectivity and stability. In turn, these are largely determined by the density,
nature and accessibility of the active sites.!'! Additionally, many of the elements
used in solid catalysts are relatively scarce!!? and it is desirable to use all material as
efficiently as possible. Rational design of the catalyst helps improving the catalytic
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performance and prevents the use of excess materials. Multiple studies show that
nanoparticle size,*#*!'*!"* nanoparticle composition,'*'"” and metal-support
interactions!'®12° can be tweaked for optimal catalytic performance. Optimal use
of the available materials in catalysis is traditionally attained by increased metal
dispersion, even to the level of single atom catalysts (SAC)."*'"'#

Furthermore, the location of the active sites can have a large impact on the
performance of the catalyst. In a monofunctional catalyst, location is related to
interparticle distance. Prieto et al.*? showed that maximizing the spacing between Cu
nanoparticles greatly increased the catalyst stability during methanol synthesis. In a
bifunctional catalyst, the location of the two different active sites with respect to each
other — also referred to as the intimacy between active sites or inter-site proximity —
can affect the catalytic performance.

Paul Weisz was the first scientist to study the effect of the inter-site proximity in
bifunctional catalysts for hydroconversion reactions.'**! He demonstrated this
effect at the microscale by physically mixing Pt/SiO, or Pt/C with silica-alumina
in a 50:50 volume ratio.'”® The intimacy between the supported Pt catalyst and
silica-alumina was varied by varying the individual particle sizes: both individual
catalysts had a particle size of 1000 um, 70 pm or 5 pum. Furthermore, a catalyst
was prepared by impregnation of Pt onto a silica-alumina support, thus preparing a
catalyst with the closest proximity between the active sites. During hydroconversion
of n-heptane, decreasing the catalyst particle diameters, and hence increasing the
proximity of active sites, led to improved selectivity towards heptane isomers. The
highest i-heptane yield was obtained with the impregnated catalyst. As a result, ‘the
closer the better’ was taken for granted for metal-acid catalysts for a long time.'?"!%

More recently, by controlling Pt nanoparticle location at the nanoscale instead of at the
microscale, Zecevic et al.'® found that closer does not necessarily mean better. Two
catalysts consisting of ultrastable Y zeolite, Pt nanoparticles, and y-alumina binder
were prepared. The catalysts differed in Pt nanoparticle location: the nanoparticles
were placed either on/in the zeolite Y crystals or on the y-alumina binder, as
schematically depicted in Figure 1.6. This meant that Pt and acid sites were either
in closest proximity, or at nanoscale proximity, respectively. The catalysts with Pt
nanoparticles on the binder outperformed the ones with Pt on zeolite Y in terms of
selectivity towards isomers during hydroconversion of alkanes. Processes focusing
on hydroconversion of long hydrocarbon molecules derived from XTL processes
may benefit from this finding.

The impact of the metal nanoparticle location on the selectivity has been studied
for several zeolite systems,'?'*! all showing that emplacing Pt nanoparticles in the
zeolite can be detrimental for the catalyst selectivity. When mesoporous solid acids
were applied, however, no clear difference in catalytic performance was observed.'*
The nanoscale proximity effects are therefore specific to microporous zeolite and
zeotype systems. It is hypothesized that these selectivity differences can be attributed
to anisotropic diffusion of i-alkene intermediates from zeolite acid sites to metal
sites. When the metal sites are outside the zeolite crystals, the i-alkene is formed
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in the zeolite pore mouth and can diffuse fast towards the metal site to undergo
hydrogenation and form the final i-alkane product whereas diffusion deeper into
the pores is slow. However, when the metal sites are inside the zeolite crystals,
dehydrogenation and subsequent isomerization are more likely to occur inside the
micropores, followed by slow diffusion through the pores of zeolites. This slow
diffusion might result in the occurrence of multiple reactions on zeolite acid sites,
eventually leading to cracking. Figure 1.7 shows a schematic representation of both
of these pathways.

Figure 1.6. Schematic representation of the catalysts prepared and studied by Zecevi¢ et al.'*’ a) Pt-
zeolite Y/y-Al,O; with Pt nanoparticles in zeolite Y, and b) Pt-y-Al,O,/zeolite Y with Pt on the y-Al,O;
binder material. The Pt nanoparticles (~3 nm), zeolite Y crystal (~500 nm) and y-Al,O; binder material

are drawn as yellow circles, green rectangles and red needles, respectively.

Figure 1.7. Schematic representation of the hydroconversion of n-heptane over a) a Pt-zeolite/y-Al,O;
(Pt in zeolite) catalyst, with slow diffusion within the zeolite micropores, and b) a Pt-y-Al,O,/zeolite

catalyst, with fast diffusion through the binder macropores and pore-mouth adsorption of the olefin
intermediate. The zeolite is drawn in green and possesses a unidimensional micropore structure. The
metal nanoparticles and alumina binder are depicted as yellow circles and red needles, respectively.
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1.7. Scope of this Thesis

The goal of the research described in this thesis was to study the amount of noble metals
required in bifunctional catalysts for hydroconversion by tuning the nanoparticle
location, without compromising the catalytic performance. The catalysts that were
studied each contained three main components: (noble) metal (oxide) nanoparticles,
zeolite or zeotype material, and a binder.

In Chapter 2 a new tool for controlling the metal nanoparticle location in Pd/zeolite
and Pd/zeotype catalysts is described. We show that performing a direct reduction
(DR) on ammonium palladate exchanged zeolites/zeotypes results in enrichment
of Pd on the outer surface of the solid acid crystallites, whereas slow calcination
followed by reduction (CR) resulted in more Pd nanoparticles being confined inside
the zeotype crystallites.

The focus in Chapter 3 is on the minimum amount of platinum required as function
of Pt nanoparticle location. Two sets of catalysts were prepared: one set was
based on mordenite and the other one on ZSM-22. In the set with mordenite the
Pt nanoparticles were either inside the mordenite crystallites or on alumina binder.
The ZSM-22 set had the Pt nanoparticles either on the ZSM-22 crystallites or on
the alumina binder. Pt weight loadings of 0.005 to 0.5 wt% were used. At loadings
of 0.01 wt% catalysts with Pt on alumina binder were much less active. Extensive
characterization revealed that this was a result of strong metal-support interaction of
the Pt clusters with alumina.

Since the lower catalytic performance of Pt-on-alumina with <0.01 wt% Pt loadings
in Chapter 3 was a result of y-alumina lacking chemical inertness, we explored the
replacement of this binder by silica in Chapter 4. Catalysts with 0.005 to 0.5 wt% Pt
on ZSM-22 or on silica were prepared and characterized. These catalysts were then
applied in the hydroconversion of n-heptane. Moreover, for the first time the effect
of the low loadings on the catalytic performance during n-hexadecane was assessed.

Diminishing noble metal utilization could also mean replacement with earth abundant
metals. Chapter 5 is dedicated to an exploration of nickel based bifunctional
catalysts for hydroconversion. We show that Ni based catalysts typically display
high hydrogenolysis activity to produce mainly methane. However, the combination
of the use of n-alkanes with higher molecular weight (e.g. n-hexadecane) and
emplacing Ni (oxide) nanoparticles at the right place could reduce hydrogenolysis
activity and improve i-hexadecane selectivity.

Lastly, Chapter 6 provides a summary & outlook and ‘een Nederlandse samenvatting’
(Dutch summary).
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Chapter 2

Steering the metal precursor location in
bifunctional catalysts

Abstract: Bifunctional catalysts containing a dehydrogenation—hydrogenation
function and an acidic function are widely applied for the hydroconversion of
hydrocarbon feedstocks obtained from both fossil and renewable resources. It
is well known that the distance between the two functionalities is important for
the performance of the catalyst. In this study, we show that the heat treatment
of the catalyst precursor can be used to steer the location of the Pd precursor with
respect to the acid sites in SAPO-11 and ZSM-22 zeotype materials when ions are
exchanged with [Pd(NH,),J(NO,),. Two sets of catalysts were prepared based on
composite materials of alumina with either SAPO-11 or ZSM-22. Pd was placed on/
in the zeotype, followed by a calcination-reduction (CR) or direct reduction (DR)
treatment. Furthermore, catalysts with Pd on the alumina binder were prepared. CR
results in having more Pd nanoparticles inside the zeotype crystals, whereas DR
yields more particles on the outer surface of the zeotype crystals as is confirmed
using HAADF-STEM and XPS measurements. The catalytic performance in both
n-heptane and n-hexadecane hydroconversion of the catalysts shows that having the
Pd nanoparticles on the alumina binder is most beneficial for maximizing the isomer
yields. Pd-on-zeotype catalysts prepared using the DR approach show intermediate
performances, outperforming their Pd-in-zeotype counterparts that were prepared
with the CR approach.

This chapter is based on: Smulders, L.C.J.; van de Minkelis, J.H.; Meeldijk, J.D.;
Tang, M.; Liutkova, A.; Cheng, K.; Roberts, S.T.; Sunley, G.J.; Hensen, E.J.M.;
de Jongh, P.E.; de Jong, K.P., Steering the metal precursor location in Pd/zeotype
catalysts and its implications for catalysis, Chemistry 2023, (5), 348-364



Chapter 2

2.1. Introduction

Bifunctional catalysts play a key role in petroleum refining for the production of fuels
and chemicals from crude oil.!* Furthermore, they are applied in the conversion of
feedstocks such as Fischer—Tropsch wax,*’ algae-based hydrocarbons®’ and plastic
waste® into fuels and lubricants. Bifunctional hydroconversion catalysts consist of a
metal (sulfide) function for (de)hydrogenation and an acid function for cracking or
isomerization.” '? Parameters such as the type of acid function, the acidity of the acid
materials, the type of metal, the metal-to-acid-site (n,,/n, ) ratio, proximity between
the two types of sites and the porosity of the catalyst have an impact on the catalytic
performance.'"'>!* It is well known that the metal particles and the zeolite acid sites
need to be in close proximity in order to obtain high catalytic activity.'>!®

Several studies on the proximity between metal and acid sites have been published,
mainly evaluating the difference between placing the metal on alumina binder or
on/in the zeolite crystals.'*!72 When the metal nanoparticles are located inside the
zeolite crystals, their accessibility for larger or bulkier hydrocarbon molecules is
limited, since these molecules have a low diffusivity inside the micropores.?'*? This
causes more sequential reactions and hence (over)cracking of the feedstock. On the
other hand, locating the particles slightly further away from the acid sites, i.e., on
an alumina binder material or on the outer surface of the zeolite crystallites, results
in improved selectivity towards the isomerized products.'”!82 Apart from zeolites,
other zeotype materials can be used in bifunctional hydroconversion catalysts. For
example, crystalline aluminium phosphates, SAPO-11 in particular, have been
studied for this purpose.?*2®

Typically, salts containing cations such as [Pt(NH,),]* and [Pd(NH,),]*" are added
to a dispersion of a zeolite/zeotype in water in order to exchange protons with the
metal precursor, after which a heat treatment is required to arrive at a catalyst with
metal nanoparticles dispersed inside the zeolite crystallites.?**! From earlier work,
we know that Pt dispersion in Pt/Y catalysts is influenced by the heat treatment
conditions. A low calcination ramp (0.2 *C/min) is required to prevent the formation
of a mobile [Pt(NH,) H, ]’ complex and hence the formation of larger nanoparticles.*'
To our knowledge, the results obtained with these Pt/Y catalysts have never been
correlated to metal nanoparticle location effects and the effect on catalysis has not
been studied.

For applications such as hydroconversion, locating the metal nanoparticles (NPs)
outside the zeolite micropores is beneficial. Other applications, however, such as
propane dehydroaromatization®? require the confinement of metal NPs inside the
zeolite crystals. Furthermore, encapsulation of NPs inside zeolite materials can be
used as a strategy to prevent catalyst poisoning.** Therefore, control over the metal
nanoparticle location is important.

The location of metal nanoparticles can be studied using transmission electron

microscopy (TEM)."”3* However, the disadvantages of TEM are the relatively
small sample size, and that it only provides qualitative information about the
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metal nanoparticle location.”? Therefore, a complementary and more quantitative
characterization method is desirable. X-ray photoelectron spectroscopy (XPS) has
proven to be relatively successful. It is a surface-sensitive technique, resulting in the
fact that metal atoms located deep inside the zeolite hardly contribute to the signal,
whereas metal atoms that are on the outer surface can be detected. Previously, this has
been applied to the study of the location of Pd nanoparticles in carbon nanotubes*
and silicalite-1.® Oenema et al.” studied Pt/Al ratios in Pt/Y catalysts and used these
data to provide quantitative information about the location of the Pt particles. One of
the challenges they faced was the overlap between the Pt and Al signal, which is not
problematic with Pd since the signal does not overlap with the other elements (Si, Al,
P) that are to be determined using XPS.

In this work, we show that the heat treatment of the catalyst precursor can influence the
nanoparticle location. Two sets of catalysts were prepared, one based on SAPO-11 and
the other based on ZSM-22. These zeotypes both have 1D pore systems consisting of
10-membered rings and are typically used in hydroconversion research.!3!%2¢28 Each
set of catalysts consisted of alumina/zeotype composite materials forming the basis
of the Pd-on-alumina, Pd-zeotype-direct reduction (DR) and Pd-zeotype-calcination-
reduction (CR) catalysts. These catalysts were denoted Pd-y-AlO,/SAPO-11, Pd-
SAPO-11/y-ALO, DR, Pd-SAPO-11/y-ALO, CR, Pd-y-Al,0,/ZSM-22, Pd-ZSM-
22/y-Al,O, DR and Pd-ZSM-22/y-Al,O, CR. The Pd nanoparticle location was then
studied using transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The hydroconversion performance of the catalysts was assessed
using n-heptane and n-hexadecane as the model feedstocks. This showed that the
location of the metal nanoparticle clearly affected the performance in both sets of
catalysts.

2.2. Materials and Methods
Materials

SAPO-11 (H'-form, Si/(Si+Al+P) = 0.15 at/at) and ZSM-22 (H'-form, Si/Al =32.5-
40 at/at) were purchased from ACS Material. Boehmite was obtained from Harshaw.
Tetraaminepalladium (IT) nitrate ([Pd(NH,),]J(NO,),) solution (10 wt% in H,O)
and ammonium hexachloropalladate (NH,),[PdCI ]) were purchased from Sigma-
Aldrich. n-Heptane (99+%, pure) and n-hexadecane (99%, pure) were purchased
from ACROS Organics. Acetic acid (glacial, 99+%) was purchased from Alfa Aesar.
Hydrochloric acid (37 %) was purchased from Emsure. Silicon carbide (SiC, SIKA
ABR 1 F70, grain size: 220 um) was supplied by Fiven. H, 6.0, He 5.0 and N, 5.0

were obtained from Linde gas.

Catalyst Synthesis
Preparation of Catalysts with Pd on/in Zeotype Crystals

A schematic overview of catalyst synthesis is included in Figure S2.1 in the
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Supplementary Materials. SAPO-11 and ZSM-22 were calcined at 550 °C in a flow
of synthetic air (N,/O,, 80/20, vol/vol) for 3 h. For the preparation of Pd-SAPO-11/y-
AlLO, (DR) and Pd-ZSM-22/y-Al,O, (DR), 1 g of calcined SAPO-11 or ZSM-22
was dispersed in 300 mL Milli-Q water by stirring at 500 rpm for 1 h. The pH of the
dispersion was 4.9 and 6.7 for SAPO-11 and ZSM-22, respectively. A solution with
the desired concentration of [Pd(NH,),](NO,), was prepared by taking the required
volume of the 10 wt% solution and diluting it in 50 mL Milli-Q water. This solution
was then added dropwise to the zeotype dispersion, and the mixture was stirred
for 3 h resulting in a pH of 5.9 and 6.6 for SAPO-11 and ZSM-22, respectively.
Subsequently, the dispersion was filtered over vacuum and the filter cake was
washed with 300 mL Milli-Q water. The filter cake was dried in an oven at 120 °C
overnight. The pre-catalyst powders were then heat treated in a tubular oven. First,
the powders were heated to 150 °C with a ramp of 2 °C/min to be dried in an N, flow
of 80 mL/min for 1 h. To produce the DR catalyst, the powder was heated to 600 °C
with a ramp of 2 “C/min in a hydrogen-rich atmosphere (H,/N,, 80/20, vol/vol) for
3 h. To prepare the regular Pd-in-zeotype catalyst, the powder was calcined (N,/O,,
80/20, vol/vol; 0.2 °C/min, 350 °C, 4 h) prior to reduction with the same reduction
conditions. The Pd/zeotype (DR) powder was mixed with boehmite. During typical
mixing, 1.428 g of boehmite was mixed with 1.2 mL of Milli-Q water and 0.042 mL
of glacial acetic acid until complete wetting was reached using a mortar and pestle.
This was followed with the addition of 1.00 g Pd/zeotype pre-catalyst and a few
drops of Milli-Q water. It was mixed until a homogeneous paste was obtained. The
paste was dried in an oven overnight at 120 °C after which it was calcined at 500 °C
for 2 h (ramp 1 *C/min, N /O,, 80/20, vol/vol).

Preparation of Pd-on-Alumina Catalysts

Pd-y-AL,O,/SAPO-11 and Pd-y-Al,O,/ZSM-22 were prepared using a strong
electrostatic adsorption (EA) method as previously described in Cho and Regalbuto.?’
For this, 1 g of y-Al,O, (obtained from calcination of boehmite) was suspended in
300 mL Milli-Q water and stirred for 1 h using a mechanical stirrer. The suspension
was acidified to a pH of 2.5 with 1M HCI solution. A precursor solution of 34.29 mg
(NH,),[PdC]] in 33 mL Milli-Q water was added dropwise to the suspension and the
suspension was stirred at 500 rpm for 3 h. The resulting suspension was then filtered
over vacuum and the filter cake was washed with Milli-Q water. The filter cake was
then dried in an oven at 120 °C overnight. This was followed by calcination (N,/O,,
80/20, vol/vol; 0.2 °C/min, 350 °C, 4 h) and then reduction (H,/N,, 80/20, vol/vol; 2
“C/min, 600 °C, 3 h) to obtain the Pd-y-AlL O, pre-catalyst. The Pd-y-Al,O, was then
mixed with either SAPO-11 or ZSM-22. First, 1 g of calcined (550 °C, N,/O,, 80/20,
vol/vol, 3 h) SAPO-11 or ZSM-22 was mixed with 1.2 mL Milli-Q water and 0.042
mL acetic acid using mortar and pestle, until complete wetting of the zeotype was
reached. Then, 1 g of Pd-y-Al,O, was added and the paste was mixed with additional
Milli-Q water until a homogeneous paste was obtained. This catalyst was then dried
and calcined as also described for the Pd-zeotype/y-Al O, catalysts.
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Catalyst Characterization
Quantification of Metal and Acid Sites

Elemental analysis was performed at Mikroanalytisches Laboratorium Kolbe,
Germany, with an inductively coupled plasma (ICP) optical emission spectrometer
(PerkinElmer, Waltham, MA, USA) after sample dissolution according to their
standard in-house procedures.

Temperature-programmed desorption of ammonia (NH,-TPD) was performed
to determine the number of acid sites. The measurements were performed on a
Micromeritics AutoChem II equipped with a thermal conductivity detector (TCD)
calibrated for ammonia. For a typical measurement, 100—-110 mg of catalyst was
dried in a He flow for 1 h at 550 °C with a ramp of 10 “C/min. The temperature
was then lowered to 100 °C and ammonia was introduced (10 vol % in He) in a
pulse-wise manner. After oversaturation was reached, the physisorbed ammonia was
removed by flowing He for 2 h at 100 °C. This was followed by monitoring the
desorption of ammonia up to 550 °C with a ramp of 10 “C/min.

Another technique that was applied to obtain information about the acid sites
was Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR was performed in
transmission mode on a Thermo iS5 instrument equipped with a DTGS detector.
Approximately 15 mg of sample was pressed into a self-supported wafer, which was
then placed in a sealed cell with calcium fluoride windows. The wafers were first
dried under high vacuum at 550 °C (ramp 10 °C/min) for 2 h. After cooling down to
a temperature of 30—40 °C, a spectrum was taken. For each spectrum, 16 scans were
taken with a resolution of 4 cm™'. This was followed by the introduction of pyridine
(Sigma-Aldrich, 99.8%, probe molecule) at a pressure of 20 mbar, during which
spectra were recorded every 2 min for 30 min starting 2 min after initial introduction
of the pyridine. A high vacuum of 10—5 mbar was applied for 30 min in order to
desorb the pyridine. This was followed with an increase in temperature to 150 °C
(ramp 2 “C/min) and the temperature was kept at this point for 30 min, after which a
spectrum was recorded. This was followed by heating the wafer to 250 °C with a ramp
of 10 °C/min, after which an additional spectrum was taken that was used to assess
the acidity of the samples. Quantification of acid sites, C (mmol g '), was performed
using band integration of the peaks at 1545 cm™ (Bronsted acid sites, BAS) and
1453 cm™! (Lewis acid sites, LAS) in the spectrum after pyridine desorption at 250
°C utilizing Equation 2.1. The integral under the curve is represented by 4 (cm™).
The results were corrected for the specific molar absorption coefficients and the
mass and radius of the wafers. Molar absorption coefficients (4,) of 1.67 cm/pmol
(BAS) and 2.22 cm/umol (LAS) were used for quantification.***° The mass of the
wafer (mg) per cm? through which the IR beam was sent was represented by p.
The stoichiometry of pyridine adsorption was assumed to be 1 molecule of pyridine
molecule per LAS and 1 molecule of pyridine per BAS.

C = (Eq. 2.1.)
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Ultramicrotomy of the samples was performed before the samples were studied
with (high-resolution) high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). Samples were embedded in EpoFix resin and the
embedded samples were left to harden in an oven at 60 °C overnight. Slices with
a thickness of 70 nm were obtained by cutting the resin-embedded sample using a
Reichert—Jung Ultracut E ultramicrotome with a Diatome Ultra 35° diamond knife.
The sections were deposited on a glow-discharged carbon-formvar-coated copper
grid (200 mesh). HAADF-STEM and Energy Dispersive X-ray Spectroscopy
(EDX) were performed on an FEI Talos F200X electron microscope equipped with
a Super-X EDX detector, operating at 200 kV. HR HAADF-STEM was performed
on a Thermo Fisher Scientific Spectra 300 S/TEM at 300 kV. Scanning electron
microscopy (SEM) on as-received zeotype samples was performed on a Helios G3
UC microscope operated at 10 kV.

X-ray photoelectron spectroscopy was performed using a KAlpha spectrometer from
Thermo Fisher Scientific. The spectrometer was equipped with a monochromatic
Al Ko X-ray source and a 180° double-focusing hemispherical analyzer. The
samples were placed on double- sided carbon tape. Spectra were collected using an
aluminium anode (Al, Ko = 1486.68 eV) operating at 72 W and a spot size of 400
um. Survey scans were measured at a constant pass energy of 200 eV. Region scans
were measured at 50 eV. The shift in binding energy was calibrated to the C signal
(285 eV). Each sample was measured four times. In order to obtain a quantitative
value, Pd signals were normalized to the combined Si+Al areas, taking relative
sensitivity factors into account.

Nitrogen physisorption isotherms were measured at 196 °C on a Micromeritics
Tristar II Plus apparatus. First, the samples were dried overnight in a vacuum at
200 °C. The accessible surface areas were determined using the Brunauer—-Emmett—
Teller (BET) and Langmuir methods. Micropore (<2 nm) volumes were determined
using a Harkins—Jura thickness curve fitted between 0.32 and 0.40 nm thickness.
The total pore volumes were derived from the amount of nitrogen adsorbed at P/P,
=0.95.

X-ray diffractograms were recorded using a Bruker-AXS D2 Phaser X-ray
Diffractometer in Bragg—Brentano mode, equipped with a Lynxeye detector (Co
Kal,2, A =1.790 A). Recordings were taken at 20 angles between 5° and 80° under
constant rotation of 15 rpm.

Hydroconversion of n-Heptane and n-Hexadecane

Catalytic experiments were performed using an Avantium Flowrence 16-parallel
fixed-bed reactor setup. Stainless steel reactors (inner diameter = 2 mm) were loaded
with a bed height of 2 cm of SiC (220 pm), 30 mg of sieved catalyst (75-212 pm)
and another layer of SiC, leaving 2 cm of free space at the top. The products were
analyzed using an online GC (Agilent Technologies 7890B). The GC was equipped
with an Agilent J&W HP-PONA column and the hydrocarbon products were
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analyzed using an FID. Prior to the catalytic tests with n-heptane (n-C), catalysts
were reduced at 350 °C in H/He (25 vol-% H,). Experiments with n-heptane as
feedstock were performed with the following reaction conditions: H,/n-heptane
molar ratio of 10, total pressure of 10 bar and WHSV of 2.4 g - g ~'-h™". Prior to
catalytic tests with n-hexadecane (n-C, ), catalysts were reduced at 350 °C in a pure
hydrogen flow. Experiments with n-hexadecane as feedstock were performed with
these reaction conditions: H,/n-hexadecane molar ratio of 10, total pressure of 5 bar

and WHSV of 2.9 g .- g ="' - h™'. The conversion of n-heptane or n-hexadecane

(X ) 18 calculated by:
X _ <1 Fth.n—alkane,out) 100%
n-alkane — - -
Fth.n—alkane,in (Eq' 2'2°)
Wherein Fneow @A Fo o, are the flows based on carbon weight of

n-alkane going out or in the reactor, respectively. The isomer yield (Y, ) is
calculated by:

FCWt i—alkane out)
Yialkane = <—, -100%
Fth.n—alkane,in (Eq- 2-3-)
Similarly, the yield of any cracked product is calculated by:
F Cwt.Cm,out )
Yem = (— -100%
Fth.n—alkane,in (Eq- 2-4-)

In which C_is a hydrocarbon molecule with m carbon atoms (m = 1-6 during
n-heptane conversion and m = 1-14 during n-hexadecane conversion).

The selectivity towards i-heptane (i-C.) or cracked products (C ) during n-heptane
conversion is calculated with the following two equations:

Fewti-
Sicr = < Cwt.i—C7,0out ) -100%

Fth.n—alkane,in - Fth.n—alkane,out (Eq' 2‘5')
Sc _ < cht.Cm,out ) . 100% (E 2 6)
Fth.n—alkane,in - Fth.n—alkane,out q- =0

The yield in mol-% of each product of n-hexadecane is calculated by:

F 16
Yem (Mol — %) = <M> +(—) - 100% (Eq. 2.7.)

Fth.n—alkane,in
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Calculation of Apparent Activation Energies

The apparent activation energies for the hydroconversion of n-heptane and
n-hexadecane were calculated based on Arrhenius plots in which In & was plotted
against 1000/7. The results from the catalyst assessment were used to calculate In &
using Equation 2.8, assuming first order kinetics:*!

Ink = IH(W) (Eq. 2.8.)

F

In Equation 2.8, k is the first order rate constant (mol - s ! - kg . ), Xis the conversion
as a fraction, W is the welght of the catalyst (kg) and F is the molar flow of the
reactant (mol s!). To stay in the kinetically determined regime, only In k-values
derived from X-values between 0.01 and 0.20 were plotted. At least five In k-values
were plotted against their corresponding 1000/7-values (1000 K™'). The slopes of
the Arrhenius plots were then multiplied by the gas constant R (8.314 J K™' mol™)
to obtain the apparent activation energy (£, kJ mol™'). Standard errors were derived
from errors in the fit.

2.3. Results and Discussion
Acidity and Pd Weight Loading of Pd/SAPO-11/y-Al,O, and Pd/ZSM-22/y-
ALQ, Catalysts

The Pd weight loading is 0.4-0.5 wt% on all catalysts (Table 2.1). This weight
loading is sufficient to ensure that the reaction on the acid site is rate-determining,
and slight differences in Pd loading do not impact the catalytic performance.** For
a set of catalysts with the same zeotype, NH,-TPD reveals a similar number of acid
sites (Table 2.1). The pyridine-IR results also show the same number of Breonsted
acid sites (BAS) within a set of catalysts with the same zeotype material (Table
2.1, Figure 2.1). For quantification of the number of BAS, the band at 1545 cm™
is assigned to the pyridinium ion. The band at 1453 cm ! is typical for coordinately
bonded pyridine, indicating the presence of Lewis acid sites (LAS). The presence
of the band at 1489 cm™ comes from pyridine adsorbed on both BAS and LAS
and can therefore not be used for quantification of acid sites.*®*® The band at 1576
cm™! can be assigned to pyridine on LAS and overlaps with a band of physisorbed
pyridine.**# Since the temperature of 250 °C should be sufficiently high for the
desorption of pyridine, this band is most likely indicative of the presence of pyridine
on LAS. Because of the rather identical acidity within a set of catalysts, the acidity is
not expected to lead to differences in catalytic performance within a set of catalysts.
An overview of the results obtained with NH,-TPD and FT-IR of the catalysts, parent
zeotypes and composite materials is presented in Table S2.1.
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Table 2.1. Results of catalyst characterization: Pd weight loading, number of acid sites and Pd/(Si+Al)

ratios.
Catalyst Pd weight Number Numberof  Pd/(Si+Al)  Pd/(Si+Al)
loading*  of strong  Brensted Surface ¢ Bulk ®
acid sites *  acid sites °
Wt%) (mmol g') (mmol g7) (at/at) (at/at)
Pd-y-ALO/SAPO-11 0.49 0.29 0.015 0.0037 +0.0001 0.0036
Pd-SAPO-11/y-ALO, DR 0.45 0.26 n.d. 0.0020 £+ 0.0001 0.0032
Pd-SAPO-11/y-ALO, CR 0.41 0.25 0.018 0.0018 = 0.0001 0.0028
Pd-y-ALO./ZSM-22 0.50 0.37 0.023 0.0028 +0.0001 0.0026
273
Pd-ZSM-22/y-Al,O, DR 0.44 0.35 n.d. 0.0014 £0.0002  0.0023
0.41 0.33 0.019 0.0010 £ 0.0001 0.0022

Pd-ZSM-22/y-AL,0, CR

2 Determined using inductively coupled plasma-optical emission spectroscopy on digested samples.
" Determined using deconvolution of NH.-TPD profiles and integration of the peak at higher
temperatures (7> 200 °C for SAPO-11 and 7> 300 °C for ZSM-22).

¢ Determined using integration of the peak at 1545 cm™ of FT-IR spectra after adsorption and
subsequent desorption of pyridine at 250 °C, correcting for the sample mass and using a molar
absorption coefficient of 1.67 cm/pumol, (n.d. = not determined).
4 Determined from the areas of Pd, Si and Al peaks from XPS in four separate measurements, taking
relative sensitivity factors into account.
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Figure 2.1. FT-IR spectra of the a) SAPO-11 catalysts and b) ZSM-22 catalysts after pyridine
adsorption and subsequent desorption at 250 °C.
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Determination of Pd Nanoparticle Location

The catalysts were embedded in a resin and 70 nm thick slices were prepared by
ultramicrotoming. This enabled visualization of the interior of the catalyst particles.
As can be seen in Figure 2.2, for the SAPO-11 catalysts, a rather clear distinction
can be made between the Pd nanoparticles on the alumina binder (Figure 2.2a) and
the Pd particles on/in the SAPO-11 crystals (Figure 2.2c,e). When Figure 2.2c,e
are compared, more and larger Pd (~6—7 nm) nanoparticles are present on the outer
surface of the SAPO-11 crystals when the catalysts undergo direct reduction (DR),
whereas calcination-reduction (CR) results in more nanoparticles inside the SAPO-
11 crystals.

This also seems to be the case for the ZSM-22-based catalysts. After CR, more
nanoparticles are inside the zeolite crystallite (Figure 2.2d) and after DR more
nanoparticles are located on the outer surface of the zeolite crystal and fewer particles
are observed inside (Figure 2.2f). When it comes to the average nanoparticle size,
only minor differences are observed (Table S2.2).

The imaging of Pd nanoparticles on the alumina binder (Figure 2.2a,b) is very
challenging when the samples are ultramicrotomed, as the resolution and contrast
are reduced by the presence of the resin. Therefore, it is assumed that the Pd
nanoparticles did not change much upon mixing the Pd-y-AlLO, with the respective
zeotype materials. An HAADF-STEM image of the original Pd-y-Al O; is included

in Figure S2.2.

X-ray photoelectron spectroscopy (XPS) studies were performed to further elaborate
on the metal nanoparticle location. Since XPS is a surface-sensitive technique, only
Pd atoms residing on the surface of the zeotype crystals or on the alumina binder
contribute to the signal in the XPS. When Pd atoms are deeper inside the zeotype
crystals, the emitted electrons will not escape from the sample, resulting in a low
XPS signal.

In both catalyst series, the highest Pd signal is obtained when Pd is on the alumina
binder (Table 2.1, Supplementary Figure S2.3). When Pd is on the zeotype, a
lower Pd/(Si+Al) signal is observed. This can have two causes: (1) typically the Pd
nanoparticles after direct reduction are larger,?! which results in relatively fewer Pd
atoms contributing to the Pd signal, because only the outer layers of the nanoparticle
contribute, and (2) only the Pd nanoparticles that are on the outside contribute to the
signal, whereas the particles that reside inside the zeotype crystals will not contribute
to the signal. The Pd/(Si+Al) is lowest in both the SAPO-11- and ZSM-22-based
catalysts after calcination and reduction. The dispersion in the SAPO-11-based
catalysts is higher after calcination-reduction than after DR (Table S2.2), so more Pd
atoms can contribute to the XPS signal if they are on the outer surface of the SAPO-
11 crystals. For the catalysts with Pd in/on ZSM-22, the dispersions are very similar.
Combining these results shows that the calcination-reduction method results in the
largest amount of Pd residing inside the zeotype crystals.
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Figure 2.2. HAADF-STEM images of ultramicrotomed (thickness of 70 nm) catalyst samples: a) Pd-
v-Al,0,/SAPO-11, b) Pd-y-Al,0,/ZSM-22, c) Pd-SAPO-11/y-AlL,O, CR, d) Pd-ZSM-22/y-Al,O, CR,
with cross sections of ZSM-22 crystals, e) Pd-SAPO-11/y-AlL,O, DR, f) Pd-ZSM-22/y-Al,O, DR with
cross sections of ZSM-22 crystals. Scalebars are 50 nm, red square and circles serve as guide to the eye
towards Pd nanoparticles.
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Moreover, based on the N, physisorption measurements of the samples containing no
alumina, the CR procedure indeed leads to more pore blocking than DR, decreasing
the BET surface area (Table S2.3). This is the case even while the DR samples have
higher amounts of Pd than the CR samples used for these measurements.

Although CR and DR clearly affect the Pd nanoparticle location as observed with
HAADF-STEM and XPS, STEM-EDX mapping reveals Pd nanoparticles on the
outer surface of SAPO-11 in the Pd-SAPO-11/y-AlL,O, CR catalysts as well (Figure
2.3). In these catalysts, some Pd nanoparticles are present on silica, which is not in the
SAPO-11 framework. The placement of Pd on this extraframework silica diminishes
the differences in Pd nanoparticle location between the SAPO-11-based catalysts.

TECE

Figure 2.3. HAADF-STEM image and EDX-maps of an ultramicrotomed sample of reduced Pd-
SAPO-11/y-AlO; catalyst prepared with the calcination-reduction (CR) method. The elements Pd, P,

Si and Al are depicted in yellow, blue, green and red, respectively.

The Effect of the Metal Nanoparticle Location on n-Heptane Conversion

The effect of the different catalyst preparation methods and hence the location
was assessed during the hydroconversion of n-heptane. As can be seen in Figure
2.4a, the preparation method has only a limited impact on the catalytic activity of
the different SAPO-11-based catalysts. Considering the selectivity (Figure 2.4b),
at conversions above 60% the catalyst with Pd inside the SAPO-11 crystals (Pd-
SAPO-11/y-Al,O, CR) is somewhat less selective towards i-heptane. This is in line
with findings from previous works where lower isomer selectivity (and hence more
cracking) is observed when Pt is in the zeolite crystals compared to catalysts with Pt
on the alumina binder,'*!'”!8 provided that the metal weight loading is high enough.”
Surprisingly, the activity is slightly lower and the isomer selectivity is higher when
the Pd nanoparticles are on the SAPO-11 crystals, which is the case for the Pd-
SAPO-11/y-Al,O, DR catalyst.

When the hydroconversion of the ZSM-22-based catalysts is considered (Figure

2.4c,d), there are more distinct differences in the catalytic performance caused by
a difference in the Pd nanoparticle location. Placing Pd on the alumina binder is
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clearly beneficial for the catalytic activity and selectivity. The catalytic activity and
isomer selectivity is the lowest when Pd is located inside the ZSM-22 crystals, as is
the case for Pd-ZSM-22/y-AlL,O, CR catalysts. Interestingly, placing Pd particles on
the outer surface of the ZSM-22 crystals by means of direct reduction can already
partially induce the benefits of placing Pd on the alumina binder, as is shown by
the in-between activity and selectivity of the Pd-ZSM-22/y-Al,O, DR catalyst. This
result is further evidence for the effect of the heat treatment on the Pd location.
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Figure 2.4. Results of the hydroconversion of n-heptane. a) n-heptane conversion as function of the
temperature and b) i-heptane yield as function of the n-heptane conversion for Pd-SAPO-11/y-Al,0,
CR (orange squares), Pd-y-Al,O;/SAPO-11 (red circles) and Pd-SAPO-11/y-Al,O; DR (blue triangles).
¢) n-heptane conversion as function of the temperature and d) i-heptane yield as function of n-heptane
conversion for Pd-ZSM-22/y-Al,O; CR (cyan squares), Pd-y-Al,0,/ZSM-22 (dark blue circles) and
Pd-ZSM-22/y-Al,0O; DR (brown triangles).

However, unlike the results obtained with the SAPO-11-based catalysts, the DR
catalyst shows intermediate performance in the ZSM-22 case. A tentative explanation
is that after DR, there are still Pd nanoparticles present in the zeotype micropores,
impeding intracrystalline diffusion and enlarging residence times, which causes
(over)cracking. The differences in the maximum isomer yield in the SAPO-11-based
catalysts are small compared to the differences exhibited by the ZSM-22 catalysts.
This may be caused by the presence of Pd nanoparticles on extraframework silica,
limiting the difference in Pd nanoparticle location in the SAPO-11-based catalysts.
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The Effect of the Metal Nanoparticle Location on n-Hexadecane Conversion

If we compare the conversion of n-hexadecane for all SAPO-11-based catalysts
(Figure 2.5a), the activity of the three catalysts is rather similar although at the highest
temperatures some differences are apparent. Furthermore, if i-hexadecane selectivity
is considered (Figure 2.5b), the highest isomer yield is observed when Pd is on the
alumina binder. This is followed by the DR catalyst and the lowest isomer yield is
obtained when the catalyst with Pd inside the SAPO-11 crystals is used. This is again
in line with the results from previous work.!*!":1823 However, it slightly differs from
the n-heptane results in which the DR catalyst shows the highest i-heptane selectivity.
This difference can be attributed to the fact that fewer Pd nanoparticles are outside
the SAPO-11 crystals in the DR catalyst compared to the catalyst with Pd on the
alumina binder. The diffusivity of the longer molecule towards the Pd nanoparticles
inside the crystals is impeded; hence the ratio between the available Pd sites and acid
sites is lower than the overall n, /n, ratio. This is in line with previous results, which

suggest that a higher n /n, raticl;dis Afequired to obtain the desired products during the
conversion of longer hydrocarbon feedstocks.’* Note that SAPO-11-based catalysts
deactivate at higher temperatures. This may be caused by the presence of impurities
in the SAPO-11 samples as evidenced by differences in the XRD patterns (Figure
S2.4), SEM (Figure S2.5) and the aforementioned presence of extraframework silica

(Figure 2.3).

For the ZSM-22-based catalysts, the catalyst with Pd on the alumina binder (Pd-y-
Al O,/ZSM-22) displays the highest activity and i-hexadecane selectivity (Figure
2.5¢,d). This catalyst is by far the most selective with a maximum isomer yield of
over 70%. When Pd is mainly present inside the ZSM-22 crystals (Pd-ZSM-22/y-
Al O, CR), the isomer yield does not even reach 10%. This suggests that the majority
of the Pd nanoparticles in this catalyst are inside the ZSM-22 crystals, thus giving
rise to overcracking. The elevated isomer yield of the Pd-ZSM-22/y-Al,O, DR
catalyst of about 30% shows that the DR results in a larger fraction of Pd on the
outside of the ZSM-22 catalysts, allowing for more isomerization to occur. Note that
at low conversion levels (< 5%), the isomer yields are very similar, whereas at higher
conversion levels the isomer yields differ substantially.

The Effect of the Metal Nanoparticle Location on Hydrocracking Selectivities

The cracking patterns are compared by plotting the selectivity for each product
against the product carbon number. Figure 2.6 shows the product selectivities over the
Pd/zeotype/y-Al,O, catalysts during both n-heptane and n-hexadecane conversion.
Next to isomerization, the main reactions are acid cracking, hydrogenolysis and
dimerization cracking.'® During the hydroconversion of n-heptane, the main products
that are formed next to i-heptane are propane, n-butane and i-butane (Figure 2.6a,b).
As i-butane and n-butane are products of different B-scission mechanisms,® their
respective ratios tell us more about the mechanisms involved. For SAPO-11-based
catalysts, n-butane yields are very low, resulting in high i-butane/n-butane (i-C,/
n-C,) ratios. It shows that in all three catalysts, hydrocracking mainly occurs via
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Figure 2.5. Results of the hydroconversion of n-hexadecane. a) n-hexadecane conversion as function
of the temperature and b) i-hexadecane yield as function of the n-hexadecane conversion for Pd-SAPO-
11/y-ALO, CR (orange squares), Pd-y-Al,0,/SAPO-11 (red circles) and Pd-SAPO-11/y-AL,O, DR
(blue triangles). ¢) n-hexadecane conversion as function of the temperature and d) i-hexadecane yield
as function of n-hexadecane conversion for Pd-ZSM-22/y-Al,O, CR (cyan squares), Pd-y-Al,O,/ZSM-
22 (dark blue circles) and Pd-ZSM-22/y-Al,O, DR (brown triangles).

the type B B-scission mechanism. This is a result of the relatively mild acidity of
SAPO-11,4# decreasing its ability to catalyze the energetically less favorable type C
B-scission. ZSM-22 catalysts, on the contrary, produce less i-butane, with i-C,/n-C,
ratios ranging between 1.3 and 1.7, approaching a 50:50 ratio. This indicates that
type B and type C B-scission mechanisms** occur to a rather similar extent. The
higher acidity of ZSM-22 allows for more type C B-scission producing n-butane.
Furthermore, the i-C,/n-C, ratios for this set of catalysts increases when more Pd
nanoparticles are assumed to be outside the ZSM-22 crystals, which is in line with
previously obtained results.'*'® When more metal nanoparticles are inside the zeolite
crystals, the cracking reactions are more prone to confinement effects, also known as
shape-selectivity, resulting in improved n-butane yields.

For the hydrocracking of n-hexadecane, as shown in Figure 2.6¢,d, the more
symmetrical these plots are, i.e., the more ‘bell-shaped’ the curve is (for every C
molecule, a C, molecule is formed and for every C, molecule another C, molecule
is formed, etc.), the more “ideal” hydrocracking takes place.’ Ideal hydrocracking
means that a catalyst tends to perform only one cracking step. If the selectivity peak
is shifted towards lower carbon numbers, the catalyst performs more secondary

cracking, resulting in the production of more shorter hydrocarbons. In practice, this

45




Chapter 2

is undesired as overcracking of the feedstock yields small hydrocarbons not suitable
for gasoline, jet fuel or diesel applications. Although SAPO-11-based catalysts
show relatively high isomer selectivity, the cracked products mainly originate from
secondary cracking as can be observed in Figure 2.4c. This may be caused by the
shape and size of the SAPO-11 pores (10MR, 0.39 nm x 0.63 nm). When hexadecane
isomers reside inside these pores, diffusivities are very low, resulting in high residence
time and the increased probability of secondary reactions such as cracking.

For both Pd-ZSM-22 catalysts, clearly not all Pd is outside the zeolite crystals as
the selectivity towards the cracked products is still high and the isomer yield of only
30% is much lower than the isomer yield obtained when the Pd nanoparticles are
on the alumina binder. As can be seen in Figure 2.6d, the Pd nanoparticle location
impacts the cracking behavior of the ZSM-22-based catalysts. The catalyst with Pd
on the alumina binder acts more like an “ideal” hydrocracking catalyst, as the plot
is most similar to a bell-shaped carbon distribution.’ If more of the Pd nanoparticles
are present inside the ZSM-22 crystals — as is the case to some extent for the DR
catalyst and even more for the Pd-ZSM-22/y-Al1,O, CR catalyst — more secondary
cracking occurs.
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Figure 2.6. Distribution of products obtained during a) hydroconversion of n-heptane over SAPO-11-
based catalysts at 75-77% conversion, b) hydroconversion of n-heptane over ZSM-22-based catalysts
at 77-78% conversion, c) hydroconversion of n-hexadecane over Pd-SAPO-11/y-Al O, (orange squares
at T = 340 °C), Pd-y-AL,O,/SAPO-11 (red circles at T = 350 °C) and Pd-SAPO-11/y-Al,O, DR (blue
triangles at T = 380 °C) at 26-28% cracking yield and d) hydroconversion of n-hexadecane over Pd-
ZSM-22/y-Al,0, (cyan squares at T = 340 °C), Pd-y-Al,0,/ZSM-22 (dark blue circles at T = 320 °C)
and Pd-ZSM-22/y-Al,O, DR (brown triangles at T = 330 °C) at 25-32% cracking yield.
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In Table 2.2, an overview of the apparent activation energies for hydroconversion
over the different catalysts is presented. These activation energies are derived from
Arrhenius plots (Figure S2.6). The activation energies in the set of SAPO-11-based
catalysts are virtually identical, indicating that there is no difference in diffusivity as
a result of a difference in Pd location. This is in line with the fact that the catalytic
activity of these catalysts is not impacted by the Pd location, possibly caused by
the presence of Pd particles on the extraframework silica in the SAPO-11 catalysts.
Furthermore, this extraframework silica can have a rate-enhancing effect, increasing
the transport of molecules of which the intracrystalline diffusion is not limited.* This
possibly results in similar diffusion rates for all three catalysts.

For the ZSM-22-based catalysts, however, the Pd location has a great impact on
the activity and the apparent activation energy of both n-heptane and n-hexadecane
conversion. This difference in activation energy is most probably a result of the
diffusion effects caused by a difference in the Pd nanoparticle location.'® Here, the
DR catalyst shows activation energies that are in between the activation energies of
the Pd-on-alumina and the Pd-in- ZSM-22 catalysts, indicating that as a result of
the DR treatment indeed more of the Pd nanoparticles are located on the ZSM-22
crystals.

Table 2.2. Apparent activation energies (E,) for the hydroconversion of n-heptane and n-hexadecane
over each catalyst.

Catalyst E, n-Heptane E, n-Hexadecane
Conversion Conversion
(kJ mol™) (kJ mol™)
Pd-y-A1,0,/SAPO-11 148 £ 1 143 £ 4
Pd-SAPO-11/y-ALO, DR 1521 140 +2
Pd-SAPO-11/y-ALO, CR 150+ 1 140+ 1
Pd-y-AL,0,/ZSM-22 1734 148 +8
Pd-ZSM-22/y-AL,0, DR 160+ 4 119 +2
Pd-ZSM-22/y-A1,0, CR 1351 85+1

Overall, the effect of the heat treatment during the preparation of the Pd-ZSM-22
catalysts is more profound than in the Pd-SAPO-11 catalysts. This effect is found
in all product distributions. The apparent activation energies for both n-heptane and
n-hexadecane conversion are also largely impacted by the Pd nanoparticle location
in the ZSM-22-based catalysts, whereas they are not affected in the SAPO-11-based
catalysts (Table 2.2). This can be a result of the fact that in general, more of the Pd
nanoparticles end up on the outside of the SAPO-11 crystals regardless of the heat
treatment as evidenced by the comparison of the Pd/(Si+Al) surface versus bulk
ratios (Table 2.1) and the presence of Pd on extraframework silica revealed with
EDX (Figure 2.3).
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2.4. Conclusions

The heat treatment of zeotypes that underwent IE with [Pd(NH,),](NO,), impacted
the final location of the Pd nanoparticles with respect to the acid sites. Although in
both cases, metal nanoparticles seemed to be inside and on the zeotype crystals, our
results showed that a slow calcination followed by a reduction resulted in more Pd
particles inside the zeotype crystals. Direct reduction, on the other hand, caused more
Pd nanoparticles to end up on the zeotype crystals. This was further investigated using
TEM and XPS. For the SAPO-11-based catalysts, HAADF-STEM showed to be a tool
to investigate the differences in location. The XPS revealed more clear differences
in nanoparticle location for the ZSM-22 catalysts. In turn, the hydroconversion of
n-heptane and n-hexadecane clearly showed differences in Pd nanoparticle location,
as having more Pd nanoparticles on the outside was beneficial for the activity and
selectivity towards the isomers for both sets of catalysts. Having Pd on the alumina
binder was still the most beneficial for the hydroconversion performance. Direct
reduction could be used to prepare catalysts with more Pd on the outer surface of
the zeotype crystals, resulting in an intermediate hydroconversion performance. The
calcination-reduction treatment was a strategy to encapsulate Pd nanoparticles inside
the crystals of the zeolitic materials, and was disadvantageous for hydroconversion
purposes.

Acknowledgements

The authors thank Dennie Wezendonk, Jan Willem de Rijk and Remco Dalebout
for their help commissioning the Flowrence setup. Claudia Keijzer is thanked for
SEM imaging. Remco Dalebout, Laura Barberis, Kristiaan Helfferich and Suzan
Schoemaker are acknowledged for performing the N, physisorption measurements.

References

€)) Martinez, C.; Corma, A. Inorganic Molecular Sieves: Preparation, Modification and Industrial
Application in Catalytic Processes. Coordination Chemistry Reviews. 2011, pp 1558—1580.

2) Maiki-Arvela, P.; Khel, T. A. K.; Azkaar, M.; Engblom, S.; Murzin, D. Y. Catalytic Hydroiso-
merization of Long-Chain Hydrocarbons for the Production of Fuels. Catalysts 2018, 8 (11).

3) Weitkamp, J. Catalytic Hydrocracking—Mechanisms and Versatility of the Process. ChemCa-
tChem 2012, 4 (3), 292-306.

4) Bouchy, C.; Hastoy, G.; Guillon, E.; Martens, J. A. Fischer-Tropsch Waxes Upgrading via
Hydrocracking and Selective Hydroisomerization. Oil Gas Sci. Technol. 2009, 64 (1), 91-112.

5) Sousa-Aguiar, E. F.; Noronha, F. B.; Faro, A. The Main Catalytic Challenges in GTL (Gas-to-
Liquids) Processes. Catal. Sci. Technol. 2011, [ (5), 698-713.

48



Steering the metal precursor location in bifunctional catalysts

(6)

™

®)

)

(10)

(1)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Tran, N. H.; Bartlett, J. R.; Kannangara, G. S. K.; Milev, A. S.; Volk, H.; Wilson, M. A. Cata-
lytic Upgrading of Biorefinery Oil from Micro-Algae. Fuel 2010, 89 (2), 265-274.

Peng, B.; Yao, Y.; Zhao, C.; Lercher, J. A. Towards Quantitative Conversion of Microalgae Oil
to Diesel-Range Alkanes with Bifunctional Catalysts. Angew. Chemie - Int. Ed. 2012, 51 (9),
2072-2075.

Kots, P. A.; Vance, B. C.; Vlachos, D. G. Polyolefin Plastic Waste Hydroconversion to Fuels,
Lubricants, and Waxes: A Comparative Study. React. Chem. Eng. 2022, 7 (1), 41-54.

Corma, A. Transformation of Hydrocarbons on Zeolite Catalysts. Catal. Letters 1993, 22 (1—
2),33-52.

Vogt, E. T. C.; Whiting, G. T.; Dutta Chowdhury, A.; Weckhuysen, B. M. Zeolites and Zeoty-
pes for Oil and Gas Conversion. Adv. Catal. 2015, 58, 143-314.

Wang, W.; Liu, C.-J.; Wu, W. Bifunctional Catalysts for the Hydroisomerization of N-Alkanes:
The Effects of Metal-Acid Balance and Textural Structure. Catal. Sci. Technol. 2019, 9 (16),
4162-4187.

Del Campo, P.; Martinez, C.; Corma, A. Activation and Conversion of Alkanes in the Confined
Space of Zeolite-Type Materials. Chem. Soc. Rev. 2021, 50 (15), 8511-8595.

Oenema, J.; Harmel, J.; Vélez, R. P.; Meijerink, M. J.; Eijsvogel, W.; Poursaeidesfahani, A.;
Vlugt, T. J. H.; Zecevi¢, J.; de Jong, K. P. Influence of Nanoscale Intimacy and Zeolite Micro-
pore Size on the Performance of Bifunctional Catalysts for N-Heptane Hydroisomerization.
ACS Catal. 2020, 10 (23), 14245-14257.

Mendes, P. S. F.; Silva, J. M.; Ribeiro, M. F.; Daudin, A.; Bouchy, C. Bifunctional Intimacy
and Its Interplay with Metal-Acid Balance in Shaped Hydroisomerization Catalysts. ChemCa-
tChem 2020, 12 (18), 4582—-4592.

Weisz, P. B. Stepwise Reaction via Intermediates on Separate Catalytic Centers. Science 1956,
123 (3203), 887-888.

Weisz, P. B.; Swegler, E. W. Stepwise Reaction on Separate Catalytic Centers: [somerization
of Saturated Hydrocarbons. Science 1957, 126 (3262), 31-32.

Zecevié, J.; Vanbutsele, G.; de Jong, K. P.; Martens, J. A. Nanoscale Intimacy in Bifunctional
Catalysts for Selective Conversion of Hydrocarbons. Nature 2015, 528 (7581), 245-254.

Cheng, K.; van der Wal, L. I.; Yoshida, H.; Oenema, J.; Harmel, J.; Zhang, Z.; Sunley, G.;
Zecevié, J.; de Jong, K. P. Impact of the Spatial Organization of Bifunctional Metal-Zeolite
Catalysts on the Hydroisomerization of Light Alkanes. Angew. Chemie - Int. Ed. 2020, 59 (9),
3592-3600.

Cheng, K.; Smulders, L. C. J.; van der Wal, L. I.; Oenema, J.; Meeldijk, J. D.; Visser, N. L.;
Sunley, G.; Roberts, T.; Xu, Z.; Doskocil, E.; Yoshida, H.; Zheng, Y.; Zecevi¢, J.; de Jongh, P.
E.; de Jong, K. P. Maximizing Noble Metal Utilization in Solid Catalysts by Control of Nano-
particle Location. Science 2022, 377 (6602), 204-208.

49




Chapter 2

(20)

2n

(22)

(23)

24)

25)

(26)

@7

(28)

29)

(30)

G

(32)

50

Kim, J.; Kim, W.; Seo, Y.; Kim, J. C.; Ryoo, R. N-Heptane Hydroisomerization over Pt/MFI
Zeolite Nanosheets: Effects of Zeolite Crystal Thickness and Platinum Location. J. Catal.
2013, 301, 187-197.

Noh, G.; Shi, Z.; Zones, S. L.; Iglesia, E. [somerization and B-Scission Reactions of Alkanes on
Bifunctional Metal-Acid Catalysts: Consequences of Confinement and Diffusional Constraints
on Reactivity and Selectivity. J. Catal. 2018, 368, 389-410.

Noh, G.; Zones, S. 1.; Iglesia, E. Isomer Sieving and the Selective Formation of Terminal Met-
hyl Isomers in Reactions of Linear Alkanes on One-Dimensional Zeolites. J. Catal. 2019, 377,
255-270.

Oenema, J.; Hofmann, J. P.; Hensen, E. J. M.; Zecevi¢, J.; de Jong, K. P. Assessment of the
Location of Pt Nanoparticles in Pt/Zeolite Y/y-Al203 Composite Catalysts. ChemCatChem
2020, 12 (2), 615-622.

Hochtl, M.; Jentys, A.; Vinek, H. Hydroisomerization of Heptane Isomers over PdA/SAPO Mo-
lecular Sieves: Influence of the Acid and Metal Site Concentration and the Transport Proper-
ties on the Activity and Selectivity. J. Catal. 2000, 190 (2), 419-432.

Hochtl, M.; Jentys, A.; Vinek, H. Alkane Conversion over Pd/SAPO Molecular Sieves: In-
fluence of Acidity, Metal Concentration and Structure. Catal. Today 2001, 65 (2-4), 171-177.

Wang, D.; Liu, J.; Cheng, X.; Kang, X.; Wu, A.; Tian, C.; Fu, H. Trace Pt Clusters Dispersed
on SAPO-11 Promoting the Synergy of Metal Sites with Acid Sites for High-Effective Hy-
droisomerization of N-Alkanes. Small Methods 2019, 3 (5), 1800510.

Sinha, A. K.; Sivasanker, S. Hydroisomerization of N-Hexane over Pt-SAPO-11 and Pt-
SAPO-31 Molecular Sieves. Catal. Today 1999, 49 (1-3), 293-302.

Wang, Z.; Tian, Z.; Teng, F.; Wen, G.; Xu, Y.; Xu, Z.; Lin, L. Hydroisomerization of Long-
Chain Alkane over Pt/SAPO-11 Catalysts Synthesized from Nonaqueous Media. Catal. Let-
ters 2005, 103 (1-2), 109-116.

van den Broek, A. C. M.; van Grondelle, J.; van Santen, R. A. Preparation of Highly Dispersed
Platinum Particles in HZSM-5 Zeolite: A Study of the Pretreatment Process of [Pt(NH3)4]2+.
J. Catal. 1997, 167 (2), 417-424.

Reagan, W. J.; Chester, A. W.; Kerr, G. T. Studies of the Thermal Decomposition and Catalytic
Properties of Some Platinum and Palladium Ammine Zeolites. J. Catal. 1981, 69 (1), 89—-100.

de Graaf, J.; van Dillen, A. J.; de Jong, K. P.; Koningsberger, D. C. Preparation of Highly Dis-
persed Pt Particles in Zeolite Y with a Narrow Particle Size Distribution: Characterization by
Hydrogen Chemisorption, TEM, EXAFS Spectroscopy, and Particle Modeling. J. Catal. 2001,
203 (2), 307-321.

Chen, H.; Li, W.; Zhang, M.; Wang, W.; Zhang, X. H.; Lu, F.; Cheng, K.; Zhang, Q.; Wang,
Y. Boosting Propane Dehydroaromatization by Confining PtZn Alloy Nanoparticles within
H-ZSM-5 Crystals. Catal. Sci. Technol. 2022, 12 (24), 7281-7292.



Steering the metal precursor location in bifunctional catalysts

(33)

(34)

(3%)

(36)

37

(38)

(39

(40)

(41)

(42)

(43)

(44)

(45)

(46)

Goel, S.; Wu, Z.; Zones, S. L.; Iglesia, E. Synthesis and Catalytic Properties of Metal Clusters
Encapsulated within Small-Pore (SOD, GIS, ANA) Zeolites. J. Am. Chem. Soc. 2012, 134
(42), 17688-17695.

van der Wal, L. I.; Oenema, J.; Smulders, L. C. J.; Samplonius, N. J.; Nandpersad, K. R.; Zece-
vi¢, J.; de Jong, K. P. Control and Impact of Metal Loading Heterogeneities at the Nanoscale
on the Performance of Pt/Zeolite Y Catalysts for Alkane Hydroconversion. ACS Catal. 2021,
11 (7), 3842-3855.

Winter, F.; Bezemer, G. L.; van der Spek, C.; Meeldijk, J. D.; van Dillen, A. J.; Geus, J. W.; de
Jong, K. P. TEM and XPS Studies to Reveal the Presence of Cobalt and Palladium Particles in
the Inner Core of Carbon Nanofibers. Carbon 2005, 43 (2), 327-332.

Wang, N.; Sun, Q.; Bai, R.; Li, X.; Guo, G.; Yu, J. In Situ Confinement of Ultrasmall Pd Clus-
ters within Nanosized Silicalite-1 Zeolite for Highly Efficient Catalysis of Hydrogen Genera-
tion. J. Am. Chem. Soc. 2016, 138 (24), 7484—7487.

Cho, H. R.; Regalbuto, J. R. The Rational Synthesis of Pt-Pd Bimetallic Catalysts by Electro-
static Adsorption. Catal. Today 2015, 246, 143—153.

Emeis, C. A. Determination of Integrated Molar Extinction Coefficients for Infrared Absorpti-
on Bands of Pyridine Adsorbed on Solid Acid Catalysts. J. Catal. 1993, 141 (2), 347-354.

Busca, G. Spectroscopic Characterization of the Acid Properties of Metal Oxide Catalysts.
Catal. Today 1998, 41 (1-3), 191-206.

Velthoen, M. E. Z.; Nab, S.; Weckhuysen, B. M. Probing Acid Sites in Solid Catalysts with
Pyridine UV-Vis Spectroscopy. Phys. Chem. Chem. Phys. 2018, 20 (33), 21647-21659.

Agarwal, U.; Rigutto, M. S.; Zuidema, E.; Jansen, A. P. J.; Poursaeidesfahani, A.; Sharma, S.;
Dubbeldam, D.; Vlugt, T. J. H. Kinetics of Zeolite-Catalyzed Heptane Hydroisomerization and
Hydrocracking with CBMC-Modeled Adsorption Terms : Zeolite Beta as a Large Pore Base
Case. 2022, 415, 37-50.

Guisnet, M.; Alvarez, F.; Giannetto, G.; Perot, G. Hydroisomerization and Hydrocracking of
N-Heptane on PtH Zeolites. Effect of the Porosity and of the Distribution of Metallic and Acid
Sites. Catal. Today 1987, 1 (4), 415-433.

Alvarez, F.; Ribeiro, F. R.; Perot, G.; Thomazeau, C.; Guisnet, M. Hydroisomerization and
Hydrocracking of Alkanes. J. Catal. 1996, 162 (2), 179-189.

Bagshaw, S. A.; Cooney, R. P. FTIR Surface Site Analysis of Pillared Clays Using Pyridine
Probe Species. Chem. Mater. 1993, 5 (8), 1101-1109.

Barzetti, T.; Selli, E.; Moscotti, D.; Forni, L. Pyridine and Ammonia as Probes for FTIR Ana-
lysis of Solid Acid Catalysts. J. Chem. Soc. - Faraday Trans. 1996, 92 (8), 1401-1407.

Velthoen, M. E. Z.; Mufioz-Murillo, A.; Bouhmadi, A.; Cecius, M.; Diefenbach, S.; Weck-
huysen, B. M. The Multifaceted Role of Methylaluminoxane in Metallocene-Based Olefin
Polymerization Catalysis. Macromolecules 2018, 51 (2), 343-355.

51




Chapter 2

(47)

(48)

(49)

(50)

52

Lok, B. M.; Messina, C. A.; Patton, R. L.; Gajek, R. T.; Cannan, T. R.; Flanigen, E. M. Silico-
aluminophosphate Molecular Sieves: Another New Class of Microporous Crystalline Inorga-
nic Solids. J. Am. Chem. Soc. 1984, 106 (20), 6092—-6093.

Martens, J. A.; Grobet, P. J.; Jacobs, P. A. Catalytic Activity and Si, Al, P Ordering in Mi-
croporous Silicoaluminophosphates of the SAPO-5, SAPO-11, and SAPO-37 Type. J. Catal.
1990, /26 (1), 299-305.

Martens, J. A.; Tielen, M.; Jacobs, P. A. Attempts to Rationalize the Distribution of Hydrocrac-
ked Products. III. Mechanistic Aspects of [somerization and Hydrocracking of Branched Alka-
nes on Ideal Bifunctional Large-Pore Zeolite Catalysts. Catal. Today 1987, 1 (4), 435-453.

Gobin, O. C.; Reitmeier, S. J.; Jentys, A.; Lercher, J. A. Role of the Surface Modification on
the Transport of Hexane Isomers in ZSM-5. J. Phys. Chem. C 2011, 115 (4), 1171-1179.



Steering the metal precursor location in bifunctional catalysts

Supporting Information

lon Exchange Calcmatlon + Boehmite
[(NH,),Pd}** (aq)
pH 66 Reductlon Calcmatlon
500°C, N,/O,
Pd-zeotype/Al,O, CR
lon Exchange |rect reduction, 1) + Boehmite
[(NH,),Pd]** (aq)
PH 6.6 Calcmatlon
500 °C,N,/O,
Pd-zeotype/Al,O,DR
Adsorptlon Calcmat 1) +zeotype
[PACI]* (aq)
6 (aq pH 2.6 Reductlo Calcmatlon
500°C,N,/O,

y-Al203

Pd-Al,0,/zeotype

Figure S2.1. Schematic overview of catalyst synthesis.

Table S2.1. Number of acid sites as determined using NH,-TPD and FT-IR using pyridine (Py) as probe
molecule.

Material NH,-TPD Py-FT-IR
(mmol g7) (mmol g™)
Weak Medium/ Total BAS LAS
Strong
SAPO-11 0.17 0.22 0.40 0.082 0.021
ZSM-22 0.20 0.28 0.48 0.081 0.016
y-ALO - - 0.46 0 0.226
273
SAPO-11/y-ALO, 0.08 0.27 0.35 0.020 0.096
ZSM-22/y-ALO, 0.14 0.35 0.49 0.025 0.086
Pd-y-AL,O,/SAPO-11 0.08 0.29 0.37 0.015 0.112
Pd-SAPO-11/y-ALO, DR 0.08 0.26 0.34 n.d. n.d.
Pd-SAPO-11/y-ALO, CR 0.07 0.25 0.32 0.018 0.117
Pd-y-Al,0,/ZSM-22 0.17 0.37 0.53 0.023 0.149
Pd-ZSM-22/y-ALO, DR 0.14 0.35 0.49 n.d. n.d.
Pd-ZSM-22/y-AL,0, CR 0.15 0.33 0.48 0.019 0.108
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Table S2.2. Palladium loading, palladium nanoparticle properties and acid properties of each catalyst.

Material Pd weight  Pd size, De n,,* n,* n,/n,
loading * d,"
(Wt%) (nm) (%) (mmolg™) (mmolg™)

Pd-y-ALO /SAPO-11 0.49 2.0+£0.4 56 0.026 0.29 0.088
Pd-SAPO-11/y-ALO, DR 0.45 23£09 48 0.020 0.26 0.079
Pd-SAPO-11/y-ALO, CR 0.41 1.7£0.4 65 0.025 0.25 0.101
Pd-y-ALO,/ZSM-22 0.50 2.0+£0.4 56 0.024 0.37 0.064
Pd-ZSM-22/y-ALO, DR 0.44 19£04 59 0.024 0.35 0.069
Pd-ZSM-22/y-ALO, CR 0.41 21£04 53 0.020 0.33 0.062

2By inductively coupled plasma optical emission spectroscopy on digested samples.

®Number average particle size by measurement Pd nanoparticle diameter of at least 400 particles in
STEM images.

¢Dispersion of Pd nanoparticles using Dispersion = 1.112/dPd

dCalculated based on the ICP weight loading of Pd and the dispersion.

¢By deconvolution of NH3-TPD profiles and integration of the peak at higher temperatures (T > 200 °C
for SAPO-11 and T > 300 °C for ZSM-22).

Figure S2.2. HAADF-STEM image of Pd/y-Al O, before mixing with a zeotype material.
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Figure S2.3. XPS spectra of Pd in all catalysts.
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Table $2.3. N, physisorption on samples without y-alumina.

Pd-Al20s/ZSM-22

336.9

350 345 340 335 330
Pd-ZSM-22/Al20s DR

350 345 340 335 330
Pd-ZSM-22/Al20s CR

5
350 345 340 335 330

Binding Energy (eV)

Sample SgeT Simiero Sext total V icro Sangmuir

(m’g™)  (m’g?)  (m’g’) (m’g’) (em’g?) (m’g?)
SAPO-11 134 56 78 0.17 0.024 147
0.5Pd-SAPO-11 CR 122 58 64 0.16 0.024 129
1Pd-SAPO-11 DR 131 68 64 0.16 0.028 142
ZSM-22 126 70 56 0.19 0.029 136
0.5Pd-ZSM-22 CR 138 83 55 0.32 0.033 144
174 93 83 0.22 0.040 194

0.9Pd-ZSM-22 DR

55




Chapter 2

Q
(on

P4-SAPO-11/1-ALO, DR PAZSM.22ALO, OR

' | IM
S L SAPO-11, 2 P4-ZSM-224-ALO,
EELE Y R UL, W PPNy P oo,
J‘\A \ ‘ H. —
awrormag,

T 7 T 7 7 T T J
10 20 30 40 50 60 70 80 10 2 %0 o %0 & o &
20 ()

20(°)

Intensity (a.u.)
Intensity (a.u.)

Figure S2.4. XRD patterns of a) SAPO-11 based catalysts and b) ZSM-22 based catalysts each catalyst
and zeotype/alumina composite materials.

Figure S2.5. SEM images of as-received a) SAPO-11 and b) ZSM-22. As can be seen in a) the SAPO-
11 sample contains both the typical cuboid SAPO-11 crystals, as well as a less crystalline component
(top right). In b) the needle-like shape of ZSM-22 is evident.
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Figure S2.6. Arrhenius plots of a) n-heptane conversion over SAPO-11 based catalysts, b) n-heptane
conversion over ZSM-22 based catalysts, c¢) n-hexadecane conversion over SAPO-11 based catalysts
and d) n-hexadecane conversion over ZSM-22 based catalysts. The catalysts are depicted as follows:
Pd-SAPO-11/y-AlL0O, (CR) (orange squares), Pd-y-Al,0,/SAPO-11 (red circles), Pd-SAPO-11/y-Al,O,
(DR) (blue triangles), Pd-ZSM-22/y-Al,O, (CR) (dark cyan squares), Pd-y-Al,0,/ZSM-22 (dark blue
circles) and Pd-ZSM-22/y-Al,O, (DR) (brown triangles). The plots are based on measurements below
20 % conversion. Reaction conditions of n-heptane conversion: P = 10 bar, H,/n-heptane = 10 : 1 (mol/
mol), WHSV =24 ¢ _-g -'-h™'. Reaction conditions of n-hexadecane conversion: P = 5 bar, H,/n-

cat

heptane = 10 : 1 (mol/mol), WHSV=29¢  -g ~'-h™

cat
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Chapter 3

Maximizing noble metal utilization in
bifunctional catalysts by control of metal
nanoparticle location

Abstract: Maximizing the utilization of noble metals is crucial for applications such
as catalysis. We found that the minimum loading of platinum for optimal performance
in the hydroconversion of n-alkanes for industrially relevant bifunctional catalysts
could be reduced by a factor of 10 or more through the rational arranging of functional
sites at the nanoscale. Intentionally depositing traces of platinum nanoparticles on
the alumina binder or the outer surface of zeolite crystals, instead of inside the zeolite
crystals, enhanced isomer selectivity without compromising activity. Separation
between platinum and zeolite acid sites preserved the metal and acid functions
by limiting micropore blockage by metal clusters and enhancing access to metal
sites. Reduced platinum nanoparticles were more active than platinum single atoms
strongly bonded to the alumina binder.

This chapter is based on: Cheng K.*; Smulders, L.C.J.*; van der Wal, L.I.; Oenema,
J.; Meeldijk, J.D.; Visser, N.L.; Sunley, G.J.; Roberts, S.T.; Xu, Z.; Doskocil, E.;
Yoshida, H.; Zheng, Y.; Zecevic, J.; de Jongh, P.E.; de Jong, K.P., Maximizing noble
metal utilization in solid catalysts by control of nanoparticle location, Science 2022,
(377), 204-208.

*These authors contributed equally.



Chapter 3

3.1. Introduction

Noble metals (NMs) are widely used in a variety of commercial and emerging
technologies, including catalytic converters in automobiles; electrocatalysts in
hydrogen fuel cells; and, as described in Chapter 1, catalysts for petroleum, biomass,
and waste conversion.' Increasing demand for NMs in these applications is driving
approaches that make more efficient use of NMs,*? including so-called single-
atom catalysts (SACs) in which isolated single metal atoms or ions are stabilized
by the support.'®!* However, strong metal-support interactions often lead to limited
reducibility and in some cases low reactivity. Confinement of NMs inside zeolite
channels or cages can benefit the adsorption of reagents and stabilization of reaction
intermediates to improve catalytic activity, product selectivity, or both.'* ¢ Successful
examples of confinement effects have been demonstrated for the conversion of small
molecules, including carbon monoxide (CO) oxidation, methane (CH,) oxidation,
and the water-gas shift reaction.!” "

In the petrochemical industry, platinum (Pt) is frequently used in combination with
acidic zeolites for the hydroconversion of linear alkanes to enhance the quality of
liquid fuels (Figure S3.1), and its performance is influenced by the Pt nanoparticle
(NP) size and distribution, metal-support interactions, and acidic properties.?* > To
describe the required Pt loading sufficient to maintain the bifunctional metal-acid
balance in hydroconversion catalysts, Guisnet and coworkers proposed a widely
applied parameter of the surface Pt sites to Bronsted acid sites ratio (n,/n,).** To
meet this criterion, the typical Pt loading for bifunctional catalysts is in the range
of 0.3 to 3 wt%.? For integrating two functional components, Weisz’s intimacy
criterion, which is often interpreted as “the closer the better,” has been applied to
spatial organization.”®

Recently, we have shown at Pt loadings around 0.5 wt% that separation of Pt and
acid sites at the nanoscale enhanced the isomer selectivity in hydroisomerization
of linear alkanes, whereas placing Pt inside zeolite crystals with closest proximity
promoted acid-catalyzed cracking or overcracking reactions because of the high
concentrations of intracrystalline carbenium ions.? ! With this concept of nanoscale
intimacy, we found that lowering the Pt loading holds potential,*® which inspired us
to a study of the lower limit of NMs for catalysis as a function of the Pt NP location.

We controlled the Pt location and loading on industrially relevant platinum-zeolite-
alumina (Al,O,) composite catalysts to decrease the Ptloading for hydroisomerization
while maintaining optimal performance. We used n-heptane as a model molecule
relevant to gasoline upgrading. We used the one-dimensional (1D) zeolites HZSM-
22 and HMOR to construct bifunctional catalysts. To provide mechanical stability
and to avoid the high-pressure drop in industrial fixed-bed reactors, zeolite catalysts
need to be shaped into composites—for example, as extrudates with the use of a
binder such as clay.”> The location of Pt sites in these composite catalysts can be
roughly classified into three types: (i) on the outer surface of zeolite crystals; (ii)

inside the zeolite crystals; and (iii) on the binder.
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3.2. Materials and Methods
Materials

NH,-MOR (CBV 21A, Si/Al = 10 at/at) was purchased from Zeolyst. HZSM-22 (Si/
Al =32.5-40 at/at) was purchased from ACS Material. Boehmite (70 wt% AlL,O,) was
supplied by Shell Technology. [Pt(NH,),J(NO,), (99.995% purity), H,[PtCl,]-6H,0O
(>37.5 wt% Pt), Pluronic P123 (Mn ~5,800), acetic acid, and aluminum isopropoxide
(> 98%) were purchased from SigmaAldrich.

Catalyst Preparation

Both NH,-MOR and HZSM-22 were calcined at 500 °C for 5 h with a heating ramp
of 1 °C min™!. A zeolite-alumina composite (50 wt% / 50 wt%) was prepared using
acetic acid as a peptizing agent to deagglomerate boehmite particles and enhance
the interaction of zeolite crystals and alumina binder. For 10 g of product, 7.14 g of
boehmite was first mixed with 6 mL of Milli-Q H,O and 0.21 mL of acetic acid using
a pestle and mortar.>* After complete wetting of boehmite powder, 5 g of zeolite was
added to the mortar. The mixture was further pestled for 10 minutes with additional
Milli-Q H,O until a homogenous paste was obtained. Then, the paste was dried in
an oven at 120 °C for 12 h, followed by crushing and calcination at 500 °C for 2 h
with a heating ramp of 5 °C min'. For comparison, a zeolite+alumina composite
was prepared without using acetic acid only to reveal the function of acetic acid in
dispersing boehmite.

Pt-Al,0,/zeolite catalyst with platinum deposited on alumina binder was prepared by
an ion adsorption (IA) method.” 1.5 g of zeolite-alumina composite was first added
into 450 mL Milli-Q H,O and stirred for 30 min at room temperature, after which the
pH of the suspension was adjusted to 2.6 by adding 1 M HCI solution. The surface
of the alumina binder was positively charged at this pH value (Figure S3.4). Then,
a given volume of H_[PtCl ]-6H,O aqueous solution (0.17 mg, mL") was added
dropwise to the suspension to obtain platinum weight loadings from 0.005 wt% to
0.5 wt% (Table S3.1). After 3 h of stirring, the suspension was filtered and washed
with 500 mL of Milli-Q H,O . The filter cake was dried at 120 °C overnight. The
catalyst powder was reduced in H,/N, (20/80 vol/vol) flow at 500 °C for 3 h with a
heating ramp of 1 °C min ™', and then further treated for 2 h at 500 °C in O /N, (20/80
vol/vol) flow.

Pt-zeolite/Al O, catalysts with platinum deposited on/inside zeolite crystals were
prepared by an ion-exchange (IE) method. First, 0.75 g of zeolite powder was
dispersed in 225 mL Milli-Q H,O at room temperature and stirred for 30 min, after
which a given volume of [Pt(NH,),](NO,), aqueous solution (0.30 mg, mL') was
added dropwise to the suspension. After 3 h of stirring, the suspension was filtered
without further washing and the filtrate was collected for a repetitive IE. The filter
cake was dried at 60 °C overnight, followed by a reduction in H,/N, (20/80 vol/
vol) flow at 500 °C for 3 h, with a heating ramp of 1 °C min'. After cooling to

61




Chapter 3

room temperature, the powders were put back into the collected filtrate, which still
contained certain amounts of [Pt(NH,),]*" ions. Then the IE was conducted again
with stirring, filtration, drying, and reduction. Finally, the Pt-zeolite powders were
obtained. By this repetitive IE step, most [Pt(NH,),]*" ions in an aqueous solution
can be loaded on/inside the zeolites. The composite Pt-zeolite/Al O, catalyst was
prepared by the same method for preparing zeolite-alumina composite, but with a
heating ramp of 1 °C min™' in the calcination step. With this method, zeolite crystals
can be well dispersed and fastened by alumina binder.

The single-atom Pt-AlO, with a 1.0 wt% (or 0.2 wt%) loading, named SAC-1.0Pt-
Al O,, was synthesized according to a recipe reported by Zhang et al.** 4.2 g Pluronic
P123 was dissolved in 20 mL ethanol at room temperature. Then, 6.4 ml 67% nitric
acid and 8.16 g aluminum isopropoxide were also dissolved in 20 mL ethanol. The
two solutions were mixed under vigorous stirring for 30 min, after which a solution
containing 6 mL ethanol and 55 mg (or 11 mg) H,[PtCl]-6H,0 was added to the
mixture under stirring overnight. After evaporation for 72 h in an oven at 60 °C, the
final gel was calcined at 400 °C for 4 h with a ramp of 1 °C min™'. The SAC1.0Pt-
Al O, was further physically mixed with HMOR in a mortar with a zeolite-alumina

weight ratio of 1:1.

Catalyst Characterization

Ammonia temperature-programmed desorption (NH,-TPD) measurements were
conducted on a Micromeritics AutoChem I1 2920 instrument equipped with a thermal
conductivity detector (TCD). Typically, 0.1 g of sample was pretreated in a quartz
reactor with He flow at 600 °C for 2 h. The adsorption of NH, was carried out at 100
°C in an NH,~He mixture (10 vol % NH, in He) for 1 h, and TPD was performed
in He flow by raising the temperature to 600 °C with a heating ramp of 10 °C min™".

N, physisorption measurements were performed at —196 °C on a Micromeritics
Tristar 3000 Surface Area Analyzer; before N, adsorption, the sample was degassed
under vacuum at 300 °C overnight. ICP analysis of platinum was performed at Kolbe
Mikroanalytisches Laboratorium using an ICP-optical emission spectrometer (Perkin
Elmer) after sample dissolution according to standard in-house procedures. The Si/
Al molar ratio of zeolites was determined by X-ray fluorescence (XRF) spectroscopy
on a Panalytical Axois Petro XRF instrument with rhodium target (50 kV, 50 mA).

Scanning electron microscopy (SEM) measurements were performed on a Hitachi
S-4800 operated at 15 kV. HAADF-STEM images and EDX mapping were collected
on an FEI TALOS F200X transmission electron microscope equipped with a Super-
XTM EDX detector. To expose cross-sections that contain purely the zeolite or
alumina components, ultramicrotomy of resin embedded catalysts was carried out.
For this, the sample was first embedded in Epofix resin, put in an oven overnight
at 60 °C, and cut to 70-nm sections using a diamond knife.** Cross-sections were
deposited on carbon-coated copper TEM grids (200 mesh). The platinum particle size
was determined by analyzing more than 200 particles. The platinum distribution and
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particle sizes over catalysts with platinum loading lower than 0.1 wt% were analyzed
on an aberration-corrected Spectra 300 S/TEM from Thermo Fisher Scientific with
an accelerating voltage of 300 kV.

X-ray photoelectron spectroscopy (XPS) measurements were carried out on an
Omicron XPS System using Al Ka X-rays as the excitation source at a voltage of
15 kV and a power of 300 W. Samples were reduced in situ under hydrogen flow at
500 °C and atmospheric pressure for 2 hours. The binding energy was corrected by
taking Cls line at 284.5 eV as an internal standard.

X-ray Absorption Spectroscopy (XAS) was carried out at the Insertion Device line
of sector 10 at the Advanced Photon Source (APS), Argonne National Laboratory
at the Pt L, edge, in fluorescence mode. The experiments were performed using
a double crystal monochromator with direct drive air bearings and two sets of
crystals: Si (111) and Si (311). Higher harmonics present in the X-ray beam were
avoided by a 60 cm long flat harmonic rejection mirror. Approximately 100 mg of
sample was pressed into a pellet in a special sample holder 45° facing the beam
direction. The sample holder was placed in an in sifu temperature-programmable
sample cell operated under ambient pressure. The samples were reduced under a
flow 100 mL min™' consisting of 3.5 vol% H, in He, at a temperature of 350 °C for
1 hour then cooled down to room temperature when the XAS measurements were
taken. Fluorescence data were collected with an ion chamber Lytle detector, with
a step size of 0.5 eV and an acquisition time of 0.1 s per point. XANES spectra
were processed using the Athena program (Demeter 0.9.26) by averaging 12 scans
for each sample. For XANES processing, normalization was done by dividing
the absorption intensities by the height of the absorption edge and subtracting the
background using cubic spline routines. The Pt oxidation state composition was
determined from Linear Combination Fitting from Athena in the derivative space
of u(E), with PtO, used as a reference standard for Pt*'; [Pt(NH,),](NO,), for Pt**
and the Pt metal foil for Pt while allowing EO to fit. The fitting was performed in
the range of 20 eV below and 30 eV above the Pt L, edge. The EXAFS fitting was
performed by converting the spectra in k-space with k-weight of 2 and in the range
of 2.0-11 A, followed by a conversion into the R space with the following Forward
Fourier transform parameters: k range of 2.0-11 A, d_of 0.5, R range of 1.3-3.0
A, d of 0.5, and a Hanning window. Multiple shell fitting was used involving Pt-Pt
and Pt-O paths in the R space. Data for the backscattering amplitudes were obtained
from the FEFFIT calculation built within Artemis (Demeter 0.9.26) software. The
amplitude reduction factor was calibrated and fixed at S = 0.70 from Pt metal foil

at L, edge.

Catalyst Evaluation

Before reaction, the bifunctional catalysts were pressed, crushed, and sieved to
obtain particles in the range 75-212 um. Then, 30 mg or 15 mg of catalyst was
loaded in stainless steel reactors (internal diameter, 2 mm). The hydroconversion
of n-heptane was performed on an Avantium Flowrence 16 parallel reactor setup.
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Catalysts were first reduced in situ for 3 h at 350 °C in 90 vol% H, in helium at 1
bar, using a ramp of 10 °C min"'. An HPLC pump was used to inject the n-heptane
feedstock, which was vaporized in an evaporator and mixed with H, with an H /n-
heptane molar ratio of 10. After the reduction, the reactors were cooled to 200 ‘C
and the H,/n-heptane mixture was distributed into 16 reactors by capillary columns,
with weight hourly space velocity (WHSV) of 2.1 g g ~'h?' (30mg)ord2g .
g.. ' h' (15 mg). Simultaneously, the pressure was increased to 10 bar to start the
reaction. For all reactors, the temperature was increased stepwise, product analysis
was conducted after 4 h at each temperature platform when the reaction had reached a
steady state. The hydrocarbon products were analyzed online with an Agilent 7890A
GC equipped with a flame ionization detector (FID). A capillary column (Agilent

J&W Pora-BOND-Q) was used to separate the hydrocarbon products.

3.3. Results and Discussion
Metal Loading and Metal Nanoparticle Location

The Pt location on the composite catalysts consisting of a mixture of HZSM-22 or
HMOR (SEM images of pristine zeolites provided in Figure S3.2) with alumina,
could be controlled through either ion exchange (IE) by using [Pt(NH,),J(NO,),
as Pt precursor or ion adsorption (IA) by using H,[PtCl, ] (Figure S3.3). IE led to
the emplacement of Pt nanoparticles on/in the zeolite material and IA led to Pt
emplacement on the alumina binder. The structural properties of the supports are
summarized in Table S3.2. The actual weight loading of Pt was determined by means
of inductively coupled plasma (ICP) spectrometry (Tables S3.3 and S3.4). Because
all raw materials are based on commercial products and the IE and IA methods
are commonly applied in industry, no major barriers are foreseen for the catalyst
preparation on a large scale.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) imaging combined with ultramicrotomy can expose cross sections of zeolite
crystals or shaped catalysts and enables the visualization of the spatial distribution
of ALO, binder, zeolite crystals, and Pt sites.?’ Because the kinetic diameter of the
[Pt(NH,),]** (0.48 nm) is comparable with the HZSM-22 pore size (0.45 by 0.55 nm)
and HMOR pore size (0.67 by 0.70 nm), the diffusion of [Pt(NH,),]*" ions into the
micropores during the IE process could be limited. The STEM images of Pt-HZSM-22
slices confirmed that after reduction, most Pt NPs were present on the external crystal
surfaces, regardless of the Pt loading, and a small fraction was located inside the
HZSM-22 crystals (Figure 3.1a,b). The average sizes of Pt NPs for 0.2Pt-HZSM-22
(where 0.2 is Pt loading in weight percent) and 1.0Pt-HZSM-22were 1.5 and 1.7 nm,
respectively. For 0.2Pt-HMOR and 1.0Pt-HMOR, the average diameters of Pt NPs
were 1.2 and 1.6 nm, respectively, and the Pt NPs were exclusively deposited inside
HMOR crystals (Figure 3.1d,e). The Pt NPs were larger than the micropores of the
zeolite and were likely accommodated by the local destruction of micropores during
NP growth, an effect confirmed in previous studies.*
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- dp=15+0.7nm b

dpy=1.2 £ 0.4 nm

Figure 3.1. HAADF-STEM images of ultramicrotomed 70 nm-thick sections of a) 0.2Pt-HZSM-22,
b) 1.0Pt-HZSM-22 and c) scheme for Pt distribution over HZSM-22. And HAADF-STEM images of
sections of d) 0.2Pt-HMOR e¢), 1.0Pt-HMOR and f) scheme for Pt distribution over HMOR. The red
dots and blue hexagons indicate Pt NPs and zeolite crystals, respectively.

The zeolite powders containing Pt NPs were then mixed with boehmite and acetic
acid to prepare bifunctional catalysts with a zeolite-to-Al203weight ratio of 1/1.
The zeolite-Al,O, composite, by use of acetic acid as a peptizing agent in this work,
exhibited a uniform distribution of zeolite crystals, which were coated and stabilized
by the AL O, binder (Figure 3.2a). By contrast, large agglomerates of zeolites and
Al O, were observed over zeolite+Al O, composite without acetic acid (Figure
S3.4). The TEM imaging revealed that for IE-prepared Pt-HZSM-22/A1,0,, most
Pt NPs remained on the HZSM-22 crystal surfaces with only a few NPs inside the
HZSM-22 crystals, and those NPs were near NPs present on HZSM-22 surfaces; no
NPs were observed on the mesoporous Al O, binder (Figure 3.2b and d, and Figure
S3.5a). Conversely, almost all of the Pt NPs were located on the AL O, binder for
Pt-Al,0,/HZSM-22 prepared with the IA method (Figure 3.2¢ and e, and Figure
S3.5b). Correspondingly, the Pt NPs were still exclusively present inside the HMOR
crystals for IE-prepared Pt-HMOR/ALQO, (Figure 3.2f), and all of the Pt NPs were
deposited on the Al O, binder for IA-prepared Pt-Al,O,/HMOR (Figure 3.2g). With
this methodology, we prepared a series of composite catalysts with different Pt
loadings and locations (Table S3.4). The Pt loading in all cases had a minor effect on

the catalyst acidity (Figure S3.6).
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dpt=1.1 £ 0.8 nm Hpy=0.7 + 0.2 nm
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Figure 3.2. HAADF-STEM and STEM-energy dispersive x-ray (EDX) images of ultramicrotomed 70
nm-thick sections of catalysts. a) HZSM-22/A1,0, composite by using acetic acid as a peptizing agent.
The images al-a3 show to location of silicon (green) and aluminum (red), which is indicative of the
presence of HZSM-22 and Al,O, components. b) 0.01Pt-HZSM-22/A1,0,, ¢) 0.01Pt-AL,O,/HZSM-22,
d) 0.5Pt-HZSM-22/A1,0,, e) 0.5Pt-Al,O /HZSM-22, f) 0.5Pt-HMOR/A1,O, g) 0.5Pt-AL,LO /HMOR. In
the schematic representations, the pink areas, the red dots and blue hexagons indicate Al,O, binder, Pt
NPs and zeolite crystals, respectively.
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Hydroconversion of n-Heptane

The catalytic performance of HZSM-22-based catalysts in the hydroisomerization of
n-heptane (n-C.) was strongly affected by the Pt loading and distribution, especially
at loading of 0.005 to 0.05 wt% (Figure 3.3 and Figure S3.7). With an increase of Pt
loading, the n-C, conversion compared at identical temperature and weight hourly
space velocity (WHSV) increased first and then reached a plateau. Unexpectedly,
with the Pt-on-HZSM-22 configuration, an ultralow Pt loading of 0.01 wt% was
sufficient to maintain the n-C, conversion and selectivity of C, isomers (Figure 3.3a).
Such a low Pt loading is usually insufficient for catalyzing this reaction. However,
0.01Pt-Al,O,/HZSM-22 exhibited inferior activity and selectivity (Figure 3.3b). The
C, isomers consisted of monobranched and traces of dibranched C, isomers (mono-C,
and di-C_respectively), and the main side products were propane, n-butane, and
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Figure 3.3. Hydroconversion of n-heptane over bifunctional catalysts with different Pt loadings and
locations. a) Pt-HZSM-22/A1,0, with Pt on the HZSM-22 crystals and b) Pt-Al,O,/ZSM-22 with Pt on
the AL O, binder. ¢) Pt-HMOR/AI203 with Pt inside the HMOR crystals and d) Pt-Al,O,/HMOR with
Pt on the AL O, binder. Data are partly from Cheng et al.*® Reaction conditions: P = 10 bar, H /n-C =
10/1 mol/mol, WHSV=2.1g . -g_ ~'-h",and T =320 °C for HZSM-22-based catalysts and T = 280
°C for HMOR-based catalysts.

i-butane from acid-catalyzed hydrocracking.*
At similar conversion levels, 0.01Pt-HZSM-22/A10, also provided higher
selectivity of C, isomers than did 0.01Pt-Al,0,/HZSM-22 (Figure S3.8). Increasing
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the Pt loading > 0.01 wt% decreased the selectivity of C, isomers, which was
likely the result of more Pt NPs sited in the pore mouth region of HZSM-22, which
would promote cracking reactions.”® For Pt-Al,0,/HZSM-22 with Pt-on-AlO,,
both the n-C, conversion and selectivity of C_isomers increased steadily and then
reached a plateau as Pt loading increased to 0.05 wt% (Figure 3.3b).With Pt-on-
binder, therefore, a minimum loading of 0.05 wt% was required to sustain the
n-heptane conversion and the selectivity of C, isomers, to ensure the equilibrium
of the dehydrogenation-hydrogenation reaction. Over HMOR-based catalysts, both
the n-C, conversion and the selectivity of C_isomers increased with the Pt loading,
and overall, the performance of catalysts with Pt inside HMOR crystals was more
strongly influenced by the Pt loading (Figure 3.3c and d, and Figure S3.7). At the
same Pt loading, the specific n-C, conversion over Pt-HMOR/AL O, was lower than
the corresponding Pt-Al,O,/HMOR, probably because of pore blockage or poor
accessibility of Pt NPs.*® With a 10-fold increase of Pt loading from 0.05 to 0.5%,
the n-C, conversion increased from 58 to 71% with a selectivity of C, isomers ~80%
over Pt-ALLO,/HMOR, whereas the n-C, conversion increased from 22 to 67%
and the selectivity of C, isomers increased from 28 to 72% over Pt-HMOR/AL Q..
Regardless of the Pt loading and location over the composite catalysts, after more
than 100 hours, we observed virtually no catalyst deactivation for both HZSM-22—
and HMOR-based catalysts (Figures S3.9 and S3.10).

The dependence of the maximum yield of C, isomers, an important performance
indicator in alkane hydroisomerization,”® on the platinum loading is summarized
in Figure 3.4. The acid density of HMOR is much higher than that of HZSM-22.
Therefore, HMOR-based catalysts required more Pt sites to obtain the same n,/
n, ratio (Figure S3.11). A composite catalyst with Pt-on-HZSM-22 exhibited an
optimum loading of only 0.01 wt% for maximizing the yield of C, isomers (<64%)
(Figure 3.4a). For Pt-Al,0,/HZSM-22 with Pt-on-binder, the increase of Pt loading
above 0.05 wt% maximized the yield of C, isomers toward 68%. Likewise, the
maximum yield of C, isomers for Pt-Al,O,/HMOR went up with Pt loading, and
relative to HZSM-22, a much higher loading of Pt (=0.1 wt %) was needed to provide
maximum yields of C, isomers (Figure 3.4b). Disadvantageous for the yield of C,
isomers was to confine the Pt inside HMOR crystals, which promoted the cracking
reaction and prevented the conversion of #-C.. The maximum yield of C, isomers
over 0.05Pt-AL,O,/HMOR was near that over 0.5Pt-HMOR/ALQ,, suggesting that a

273
rational placement of Pt could lead to a 10-fold reduction in its usage.

In the low loading range (< 0.01 wt%), Pt placed on the Al O, binder was less
effective than on HZSM-22 crystals (Figures 3.3a and b, and 3.4a). Highly dispersed
Pt sites stabilized by the alumina (Pt-O—Al) could be difficult to reduce and not
be sufficiently active for dehydrogenation of n-heptane. To investigate this, we
intentionally prepared a SAC-Pt-Al,O0,/HMOR catalyst with single-atom Pt dispersed

on Al O,, which was almost inactive in n-heptane hydroconversion (Figure 3.5).
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Figure 3.4. The effect of the Pt loading on the maximum yield of C, isomers. a) PYHZSM-22/A1203
composite catalysts, with Pt NPs placed either on Al,O, binder or on HZSM-22 crystals, and b) Pt/
HMOR/ALQ,, with Pt NPs placed either on Al,O, binder or inside HMOR crystals. Reaction conditions:
P =10 bar, H,/n-C,=10/1 mol/mol, WHSV =2.1¢ _-g ~'-h"'. The pink areas, the red dots and blue
hexagons indicate Al,O, binder, Pt NPs and zeolite crystals, respectively.
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Figure 3.5. Hydroconversion of n-heptane over 0.5Pt-Al,O,/HMOR and SAC-0.5PtAl,0,/HMOR.
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Chemical State of Pt in Catalysts with Ultralow Pt Loadings

The x-ray absorption spectroscopy (XAS) shows the k*-weighted (where k is photo-
electron wave number), phase-corrected extended x-ray absorption fine structure
(EXAFS) spectra of reduced Pt catalysts together with Pt standards (Figure 3.6a).
The scattering from the first shell of Pt—O led to the scattering path below 2.0 A,
whereas the scattering Pt—Pt in the Pt foil resulted in peaks at 2.4 and 2.9 A.” The
scattering path at 2.2 A observed with a bond distance shorter than that of Pt-Pt may
indicate the formation of Pt dimers.*’

Pt4d —— SAC-0.2Pt-AL,0,
—— 0.1Pt-AlL,O,/HZSM-22
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Figure 3.6. Chemical state of Pt. a) The k*-weighted Pt L, edge EXAFS spectra in R space of
bifunctional catalysts. Catalysts were reduced under 3.5 vol% H, flow at 350 * C for 1 h. PtO, and Pt
foil were used as Pt standards. b) XPS spectra of reduced catalysts.

Strong Pt—Pt scattering for 0.1Pt-HMOR and 0.1Pt-HZSM-22 with 0.1 wt% loadings
could be observed (Figure 3.6a), which is indicative of the formation of metallic Pt
NPs or clusters. A Pt-O scattering peak was observed over 0.01Pt-HZSM-22/A1,0,
and 0.01Pt-Al, O,/HZSM-22, indicating that single-atom Pt (ions) was present within
the two samples together with Pt NPs observed with electron microscopy (Figure
3.2b and ¢). More than half of Pt was metallic over 0.01Pt-HZSM-22/A1,0,, which
exhibited higher reactivity in n-C, conversion than that of 0.01Pt-Al,O,/HZSM-22
that contained mainly oxidized Pt (Figure S3.12 and Table S3.5). As the Pt loading
on the AL,O, binder increased from 0.01 to 0.05 wt%, the Pt-O scattering became
negligible, and Pt—Pt scattering appeared, which suggested the formation of larger
numbers of small Pt NPs or clusters in line with electron microscopy results (Figure
3.2).The in situ x-ray photoelectron spectroscopy (Figure 3.6b) further suggested
reduced 0.1Pt-HZSM-22/A1,0, and 0.1Pt-Al,O,/HZSM-22 to mainly contain
metallic Pt (313.7 eV), whereas the atomically dispersed Pt on AlO, (SAC-0.2Pt-
Al O,) was in a partially oxidized state (314.6 €V).** The weaker Pt signals of 0.1Pt-
HZSM-22/Al1,0, than those of 0.1Pt-Al,O,/HZSM-22 imply that a fraction of Pt NPs
might be confined in the micropores of HZSM-22, causing cracking reactions at high
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(> 0.1 wt %) Pt loadings (Figure 3.3a).

3.4. Conclusions

To increase the Pt utilization over bifunctional Pt-zeolite catalysts, we have varied the
proximity between sites by controlling the spatial distribution of Pt NPs. Because of
the low diffusivity of alkanes and alkenes, Pt sites should be placed in an accessible
location in solid catalysts rather than in the micropores of a zeolite, such as on a
mesoporous alumina binder or the outer surface of the zeolite crystals. Additionally,
maintaining a separation between Pt and zeolite acid sites can preserve the metal
and acid functions to the greatest extent through three main mechanisms: (i) limiting
micropore blockage by metal clusters, (ii) enhancing accessibility of metal sites,
and (iii) favoring pore mouth catalysis to reduce secondary cracking reactions.
Furthermore, reducible Pt ensemble sites were confirmed to be more active as the
dehydrogenation-hydrogenation function than Pt SAC, which was strongly bonded by
the alumina binder, especially at low platinum loadings. Our findings generally agree
with the classical criterion that a minimum amount of NMs is necessary to maintain
the metal-acid balance and ensure a quasi-equilibration of the dehydrogenation-
hydrogenation reactions, but this study confirms that the required loading for NMs is
profoundly affected by how functional sites are arranged at the nanoscale.
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Supporting Information

Table S3.1. Details for the preparation of 1.5 g of Pt-zeolite-alumina composite catalysts with different

Pt locations and loadings.

Catalyst Pt Conc. " Volume Pt Heat treatment
source * intake
(mg, mL™) (mL) (Wt%)
0.5Pt-HZSM-22/AL,0, PTA 0.30 375 075 H/N, 500 °C/3h
0.1Pt-HZSM-22/AL,0, PTA 0.30 5 0.1 H/N, 500 °C/3h
0.05Pt-HZSM-22/A1,0, PTA 030 3 0.06 4 N, 500 °C/3h
0.01Pt-HZSM-22/AL,0, PTA 030 0.6 0012 g /N 500°C/3h
0.005Pt-HZSM-22/A1,0, ~ PTA 0.30 03 0006 /N, 500°C/3h
0.5Pt-AL,O,/HZSM-22 CPA 0.17 50 0.56  H/N, — O/N, 500°C
0.1Pt-ALO,/HZSM-22 CPA 0.17 10 0.1 H/N,— O/N, 500°C
0.05Pt-ALO,/HZSM-22 CPA 0.17 5 0.056  H/N, — O,/N, 500 °C
0.01Pt-ALO,/HZSM-22 CPA 0.17 1 0.012° H/N, — O/N, 500 °C
0.005Pt-ALO/HZSM-22  CPA 0.17 0.5 0.005 H/N,— O/N, 500°C
0.5Pt-HMOR/ALO, PTA 0.30 37.5 0.75 H,/N, 500 “C/3h
0.1Pt-HMOR/ALO, PTA 0.30 5 0.1 H/N, 500 °C/3h
0.05Pt-HMOR/ALO, PTA 0.30 3 0.06 " H /N, 500 °C/3h
0.01Pt-HMOR/ALO, PTA 0.30 0.6 0.012 H,/N, 500 “C/3h
0.5Pt-AL,O,/HMOR CPA 0.17 50 0.56  H/N,— O/N, 500°C
0.1Pt-AL,O,/HMOR CPA 0.17 10 0.1 H/N,— O/N, 500°C
0.05Pt-AL,O/HMOR CPA 0.17 5 0.056  H/N, — O/N, 500 °C
0.01Pt-ALO/HMOR CPA 0.17 1 0.012° H /N, — O/N, 500 °C

*PTA and CPA denote [Pt(NH,),](NO,), and H,[PtC]]"H,O, respectively.

® Concentration of platinum in solution.
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Figure S3.1. Simplified reaction mechanism for n-heptane hydroisomerization and side reactions as
well. Because the reaction involves several diffusion steps, the distance between metal and acid sites

plays a key role in catalysis.

Figure S3.2. SEM images of parent a) HZSM-22 and b) HMOR. Note: Both HZSM-22 and HMOR
were composed of sub-micron-sized crystals agglomerated into larger particles. HZSM-22 had a typical
rod-like morphology, with the micropore channels (10- membered ring, 10MR) along the length of

zeolite crystals.* HMOR consisted of agglomerates of crystals of variable sizes
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Figure S3.3. Preparation schemes of a) Pt-HZSM-22/A1,0,, b) Pt-HMOR/AIO, and c¢) Pt-Al,0./
Zeolite with a different platinum location. Black dots, red and green squares denote Pt NPs, alumina
binder, and zeolite crystals, respectively.
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Figure S3.4. Distribution of zeolite HZSM-22 and alumina components for HZSM-22+A1,0,. This
composite catalyst was prepared without using acetic acid as a peptizing agent. The images show the
location of silicon (green) and aluminum (red), which is indicative of the presence of the HZSM-22
and alumina components. EDX mapping was acquired over a 70-nm-thick section of catalyst grains.
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Figure $3.5. STEM images of a) 0.1Pt-HZSM-22/AL0, and b) Pt-A1,0,/ZSM-22

Figure S$3.6. NH,-TPD profiles of a) 0.5Pt-HZSM-22/A1,0
AlO, composite without platinum, and b) 0.5Pt-HMOR/ALO
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Figure S3.7. The effect of platinum loading on the hydroisomerization of n-heptane. a, b) Pt-HZSM-22/
Al O, with platinum particles placed on the HZSM-22 crystals and ¢, d) PttHMOR/AI O, with platinum
particles inside the HMOR crystals. Reaction condition: P = 10 bar, H,/n-heptane = 10/1 mol/mol,

- -1 {1
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Figure S3.8. Product selectivity over 0.01Pt-Al,0,/HZSM-22 (blue) at 320 °C and WHSV of 2.1 g .
g, ' h' at the n-heptane conversion of 38.2%, and 0.01Pt-HZSM-22/A1,0, (orange) at 310 °C and
WHSV of 4.2 g .. g ' h' at the n-heptane conversion of 35.9%. C,, denotes hydrocarbon products
with a carbon number of 8 or higher.
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Figure S3.9. Catalytic performance with time-on-stream of HZSM-22 based catalysts. a,b) n-C,
conversion and selectivity of C_ isomers over 0.01Pt-A1,0,/HZSM-22 (WHSV 2.1 g . g ~'h™")and
0.01Pt-HZSM-22/AL,0, (WHSV 42 g g -"h™). c,d) n-C, conversion and selectivity of C7 isomers
over 0.1Pt-A1,0,/HZSM-22 (WHSV 4.2 g ~' 'h™') and 0.1Pt-HZSM-22/A1,0, (WHSV 4.2 g

n-C7 gcal

g, h™). Reaction condition: P =10 bar, T = 310 °C. H,/n-C, = 10/1.
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Figure S3.10. Catalytic performance with time-on-stream of HMOR based catalysts. a) n-C, conversion
and b) selectivity of C7 isomers over 0.5Pt-Al,O,/HMOR and 0.5Pt-HMOR/ALO,. Reaction condition:
P=10bar, T=270°C. H/n-C,=10/1, WHSV =2.1¢g g ~'h™
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Figure S3.11. Maximum yield of C, isomers versus the ratio of n,/n_over different catalysts. The
calculation of n,/n, is shown in Table S3.4.
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Figure S3.12. X-ray absorption near edge structure (XANES) spectra of bifunctional catalysts after
reduction at 350 °C for 1 hour together with platinum standards at the Pt L, edge.

Table S3.2. The textural properties of samples from nitrogen physisorption experiments.
Sample Si/Al® S s _ ° A | 4 b d

BET micro ext total micro meso

(at/at)  (m’g™) (m’g") (m’g") (em’g’) (em’gT) (ecm’gT)

HZSM-22 37 175 133 42 0.16 0.06 0.10
HMOR 9.7 449 390 59 0.25 0.18 0.07
ALO, binder - 321 34 287 0.70 0.01 0.69

*By X-ray Fluorescence Spectroscopy, "t-plot method, ¢single point desorption total pore volume,
P/P =0996,4V =V . —

meso total micro”
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Table S3.3. Platinum loading and particle size of Pt-zeolite catalysts before peptizing with boehmite.

Catalyst Pt Pt loading Pt size D®
intake * by ICP by STEM
(Wt%) (Wt%) (nm) (%)
1.0Pt-HZSM-22 L5 1.2 1705 66
0.2Pt-HZSM-22 0.2 0.24 1.5+0.6 75
0.1Pt-HZSM-22 0.12 0.09 14+04 81
0.02Pt-HZSM-22 0.024 0.03 1.1+0.8 100
0.01Pt-HZSM-22 0.012 na.° na.° -
1.0Pt-HMOR 1.5 1.2 1.6+0.3 71
0.2Pt-HMOR 0.2 0.2 12+04 94
0.1Pt-HMOR 0.12 0.10 1.0+03 100
0.02Pt-HMOR 0.024 0.02 n.a.° -

*Metallic platinum content in aqueous solution of Pt(NH,),(NO,), for ion exchange.

"D =1.13/d,.*’ Dispersion of platinum nanoparticles with a particle size smaller than 1.13 nm was
assumed to be 100%.

“Not analyzed.

Note: The platinum particle sizes of Pt-HZSM-22 were generally larger than those
of Pt-HMOR, because HMOR provided a much larger available surface area in the
micropores than the external surface of the zeolite crystals. It also can be evidence
that platinum NPs are located inside the restricted HMOR crystals, while the majority
of platinum NPs are on the outer surface of HZSM-22 crystals.
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Table S3.4. Platinum and acid properties of bifunctional catalysts (n.a. denotes 'not analyzed' due to the
platinum amount being under the limit of detection.

Catalyst Pt Pt Pt D n,*® n" n,/n,
intake * loading®  size!
(Wt%) (Wt%) (nm) (%) (nmol (nmol
g g

0.5Pt-HZSM-22/A1203 0.75 0.59 ¢ 1.7+£0.5 66 © 20 127 0.158
0.1Pt-HZSM-22/A1203 0.1 0.12°¢ 1.5£0.6 75°¢ 3.9 127 0.031
0.05Pt-HZSM-22/A1203 0.06 0.07°¢ 14+04 81°¢ 2.5 127 0.020
0.01Pt-HZSM-22/A1203 0.012 0.015¢  1.1+0.8 100 ¢ 0.6 127 0.005
0.005Pt-HZSM-22/A1203  0.006 n.a. n.a. 100 * 0.2 127 0.002
0.5Pt-A1203/HZSM-22 0.56 0.46 1.9+0.5 59°¢ 15 127 0.120
0.1Pt-Al203/HZSM-22 0.11 0.16 1.4+0.6 81°¢ 4.6 127 0.036
0.05Pt-A1203/HZSM-22 0.056 0.055 09+04 100 © 29 127 0.023
0.01Pt-Al203/HZSM-22 0.012 0.017 0.7+0.2 100 © 0.6 127 0.005
0.005Pt-Al203/HZSM-22  0.005 n.a. n.a. 100 f 0.3 127 0.002
0.5Pt-HMOR/AI203 0.75 0.61°¢ 1.6+0.3 71¢ 23 453 0.050
0.1Pt-HMOR/A1203 0.1 0.10°¢ 1.2+04 94 ¢ 4.8 453 0.011
0.05Pt-HMOR/AI203 0.06 0.05 ¢ 1.0+£0.3 100 © 2.5 453 0.005
0.01Pt-HMOR/A1203 0.012 0.01°¢ n.a. 100 * 0.5 453 0.001
0.5Pt-A1203/HMOR 0.56 0.63 1.8+0.5 63 ¢ 16.5 453 0.036
0.1Pt-A1203/HMOR 0.11 0.12 1.4+0.5 81°¢ 5.0 453 0.011
0.05Pt-A1203/HMOR 0.056 0.06 09+03 100 © 3.1 453 0.007
0.01Pt-Al203/HMOR 0.012 0.01 n.a. 100 f 0.5 453 0.001

* Metallic platinum content in [Pt(NH,),]J(NO,), or H,[PtCl ] aqueous solutions used.

® By inductively coupled optical emission spectroscopy of digested samples.

¢ Since the Pt-zeolite/Al O, catalysts were prepared by mixing Pt-zeolite with boehmite with a zeolite/AlO,
weight ratio of 1/1, the value of platinum loading was calculated from the platinum ICP loading in Table
S3.3 divided by 2.

4 Average platinum size with standard deviations analyzed by more than 200 particles from STEM images.
¢ Dispersion = 1.13/d, . Dispersion of catalyst with particle size smaller than 1.13 nm was estimated to be
100%.

"Based on the fact that no obvious Pt—Pt scattering was observed over platinum catalysts with 0.01 wt%
loading by XAS, as a result, catalysts with lower platinum loadings could be considered to have 100%
dispersion.

¢n  denotes the density of surface Pt atoms, calculated by Pt ICP loadings (If not detected, using Pt intake)
and dispersion.

" By deconvolution of NH,-TPD profiles and integration of high-temperature (> 300 °C) peak.
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Table S3.5. Quantification of XANES LCF results.

Sample Pt Pt** R-factor
(wt%) (Wt%)
0.01Pt-ALO/HZSM-22 28.9+2.9 71.1=4.1 0.032
0.01Pt-HZSM-22/A1,0, 69.6 + 1.6 304+32 0.016
0.05Pt-A1,0,/HZSM-22 81.9+14 18.1+£3.8 0.017
0.1Pt-HZSM-22 76.7+2.3 233+42 0.024
0.1Pt-HMOR 77.6+2.1 224+4.1 0.004
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Chapter 4

Silica as support and binder in
bifunctional catalysts with ultralow Pt
loadings

Abstract: Hydroconversion is a key step in the production of ultraclean fuels
from renewable sources. This reaction is carried out using a bifunctional catalyst
consisting of a base metal sulfide or a noble metal and a solid acid. In Chapter 3,
we have shown that for Pt/ALO,/ZSM-22 catalysts with low Pt loadings (< 0.01
wt%) it is advantageous — to both the activity as well as the isomer selectivity — to
emplace the Pt on the zeolite crystallites instead of on the Al O, binder. When these
low loadings of Pt were on the alumina binder, small clusters or even single atoms
were present which were hard to reduce leading to inactivity of the catalysts. In this
chapter, we explore the replacement of alumina by silica, and the performance of
catalysts with ultralow Pt loadings on the conversion of longer-chain hydrocarbons.
A series of Pt/SiO/ZSM-22 catalysts with varying Pt weight loadings (0.001,
0.005, 0.01, 0.05, 0.1 and 0.5 wt%) and location (on silica or on ZSM-22) was
prepared and characterized using ICP, NH,-TPD, HAADF-STEM and XAS. Their
hydroconversion performance was evaluated using n-heptane and n-hexadecane as
model feedstocks. As for the Pt/Al,O,/ZSM-22 catalysts systems, for Pt/SiO /ZSM-
22 catalysts with low Pt loadings (< 0.01 wt% for n-heptane conversion) it was
beneficial to have the Pt nanoparticles on the ZSM-22 crystals. Hydroconversion
of n-hexadecane over Pt/Si0,/ZSM-22 and Pt/Al,0,/ZSM-22 catalysts showed that
for feedstocks with a higher molecular weight, higher Pt loadings (> 0.05 wt%) are
required for sufficient catalytic performance. For the conversion of n-hexadecane it
was beneficial to locate these higher amounts of Pt on the binder.

This chapter is based on: Smulders, L.C.J.; Beeuwkes, A.J.; Cheng, K.; Meeldijk,
J1.D.; Xu, Z.; Tierney, G.F.; Doskocil, E.; Roberts, S.T.; Sunley, G.J.; de Jongh, P.E.;
de Jong, K.P., Silica as support and binder in bifunctional catalysts with ultralow Pt
loadings for the hydroconversion of n-alkanes, Catalysis Today, 2024 (429), 114508.
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4.1. Introduction

Platinum group metals (PGMs) are indispensable for several emerging and established
technologies. Platinum, for example, is utilized in fuel cells,'? electrolysers,’ catalytic
converters* and refinery catalysts.’ Although their applicability is large, their reserves
are not and supply of PGMs is considered to be at risk.®’ Therefore, it is necessary to
look into ways to improve recycling and to maximize their utilization.

As shown in the previous chapters, one refinery process requiring PGMs is the
hydroconversion of alkane feedstocks. This is a key step in the production of ultraclean
fuels and lubricants from renewable sources, such as Fischer-Tropsch waxes,’
biobased fatty acids'® or plastic waste.""* Hydroconversion is performed with a
bifunctional catalyst consisting of a metal (sulfide) function and an acid function,
for dehydrogenation-hydrogenation and isomerization-cracking, respectively.'*!®
These roles are typically fulfilled by base metal sulfides or Pt, in combination with
amorphous silica-aluminas, zeolites or zeotypes.'® Previous research regarding
hydroconversion focused on the ideal distance between these two functions,'”* and
their respective ratio, known as the metal-to-acid-site (n,,/n,) ratio.”" >

To optimize PGM utilization in hydroconversion catalysts, we previously studied the
optimal Pt weight loading as a function of the Pt location. This study is described in
Chapter 3. At regular weight loadings of 0.1 — 0.5 wt%, it is beneficial to have the
metal function on the alumina binder, at nanoscale distance from the zeolite acid
sites.'****” However, for Pt/Al,0,/ZSM-22 catalysts the loading could be reduced to
0.01 wt% Pt when the Pt nanoparticles were placed on the zeolite crystals, without
compromising catalytic activity, selectivity towards isomers, or stability during the
hydroconversion of n-heptane. For hydroconversion of longer chain hydrocarbons,
e.g. n-hexadecane, the n/n, ratio has to be higher for an optimal performance.”*
Although the reactivity of these longer hydrocarbons differs from the shorter ones,*~
31 optimal Pt weight loading as function of the Pt location has not been studied for

feedstocks with higher molecular weight yet.

Additionally, characterization of the low (0.01 wt% Pt) loaded catalysts in our
previous study** — after reduction — revealed the presence of Pt-O species when Pt
was on the alumina binder. These Pt-O species are most probably inactive as (de)
hydrogenation catalysts. This was confirmed by the assessment of the performance
of bifunctional catalysts containing Pt single atoms. It was concluded that reduced
Pt nanoparticles are required for (de)hydrogenation and hence hydroconversion
activity.

Another, albeit less often utilized inorganic binder is silica. It is used in both industrial
and academic research.*? 3¢ Although extrudates prepared with silica have been shown
to undergo solid ion exchange, decreasing the Bronsted acidity of the zeolites,*”*
silica is also known to aid in the retainment of zeolite structural stability.** Another
possible advantage is that metal nanoparticles supported on silica are typically more
readily reduced than nanoparticles of the same composition on alumina.*'
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In this work, we explored the replacement of the alumina binder material by a silica
binder material and we assess the optimal Pt location for the conversion of longer
chain hydrocarbons when ultralow Pt loadings are used.

4.2. Materials and Methods
Materials

ZSM-22 (H*-form, Si/Al = 32.5-40 at/at) was purchased from ACS Material. Aerosil
380 silica was purchased from Evonik. Boehmite (70 wt% Al,O,) was supplied by
Shell Technology. Tetraamine platinum (II) nitrate ([Pt(NH,),]J(NO,),, 99.995%
pure), chloroplatinic acid (H,[PtCL] - 6 H,O, > 37.5 wt% Pt) and acetic acid were
purchased from Sigma-Aldrich. n-Heptane (99+%, pure) and n-hexadecane (99%,
pure) were obtained from ACROS Organics. Ammonia solution (NH,OH, 25%) was
obtained from Emsure. Silicon carbide (SiC, SIKA ABR I F70, grain size: 220 pm)
was supplied by Fiven. H, 6.0, He 5.0 and N, 5.0, were obtained from Linde gas.

Catalyst Preparation
Preparation of Pt/SiO /ZSM-22 Catalysts

ZSM-22 was calcined in a flow of synthetic air (N,/O,, 80/20, vol/vol) at 500 °C
(ramp 5 °C min') for 5 h. Solutions containing 6.0 mM and 0.6 mM of tetraamine
platinum nitrate (PTA) were prepared by dissolving in Milli-Q water. Pt-SiO,/
ZSM-22 catalysts were prepared using an electrostatic adsorption method adapted
from Regalbuto et al.* 500 mg of silica was dispersed in 300 mL Milli-Q water by
mechanical stirring at 400 rpm for 1 h. Subsequently, the required volume of the
6.0 mM or 0.6 mM PTA solution was further diluted with 50 mL Milli-Q water and
added dropwise to the dispersion, after which the pH was increased to 7 using a 0.15
M aqueous ammonia solution. The resulting dispersion was stirred for 3 additional
hours. This dispersion was then filtered over vacuum. The filter cake was dried
overnight in a static oven at 120 °C. Once dried, it was crushed and transferred to a
tubular reactor. The dried catalyst precursor was then calcined in a total flow of 100
mL min™' of synthetic air (N,/O,, 80/20, vol/vol) at 350 °C (ramp: 0.2 °C min™") for
2 h and reduced in a H, rich atmosphere (H,/N,, 80/20, vol/vol) at 600 °C (ramp: 5
°C min ') for 3 h. After cooling down to room temperature the resulting powder was
mixed with calcined ZSM-22. For this, the ZSM-22 was first mixed with 100 pL
of a 1.5 mM aqueous ammonia solution and 250 pL Milli-Q water using a mortar
and pestle for 15 min. After this the Pt/SiO, powder was added and mixed for an
additional 15 min. The resulting paste was dried in a static oven at 120 °C overnight
and calcined (N,/O,, 80/20, vol/vol) at 500 °C (ramp: 5 °C min™") for 2 h.

Pt-ZSM-22/8i0, catalysts were prepared via ion exchange (IE). First, 500 mg of
calcined ZSM-22 was dispersed in 300 mL Milli-Q water by stirring mechanically
at 400 rpm for 1 h. Meanwhile, the required volume of 6 mM PTA solution was
further diluted with Milli-Q water to obtain a PTA solution of 50 mL with the desired
concentration. This solution was added dropwise to the dispersion, and stirred for an
additional 3 h. The dispersion was filtered over vacuum and the resulting filter cake
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was dried in a static oven at 120 °C overnight. The powder was then transferred to a
tubular reactor and calcined in a flow (100 mL min™") of synthetic air (N./O,, 80/20,
vol/vol) at 350 °C (ramp: 0.2 °C min ') for 2 h. This was followed by reduction in a
H, rich atmosphere (H,/N,, 80/20, vol/vol) at 600 °C (ramp: 5 °C min™") for 3 h and
cooling down to room temperature. 500 mg of Aerosil 380 was then mixed with 100
uL of a 1.5 mM aqueous ammonia solution and 250 pL. Milli-Q water using a mortar
and pestle for 15 min, after which the Pt/ZSM-22 catalyst was added to the mortar.
The powders were stirred for additional 15 min. The resulting paste was again dried
in a static oven at 120 °C overnight and calcined (N./O,, 80/20, vol/vol) at 500 °C
(ramp: 5 °C min™") for 2 h.

Preparation of Pt/y-A1,0 /ZSM-22 Catalysts

Pt/y-Al,0,/ZSM-22 catalysts were prepared as previously reported.** ZSM-22 was
calcined in a flow of synthetic air (N,/O,, 80/20, vol/vol) at 500 °C for 5 h with a
ramp of 1 °C min'. Zeolite-alumina composite (1/1, wt/wf) material was prepared
by mixing using acetic acid for the deagglomeration of boehmite. In order to obtain
10 g of composite, firstly, 7.14 g of boehmite was mixed with 6 mL Milli-Q H,O
and 0.21 mL acetic acid using mortar and pestle. When wetting of the boehmite was
complete, 5 g of ZSM-22 was added to the mortar. Then, the mixture was mixed for
10 minutes using a mortar and pestle and additional Milli-Q H,O was added until
a homogeneous paste was obtained. The resulting paste was dried overnight in an
oven at 120 °C. The dried powder was crushed and calcined for 2 h at 500 °C using
aramp of 5 °C min™".

Pt-y-Al,O0,/ZSM-22 catalysts with varying Pt weight loadings (0.005 — 0.5 wt%)
were prepared via electrostatic adsorption.”** For this, 1.5 g of the composite
material was dispersed in 450 mL Milli-Q H,O and stirred for 30 min. The pH of the
dispersion was adjusted to 2.6 using a 1 M aqueous solution of hydrochloric acid.
At this pH value, the surface of the Al O, is positively charged. A given volume of
an aqueous solution of chloroplatinic acid (0.17 mg, mL™") was added dropwise.
The dispersion was stirred for 3 h, after which it was filtered and washed with 500
mL Milli-Q H,O. The filter cake was dried overnight in an oven at 120 °C. The
resulting catalyst powder was reduced in a flow of H /N, (20/80, vol/vol) at 500 °C
for 3 h using a heating ramp of 1 °C min' and calcined for 2 h at 500 °C in a flow of
synthetic air (N,/O,, 80/20, vol/vol).

For the preparation of Pt-ZSM-22/y-AlO,, firstly, 0.75 g of ZSM-22 was dispersed in
225 mL Milli-Q H,O and stirred for 30 min. Then a given volume of the PTA solution
was added dropwise and the mixture was stirred for 3 h. The dispersion was filtered
without further washing and both the filtrate and the filter cake were collected. The
filter cake was dried in an oven at 60 °C and reduced (H,/N,, 20/80, vol/vol) at 500
°C for 3 h with a ramp of 1 °C min"'. When cooled to room temperature the resulting
powders were redispersed in the filtrate that still contained PTA. The IE procedure
including stirring, filtration, drying and reduction was performed a second time. The
Pt-ZSM-22/y-Al,O, composite catalyst was then prepared by mixing the Pt/ZSM-22
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catalyst with boehmite, using acetic acid as peptizing agent, followed by drying and
calcination as described for the preparation of ZSM-22/y-Al,O, composite, but now
with a heating ramp of 1 °C min™' during calcination.

Catalyst Characterization
Quantification of Metal and Acid Sites

Analysis of the elemental composition of the catalysts was performed at
Mikroanalytisches Laboratorium Kolbe, Germany, using an inductively coupled
plasma optical emission spectrometer (ICP-OES). Prior to measurements, samples
were dissolved according to their standard in-house procedures.

Temperature programmed desorption of ammonia (NH,-TPD) was performed to
quantify the number of acid sites in each catalyst. The measurements were performed
on a Micromeritics AutoChem II equipped with a thermal conductivity detector
(TCD) calibrated for ammonia. For a typical measurement 80 — 110 mg of catalyst
was dried in a helium flow for 1 h at 600 °C with a ramp of 10 °C min™'. This was
followed by lowering the temperature to 100 °C after which ammonia (10 vol% in
He) was introduced in a pulse-wise manner until oversaturation was accomplished.
After this, the physisorbed ammonia was removed by flushing He for 2 h at 100 °C.
Subsequently, the desorption of ammonia up to 600 °C with a ramp of 10 °C min!
was monitored.

Nitrogen Physisorption

Measurements of N, physisorption isotherms were performed at -196 °C on a
Micromeritics Tristar II Plus apparatus. Prior to the measurement, the samples were
dried in a nitrogen flow at 300 °C. The accessible surface areas of the catalysts
were determined with the Brunauer-Emmett-Teller (BET) method. A Harkins-Jura
thickness curve fitted between 0.32 and 0.40 nm thickness was used to determine
micropore (< 2 nm) volumes. Total pore volumes were derived from the volume of
N, adsorbed at P/P = 0.95.

Electron Microscopy

Prior to studying the samples with electron microscopy, the samples were
ultramicrotomed. Firstly, the samples were embedded in EpoFix resin, and then left
to harden in an oven at 60 °C overnight. To obtain slices with a thickness of 70 nm, the
resin-embedded samples were cut using a Reichert-Jung Ultracut E ultramicrotome
and a Diatome Ultra 35° diamond knife. The resulting sections were deposited on
glow-discharged carbon-formvar-coated copper grids (200 mesh). High-resolution
high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) was performed on a Thermo Fisher Scientific Spectra 300 S/TEM operating
at 300 kV. The number average particle size (d,) of the Pt nanoparticles was
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determined by measuring the nanoparticle diameter using ImagelJ software, followed
by a calculation using Equation 4.1. Furthermore, the surface average particle size
(d) in each catalyst sample was calculated using Equation 4.2.

N
_ 1 4 Eq.4.1.
dyt ogn = 3 Z d; + _\/ Zi:l(d“ d;)? (Eq. 4.1,

e, d’ 1 oV
dot ogs= Ttz 4 N (= doy? (Eq.4.2)

X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy was performed at the Advanced Photon Source
(APS), Argonne National Lab, USA, at the Insertion Device of sector 10.
Measurements were performed at the Pt L, edge (11.563 keV) in fluorescence mode,
using a double monochromator with direct drive air bearings and two sets of crystals:
Si (111) and Si (311). To filter out the higher harmonics present in the X-ray beam,
a 60 cm long flat harmonic rejection mirror was used. Approximately 100 mg of
sample was pressed into a pellet and placed in a sample holder at 45° to the beam
direction. The holder was placed in an in situ temperature programmable sample cell
operated under ambient pressure. The samples were reduced for 1 h in a gas flow of
100 mL min™ containing 3.5 vol% H_/He at 400 °C, after which they were cooled
to room temperature. Fluorescence data were collected with an ion chamber Lytle
detector with a step size of 0.5 eV and an acquisition time of 0.1 s per point. XANES
spectra were processed using Athena software (Demeter 0.9.26) by averaging 12
scans for each sample.*** For the 0.01Pt-SiO,/ZSM-22 sample 58 scans were
averaged to improve the low Pt signal/noise. Normalization of the XANES data was
done by dividing the absorption intensities by the height of the absorption edge and
subtracting the background using cubic spline routines. The oxidation state of Pt was
determined from Linear Combination Fitting (LCF) from Athena in the derivative
space of p(E). For this, PtO, [Pt(NH,),]J(NO,), and Pt foil were used as reference
standards for Pt*, Pt** and Pt’, respectively. The data was fitted to the references in
the range of 20 eV below and 30 eV above the Pt L, edge energy. EXAFS fitting was
performed by converting the spectra in k-space with k-weight 2 and in the range of
2.0-11 A7, d, of 0.5, R range of 1.3-3.0 A, d of 0.5, and a Hanning window. Multiple
shell fitting was performed involving Pt-Pt and Pt-O paths in R space. Data for back
scattering amplitudes were obtained with the built-in FEFFIT calculation using
the Artemis software.** Prior to fitting of the acquired EXAFS data, the amplitude
reduction factor (S%) was calculated by fitting a Pt’ reference foil using a Pt FCC .cif
file taken from an online source (Materials Project, mp-126), yielding a value of 0.7
applied to all fitted Pt L, edge datasets.
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Hydroconversion of n-Heptane and n-Hexadecane

The hydroconversion performance of the catalysts was assessed using an Avantium
Flowrence 16 parallel fixed bed reactor setup with n-heptane (n-C.) and n-hexadecane
(n-C,,) as feedstock. Stainless steel reactors (inner diameter = 2 mm) were loaded
with SiC (220 pm) until it reached a bed height of 2 cm. On top of this SiC bed,
30 mg of sieved catalyst (75 — 212 um) was loaded. This was followed by adding
more of the SiC, leaving 2 cm of free space at the top of the reactor. Analysis of the
products was performed using an online GC (Agilent Technologies 7890B) equipped
with an Agilent J&W HP-PONA column. The hydrocarbon products were analyzed
using an FID. Prior to the catalytic tests with n-heptane the catalysts were reduced in
H,/He (90 vol% H,) at 400 °C for 2 h. When n-hexadecane was studied, activation
was caried out in pure H, at 400 °C for 3 h. Experiments with n-heptane feedstock
were performed with the following reaction conditions: H, /n-heptane molar ratio of
10, total pressure of 10 bar and WHSV of 2.4 g - g_~'- h™'. When n-hexadecane
was used as a feedstock, the following reactions conditions were applied: H,/n-
hexadecane molar ratio of 10, total pressure of 5 bar and WHSV of 29 ¢ . - g "

cat

h™!. These pressures were chosen to prevent alkane condensation during reaction.

The conversion of n-heptane or n-hexadecane (X, ) was calculated using:

Fewtn-alk
Xn-alkane = <1 — Lwenzalaneout ), 100% (Eq. 4.3.)
Fth.n—alkane,in
Where F., omeon@d Fo - are the flows based on carbon weight of n-alkane

going out or in the reactor, respectively. The isomer yield (Y, ) was calculated
using:

Frwti—
Y iakane = ( Cwt.i alkane,out) -100% (Eq. 4.4.)

Fth.n—alkane,in

Similarly, the yield of any cracked product was calculated using:

F,
ch — < Cwt.Cm,out ) -100% (Eq 4 5)

Fth.n—alkane,in

In which C_ is a hydrocarbon molecule with m carbon atoms (m = 1-6 during
n-heptane conversion and m = 1-14 during n-hexadecane conversion).

For n-hexadecane, the yield in mol-% of a product with m carbon atoms was
calculated as follows:
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F, 16
Yem (mol — %) = <M> +(—)-100% (Eq. 4.6.)

Fth.n—alkane,in

The selectivity towards i-heptane (i-C.), i-hexadecane (i-C,,) or cracked products
(C,) during hydroconversion was calculated with the following two equations:

Froti
Sicr = ( cwti=C7.out ) - 100% (Eq. 4.7.)

Fth.n—alkane,in - Fth.n—alkane,out

Frowtiz
Si—C16 — ( Ccwt.i—C16,0ut > . 100% (Eq. 4.8.)

Fth.n—alkane,in - Fth.n—alkane,out

S = < Fewt.cm,out > -100% (Eq. 4.9.)

Fth.n—alkane,in - Fth.n—alkane,out

It should be noted that the C ; peaks overlap with i-C,, peaks in the chromatogram,
and therefore it is assumed that Y (mol-%) = Y, (mol-%). This holds when
hydrogenolysis activity is low, which is the case for the Pt based catalysts. The

signals for ‘C .” and i-C peaks are ascribed to i-C,  products.

4.3. Results and Discussion
Quantification of Metal and Acid Sites

The platinum weight loadings and number of acid sites are summarized in Table
4.1. The actual Pt weight loading was close to the intended weight loading resulting
in a series of Pt-Si0,/ZSM-22 (Pt-on-silica) and Pt-ZSM-22/Si0, (Pt-on-ZSM-22)
catalysts with weight loadings of 0.005, 0.01, 0.05, 0.1 and 0.5 wt%. The number of
acid sites as determined by temperature programmed desorption of ammonia (NH,-
TPD) was in all cases between 0.14 and 0.19 mmol g! with no clear correlation with
Pt loading.

The Pt weight loadings were similar to the weight loadings on the Pt/Al,O,/ZSM-22
catalysts as previously reported.** The numbers of acid sites in the Pt/Si0,/ZSM-22
were slightly higher compared to those of the Pt/Al,O,/ZSM-22 catalysts, which
might have been caused by using a different batch of ZSM-22 or by effects caused by
the binder.>*" Tt is not expected that these differences were caused by dealumination
of the zeolite as has been observed with silica binders before,*** since the number
of acid sites per gram of composite (50/50 zeolite/binder by mass) material was
approximately half of the number of acid sites in pristine ZSM-22 (0.280 mmol g/,
Table S4.1).
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Table 4.1. Results of quantification of metal and acid sites; Pt weight loading, particle size and
dispersion, and number of strong acid sites.

Catalyst Intended Pt Number d +¢6° d=*o° D- n,/n,
Ptloading loading® of strong
acid sites "

(Wt%) wt%)  (mmol g) (nm) (nm) (%)

0.005Pt.Si0,ZSM-22 0005 0.004 0.160 n.d. nd. 1007 0.001
0.01Pt-Si0,ZSM-22 0.01 0.012 0139 ~08%  ~13¢ 100  0.004
0.05Pt-Si0,/ZSM-22 0.05 0.041 0142 1211 40+16 9 0014
0.1PL-Si0,/ZSM-22 0.1 0.013 0.182  2.6+3.6 123+45 43 0016
0.5Pt-Si0,/ZSM-22 0.5 0.46 0.158  11+09 4115 100 0.5

0.005PtZSM-22/Si0, 0005 0.004 0166  1.1+04 13=L1 100  0.001
0.01P-ZSM-22/Si0, 0.01 0.009 0.154  09+04 16+10 100  0.003
0.05Pt-ZSM-22/SiO, 0.05 0.054 0136 13+19 10.1+23 86  0.018
0.1Pt-ZSM-22/SiO0, 0.1 0.1 0.145  14+17 74%23 8 0032
0.5Pt-ZSM-22/SiO, 0.5 0.41 0.189  L1+03 13+12 100 0.1

*Determined by inductively coupled plasma optical emission spectroscopy on digested samples.

" Determined by deconvolution of NH,-TPD profiles and integration of the peak at 7> 300 °C.
¢Number average size of Pt nanoparticles as determined using HAADF STEM, based on at least 150
counts.

4 Surface average particle size as determined using HAADF STEM followed by calculation using
Equation 4.2.

¢Dispersion = 1.13/d,, .* Dispersion of Pt with d, < 1.13 nm was estimated to be 100%.

fBased on the absence of observable Pt nanoparticles or clusters in HAADF STEM and the lower
weight loading than the 0.01Pt-SiO,/ZSM-22 catalyst.

¢ Average diameter of Pt nanoparticles based on 3 nanoparticles.

Location and Size of Pt Nanoparticles

The location and size of Pt nanoparticles were determined by high resolution HAADF-
STEM. Prior to the measurement, most of the catalysts were ultramicrotomed to
sections with a thickness of 70 nm. This allowed for looking “inside” the catalyst
grains and distinguishing Pt nanoparticles on the ZSM-22 from Pt nanoparticles
on the silica binder (Figure 4.1). The resolution and contrast for Pt-SiO,/ZSM-22
catalysts with a weight loading < 0.01 wt% were not high enough to distinguish Pt
nanoparticles unambiguously, due to a combination of a high Pt dispersion, ultralow
Pt loadings, and the use of a resin. The 0.01Pt-Si0,/ZSM-22 was imaged without
performing ultramicrotomy, with the sample deposited onto a TEM grid by dipping
the grid into a small sieve fraction (< 75 um) of the sample (Figure 4.1f). This
ensured the deposition of a very thin layer.
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Figure 4.1. HAADF-STEM images of ultramicrotomed samples of a) 0.5Pt-ZSM-22/Si0,, b)
0.5Pt-Si0,/ZSM-22, ¢) 0.1Pt-ZSM-22/Si0,, d) 0.1Pt-SiO,/ZSM-22, e) 0.01Pt-ZSM-22/Si0,, f) (not
ultramicrotomed, mind the different scale) 0.01Pt-SiO,/ZSM-22.

Based on the HAADF-STEM images the average Pt particle diameter was determined
and the corresponding dispersion was calculated (Table 4.1). All samples displayed
well dispersed Pt nanoparticles on either the ZSM-22, both in and on the zeolite
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crystals (Figure 4.1a, ¢ and e), or on the silica binder (Figure 4.1b, d and f). However,
in several images, a few larger Pt nanoparticles with a diameter up to 10 nm were
observed as illustrated in Figure 4.1c and as inferred from the standard deviations in
the average Pt particle diameters (Table 4.1), in particular for 0.1Pt-SiO,/ZSM-22.
This may have been caused by redissolution of platinum by the NH, peptizing agent,
followed by rapid drying and calcination of the paste. HAADF-STEM on a physical
mixture of 0.4Pt/SiO,+ZSM-22, prepared without the use of a peptizing agent (Figure
S4.1), was performed to investigate the impact of the use of NH,. The images that
were obtained showed well-dispersed Pt nanoparticles, confirming that the larger
Pt nanoparticles have formed in the peptizing and (re-)calcination process. During
the preparation of 0.1Pt-SiO,/ZSM-22 there might have been a temporary higher
concentration of NH, if the additional Milli-Q water was not added immediately
afterwards, causing increased redissolution leading to a larger increase of particle
size compared to the other catalysts. Since the few larger particles were outnumbered
by smaller particles and because they were mainly present in samples with higher
weight loadings, their overall impact on the n,/n, ratios is limited. Furthermore,
the textural properties of the zeolite-binder mixtures, also when Pt was included,
were all very alike as observed with N,-physisorption (Table S4.2). The bifunctional
catalysts therefore differ in platinum particle location and platinum weight loading,
whereas the acidic properties are similar in all cases.

X-ray Absorption Spectroscopy to Study the Nature of Pt Sites
X-ray absorption spectroscopy was performed in order to obtain more information
on the nature of the Pt sites after reduction. Linear Combination Fitting (LCF) of the

Pt L, edge X-ray absorption near edge structure (XANES, Figure S4.1) was used to
determine the average Pt oxidation state for the various catalysts (Table 4.2).

Table 4.2. Quantification from XANES Linear Combination Fitting (LCF) and correspronding R-factor.

Catalyst Pt’ Pt R-factor
(%) (%)
0.1Pt-Si0,/ZSM-22 100 0 0.007
0.05Pt-SiO,/ZSM-22 932+£22 6.8+2.2 0.014
0.01Pt-Si0,/ZSM-22 97.6+0.8 24+0.8 0.0077
0.1Pt-ZSM-22/Si0, 95.1+1.8 49+18 0.0088
0.05Pt-ZSM-22/Si0, 95.7+£1.0 43+£1.0 0.0035
0.01P-ZSM-22/SiO, 88.7+3.9 113439 0.037
0.005Pt-ZSM-22/Si0, 87.0+4.2 13.0+4.2 0.043
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Interestingly, the XANES LCF results of the Pt-on-SiO, catalysts all show that
the Pt was predominantly present as Pt’ (Table 4.2), unlike that of the Pt-on-
AL O, catalysts prepared previously.* This is in agreement with the fact that silica
supported nanoparticles are more readily reduced than similar particles supported
on alumina.*'** Also for the samples with Pt on ZSM-22, the majority of Pt is zero-
valent. In particular for the ZSM-22 series, decreasing the metal loading led to an
increase in Pt*"in these samples.

Based on the Extended X-ray Absorption Fine Structure (EXAFS) in Figure 4.2,
qualitative information about the average local environment of the absorbing Pt
atoms was derived.

(

Pt foil

0.05Pt-Si0,/ZSM-22
e ————a T ——

IX(R)| (A=)
CC S

0.01Pt-Si0,/ZSM-22
0.1Pt-ZSM-22/Si0,
0.05Pt-ZSM-22/Si0,
0.01Pt-ZSM-22/Si0,

0.005Pt-ZSM-22/Si0,

R (A)

Figure 4.2. Fourier Transforms of Pt L, edge EXAFS spectra in R space of reduced bifunctional
catalysts with different Pt weight loadings and Pt nanoparticle locations.

When Pt was deposited on silica, both Pt-Pt (scattering paths at 2.4 and 2.9 A) and
Pt-O (scattering path below 2.0 A) scattering?**” were observed at a weight loading
of 0.1 wt%. At a loading of 0.05 wt%, Pt-Pt scattering became less apparent and a
greater magnitude of Pt-O scattering was observed. This is in line with the results
obtained with Linear Combination Fitting (Table 4.2) of the XANES (Figure S4.2),
showing that increased amounts of Pt*" are present when decreasing the weight
loading from 0.1 to 0.05 wt%. Decreasing the Pt weight loading to 0.01 wt% resulted
in the absence of clear similarity with the reference spectra, and only a scattering
path at a radial distance of 2.1 A was observed. This could be indicative for the
presence of Pt dimers*® a hypothesis which is supported by the presence of small Pt
clusters and low density of Pt nanoparticles in this sample (Figure 4.1f1).
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Strong Pt-Pt scattering was observed for all catalysts with Pt on ZSM-22, regardless
of the weight loading, proving the presence of metallic Pt nanoparticles in all of these
catalysts, which can be seen in the HAADF-STEM images (Figure 4.1a, c, e). At
loadings < 0.05 wt%, a Pt-O scattering was observed, which can indicate covalently
bound oxygen, or the interaction of Pt” with support oxygen, or a combination
thereof.**>* This is likely a result of the presence of small clusters or even some
single atoms of Pt.

Catalytic Performance in n-Heptane Hydroconversion

The performance of all Pt/SiO,/ZSM-22 catalysts for the hydroconversion of
n-heptane is summarized in Figure 4.3 and Figure S4.3. At 330 °C the n-heptane
conversion in all cases was higher at higher Pt weight loadings. The selectivity
towards isomers, however, displayed a maximum with Pt loading, also when the
catalysts were compared at the same conversion level. At weight loadings of 0.1
wt% or higher it was beneficial to the isomer selectivity to have the Pt nanoparticles
on the binder, in line with previous research.!”*?7 At a weight loading of 0.01 wt%
or lower, placing the Pt on the silica greatly lowered the selectivity and conversion,
whereas Pt-ZSM-22/Si0, maintained reasonable activity and even outperformed
its Pt-on-SiO, counterpart in terms of isomer selectivity. Most likely this is caused
by the shortage of Pt nanoparticles in 0.01Pt-SiO,/ZSM-22, as evidenced by the
low density of metal nanoparticles in HAADF-STEM images and absence of Pt-
Pt scattering in EXAFS, and not by the chemical state of the Pt as inferred from
XANES. On the contrary, the 0.01Pt-ZSM-22/Si0O, catalysts contained a sufficient
number of Pt nanoparticles to balance (de)hydrogenation with the acid-catalyzed
isomerization and cracking.
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Figure 4.3. Hydroconversion of n-heptane over Pt/SiO,/ZSM-22 bifunctional catalysts with different
Pt loadings and locations at a) similar conversion levels of 24-30% and b) at the same temperature
of 330 °C. Reaction conditions: P = 10 bar, H,/n-C, = 10/1 mol/mol, and WHSV =25¢ - g -
h™'. Mono-C, indicates monobranched i-heptane, Di-C, indicates dibranched i-heptane, and Cracking
indicates the products that have fewer than 7 carbon atoms in their molecular structure. Error bars

indicate standard deviations.
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For the production of dibranched isomers of n-heptane, it was beneficial to place
Pt on the binder. This can be rationalized by shape selectivity of the zeolite and
very low inward diffusivity of bulky hydrocarbons inside of the 10 MR zeolites.
In Pt-Si0,/ZSM-22 the dibranched intermediates were likely formed in the pore
mouth,’>* allowing for enhanced outward diffusion to the metal sites, preventing
cracking. In other words, when formed too deep inside the zeolite pores, these
intermediates cannot diffuse rapidly out of the zeolite, enhancing the formation of
smaller hydrocarbons via cracking.

Catalytic Performance in n-Hexadecane Hydroconversion and Comparison
with Pt/Al1,0,/ZSM-22 Catalysts

To study the effect of the location and loading of the Pt nanoparticles in Pt/SiO,/ZSM-
22 in more detail, their catalytic performance was also assessed using n-hexadecane
as a feedstock. Furthermore, the effect of the silica binder was investigated by
comparing the results to those obtained with Pt/Al,0,/ZSM-22 catalysts prepared
previously.”* In general, the conversion of n-hexadecane requires lower temperatures
than the conversion of n-heptane when the metal loading is sufficient (Figure S4.3
and S4.4), which is a result of the enhanced adsorption of the heavier molecule onto
the catalyst. In Figure 4.4 the temperature to reach 50% n-hexadecane conversion
(T,,) is shown as a function of Pt weight loading. These T, values were acquired
by interpolation of n-hexadecane conversions as function of the temperature (Figure
S4.4).

400

[ Pt-SiO,/zSM-22 [ Pt-Al,0,/ZSM-22
[ Pt-zSM-22/Si0, [ Pt-ZSM-22/A1,0,

0.005 0.01 0.05 0.1
Pt loading (Wt%)

Figure 4.4. Temperature to reach 50% n-hexadecane conversion as function of the Pt weight loading of
Pt-Si0,/ZSM-22 (blue), Pt-ZSM-22/Si0, (green), Pt-Al,0,/ZSM-22 (red), Pt-ZSM-22/A1,0, (orange)
catalysts.

When Pt was on the binder (either silica or alumina), the T, of the low loaded
catalysts was significantly higher than the T, for catalysts with higher Pt loadings.
When Pt was on the ZSM-22, the T, does not further decrease at loadings higher than
0.01 wt% (Figure 4.4). This finding is in line with what was observed with n-heptane
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hydroconversion, where Pt loadings of 0.01 wt% were sufficient to maintain catalytic
activity, when the Pt was located on the ZSM-22 (Figure 4.3 and ref.?*).

The type of binder and/or support also seems to play a key role in the hydroconversion
activity of catalysts with low loadings. When Pt was located on the silica, the T
increased and the activity of the catalyst was drastically lower when the Pt loading
was lowered from 0.5 wt% to 0.05 wt% (Figure S4.4). Contrary to this, the 0.05Pt-
ALO,/ZSM-22 had a T, that is comparable to that of the 0.5Pt-Al,0,/ZSM-22
catalyst in terms of activity (Figure 4.4). Since n,/n, ratios for the SiO, and AL O,
catalysts were similar, the cause of this difference should be ascribed to another
phenomenon. A possible explanation is that, although oxidized to an extent, the XAS
of 0.01Pt-A1,0,/ZSM-22 catalyst showed Pt-Pt scattering and in HAADF-STEM
the Pt particles were clearly present. Conversely, the 0.01Pt-Si0,/ZSM-22 catalyst
exhibited no clear Pt-Pt scattering with very few Pt particles present in the HAADF-
STEM images acquired. The combination of the very high dispersion and very low
loading of Pt can explain the low activity. This, in turn, also leads to a decrease in
isomer selectivity at lower conversion levels and maximum isomer yield (Figure 4.5,
Figure S4.5).
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Figure 4.5. a) Pt/SiO/ZSM-22 catalyst selectivity during n-hexadecane conversion at similar
conversion levels (20-32%), b) Pt/Al,O,/ZSM-22 catalyst selectivity during n-hexadecane conversion
at similar conversion levels (20-32%), and maximum i-hexadecane yields obtained with c) Pt/SiO,/
ZSM-22 catalysts and d) Pt/Al,0,/ZSM-22 catalysts as function of the Pt loading. Reaction conditions:
P =5 bar, H/n-C,, = 10/1 mol/mol, and WHSV = 2.9 g
deviations.

ci6” L. - DL Error bars indicate standard
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In Figure 4.5a and b the selectivity of the catalysts at a conversion level of 20-32%
is compared. At these conversion levels, catalysts with low Pt loadings (< 0.01 wt%)
on a silica or alumina binder displayed poor isomer selectivities compared to most
of their counterparts in which the Pt was placed on/in ZSM-22. Therefore, at low
loadings and at relatively low conversion levels (20-32%) it was typically beneficial
for the isomer selectivity to have the Pt deposited on the zeolite.

Nevertheless, maximum yields (attained at different temperatures, Table S4.3) of
branched hexadecane (Figure 4.5¢,d) required relatively high weight loadings of
> 0.1 wt% with Pt on the binder. When alumina was used as binder, a Pt weight
loading of 0.05 wt% (Figure 4.5b) did not significantly compromise the isomer
yield compared to higher loadings. At lower loadings (< 0.05 wt%), however, it was
beneficial to have the Pt on ZSM-22. Generally speaking, catalysts with Pt on ZSM-22
maintained relatively high isomer yields when the Pt weight loading was decreased.
When Pt was on the binder, particularly on SiO,, low Pt loadings were detrimental
to the isomer yield. In combination with the decreased activity of Pt-on-binder
catalysts with low loadings with respect to the Pt-on-ZSM-22 catalysts (Figure 4.4),
it is concluded that it is beneficial to locate Pt on the zeolite when ultralow (< 0.01
wt%) loadings of Pt are used. In terms of overall catalytic performance, a loading of
0.05 wt% or higher was required to sustain decent catalytic performance. This is a
higher weight loading than for the n-heptane hydroconversion reaction, which is in
line with the fact that generally higher 7, /n, ratios are required for adequate catalytic
performance during the hydroconversion of longer hydrocarbons.”” However, the
experiments with the n-hexadecane feedstock were conducted at a total pressure of
5 bar, whereas n-heptane hydroconversion experiments were performed at 10 bar.
Both the heavier hydrocarbon feedstock and the lower hydrogen partial pressure
with hexadecane experiments are expected to increase the required metal loading?->*
and the effects could not be disentangled based on these experiments.

Looking at the catalysts with Pt loadings > 0.05 wt% for the alumina binder and >
0.1 wt% for the silica binder, it was preferred to keep the Pt located on the binder.
This can be rationalized by the lower diffusivities of longer and bulkier hydrocarbons
within the zeolite micropores.”**** Decreasing the n,/n, ratio resulted in catalysts
that favored overcracking of the feedstock (Figure S4.6) and the carbon distribution
started to deviate substantially from a distribution that would be obtained during
“ideal” hydrocracking.’® The minimum Pt weight loading and preferred nanoparticle
location in bifunctional metal-acid catalysts are affected by both the process
conditions and the molecular weight of the hydrocarbon feedstock.

4.4. Conclusions

A set of Pt/Si0,/ZSM-22 catalysts with differing Pt weight loadings and nanoparticle
locations were prepared and characterized. Pt weight loadings of 0.01 wt% and
lower led to fewer visible Pt nanoparticles (HR HAADF-STEM) and limited Pt-Pt
coordination (XAS) when located on the silica binder, while at the same loading of
Pt on the ZSM-22, the catalysts had abundant observable Pt nanoparticles. Their
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catalytic performance during the hydroconversion of n-heptane was assessed and
at low loadings (0.01 wt%) the catalytic activity and selectivity benefited from
Pt being present on the ZSM-22 crystals, which is likely a result of the presence
of Pt nanoparticles in sufficient numbers at that location. The hydroconversion of
longer-chain hydrocarbons (n-hexadecane) over catalysts with ultralow amounts of
Pt at different locations was assessed for the first time and the performance of Pt/
Si0,/ZSM-22 catalysts was compared to that of Pt/Al,0,/ZSM-22 catalysts. For the
hydroconversion of n-hexadecane a Pt weight loading of > 0.05 wt%, preferentially
placed on the binder, was desired. Decreasing the Pt loading led to a decrease in
catalytic activity, regardless of the Pt location. Pt-on-SiO, catalysts displayed very
low activity at loadings of 0.01 wt% or lower, whereas Pt-on-Al,O, catalysts still
show activity and selectivity at these loadings. Based on the XAS and STEM results
for 0.01Pt-SiO,/ZSM-22 catalysts, although predominantly present as Pt’, the Pt
dispersion appeared to be too high and the loading too low on these catalysts leading
to a poor catalytic performance. Silica therefore was not a better binder and support
for bifunctional hydroconversion catalysts with ultralow platinum loadings.
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Supporting Information

Table S4.1. Results of temperature programmed desorption of ammonia (NH,-TPD) of catalysts and
pristine silica and ZSM-22.

Sample Total Number Number
number of weak of strong
of acid sites acid sites acid sites
(mmol g) (mmol g) (mmol g)
Aerosil 380 SiO, 0.025 0.025 0
ZSM-22 0.481 0.201 0.280
0.005Pt-Si0,/ZSM-22 0.250 0.090 0.160
0.01Pt-SiO /ZSM-22 0.217 0.079 0.139
0.05Pt-SiO,/ZSM-22 0.216 0.075 0.142
0.1Pt-Si0,/ZSM-22 0.256 0.073 0.182
0.5Pt-Si0,/ZSM-22 0.281 0.123 0.158
0.005Pt-ZSM-22/Si0, 0270 0.104 0.166
0.01Pt-ZSM-22/Si0, 0.235 0.081 0.154
0.05Pt-ZSM-22/Si0, 0.202 0.066 0.136
0.1Pt-ZSM-22/Si0, 0219 0.074 0.145
0.5Pt-ZSM-22/8i0, 0312 0.123 0.189

Figure S4.1. HAADF-STEM image of an ultramicrotomed sample of a physical mixture consisting of
0.4Pt/SiO,+ZSM-22, prepared by dry mixing without a peptizing agent, d, = 1.3 = 0.3 nm.
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Table S4.2. N, physisorption results.

Sample sBET sext I/total micro sLangmuir
(m’g™) (m’g™) (cm* g™) (em®g™) (m*g™)
ZSM-22 247 50 0.31 0.08 455
Sio, 409 391 1.22 0.003 2116
Si0,/ZSM-22 261 229 0.97 0.01 1672
0.1Pt-Si0,/ZSM-22 260 181 0.88 0.03 1515
0.1Pt-ZSM-22/Si0, 281 208 0.77 0.03 1472
-ALO 317 305 0.92 0.003 2570
273
-ALO /ZSM-22 282 184 0.58 0.04 1188
23
0.1Pt-y-ALO /ZSM-22 255 167 0.59 0.04 1177
. 273
0.1Pt-ZSM-22/y-ALO 278 174 0.54 0.04 1077
° 273
3
= = = Ptfoil
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Figure S4.2. X-ray absorption near edge structure (XANES) spectra of bifunctional catalysts after
reduction at 400 °C for 1 h and Pt standards, measured at the Pt L, edge.
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Figure S4.3. Hydroconversion of n-heptane as a function of temperature for a) Pt-SiO,/ZSM-22
catalysts (blue), b) Pt-ZSM-22/Si0, catalysts (green), and i-heptane yield as function of n-heptane
conversion for ¢) Pt-Si0,/ZSM-22 catalysts (blue) and d) Pt-ZSM-22/Si0, catalysts (green). Pt weight
loadings are: 0.5 wt% (@), 0.1 wt% (e), 0.05 wt% (a), 0.01 wt% (v) and 0.005 wt% ().
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Figure S4.4. Hydroconversion of n-hexadecane as a function of temperature for a) Pt-SiO,/ZSM-22
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Figure S4.5. Yield of hexadecane isomers as a function of n-hexadecane conversion for a) Pt-SiO,/
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Figure S4.6. Molar yield of hydrocarbons obtained from cracking of n-hexadecane for a) Pt-SiO,/
ZSM-22 catalysts (blue) at 12-17% cracking conversion, b) Pt-ZSM-22/Si0, catalysts (green) at 13-
17% cracking conversion, c¢) Pt-Al,0,/ZSM-22 catalysts (red) at 15-19% cracking conversion and d)
Pt-ZSM-22/A1,0, catalysts (orange) at 15-19% cracking conversion. Pt weight loadings are: 0.5 wt%
@), 0.1 wt% (@), 0.05 wt% (), 0.01 wt% (v) and 0.005 wt% (e).
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Table S4.3. Maximum i-hexadecane (i-C ) yields and the corresponding temperatures at which they
are attained.

Catalyst Maximum Temperature
i-C,, Yield

(%) (°C)
0.005Pt-Si0,/ZSM-22 2 360
0.01Pt-SiO,/ZSM-22 1 350
0.05Pt-Si0,/ZSM-22 55 320
0.1Pt-SiO,/ZSM-22 81 290
0.5Pt-SiO,/ZSM-22 83 290
0.005Pt-ZSM-22/SiO, 33 310
0.01Pt-ZSM-22/Si0, 51 320
0.05Pt-ZSM-22/Si0, 65 310
0.1Pt-ZSM-22/Si0, 68 310
0.5Pt-ZSM-22/Si0, 81 300
0.005Pt-ALO,/ZSM-22 30 330
0.01Pt-AL0,/ZSM-22 52 320
0.05Pt-AL,O,/ZSM-22 82 290-295
0.1Pt-ALO,/ZSM-22 84 285-290
0.5Pt-A1,0,/ZSM-22 85 290
0.005Pt-ZSM-22/AL0, 22 330-340
0.01Pt-ZSM-22/A1,0, 65 310
0.05Pt-ZSM-22/A1,0, 72 310-315
0.1Pt-ZSM-22/A1,0, 78 300-305
0.5Pt-ZSM-22/A1,0, 83 300
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Chapter 5

Location effects in Ni based bifunctional
catalysts

Abstract: In previous chapters we described location effects in bifunctional catalysts
which contain the noble metals Pd and Pt. Ni is an earth-abundant alternative
with a major challenge of its hydrogenolysis activity leading to the production of
methane and thus decreasing hydroisomerization selectivity. In this work, we studied
several Ni based bifunctional catalysts, using ZSM-22 as solid acid function. The
Ni was either placed on SiO,, or on/in ZSM-22 crystals or it was present in the Ni
phyllosilicate framework. Pt/ZSM-22 and Pt/SiO,+ZSM-22 catalysts were prepared
for comparison. The catalysts were characterized using HAADF-STEM, NH,-TPD,
ICP-OES, N,-physisorption and TPR. Their catalytic performances were assessed
using n-heptane and n-hexadecane as feedstocks. All Ni based catalysts displayed
hydrogenolysis activity, during both n-heptane and n-hexadecane hydroconversion.
The hydrogenolysis activity of Ni/ZSM-22, however, was significantly lower when
n-hexadecane was used as a feedstock, while it displayed the highest hydrogenolysis
activity of all Ni based catalysts during the hydroconversion of n-heptane. When
the Ni (oxide) was exclusively present outside the ZSM-22 crystals, i.e. on SiO, or
in a Ni phyllosilicate framework, the impact of the feedstock molecular weight on
the hydrogenolysis activity was limited. We hypothesize that the Ni nanoparticle
location inside the ZSM-22 crystals in the Ni/ZSM-22 catalysts in combination with
the bulkier hydrocarbon feedstock led to diffusion limitation for hydrogenolysis.
This finding is of great relevance for the further development of (noble metal free)
bifunctional catalysts for the conversion of FT wax and plastic waste.
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5.1. Introduction

Bifunctional catalysts play a key role in the production of fuels and chemicals from
crude oil or renewable sources.'™ One of the processes in which a bifunctional
catalyst is used, is the hydroconversion of hydrocarbon feedstocks into fuels. These
catalysts consist of a metal (sulfide) function for dehydrogenation/hydrogenation
(DHD/HD) and an acid function for isomerization and cracking. Traditionally, for
the conversion of crude oil, metal sulfides (CoMoS, NiMoS, MoS,, WS)) are used,
as they are resistant to sulfur poisoning.*? Renewable hydrocarbon sources, such as
Fischer-Tropsch (FT) wax, are ultraclean'™!" and the presence of sulfur in the catalyst
becomes undesired. Therefore, the focus has shifted towards Pt and Pd as DHD/HD
function.

Chapters 3 and 4 show that it is possible to go to ultralow loadings of these noble
metals, without compromising on catalytic performance. However, still a non-
abundant noble metal is used in the catalysts described in those chapters. Hence,
exploration of the utilization of more earth-abundant elements is expedient.
Researchers have focused on the use of transition metals and their respective oxides
and carbides, such as molybdenum carbide," -oxide!* and -oxycarbide,'* and Ni
and NiO,"*'® since the main prerequisite for clean feedstocks is having a sulfur free
DHD/HD function.

Hydroisomerization and hydrocracking are the main goals during the hydroconversion
for the production of fuels from oil or FT waxes. Ni tends to catalyze hydrogenolysis,
which is considered to be an undesired side reaction and scientists actively look into
ways to suppress that.'®!” However, the hydrogenolysis reaction gained new interest,
with the current focus on chemical recycling of plastic waste in particular.?*** Many
of the polyolefin waste valorization studies are performed with high noble metal
weight loadings of up to 5 wt%,?*” making replacement with earth-abundant metals
that could perform hydrogenolysis, such as Ni, also attractive in this field.?®

In this explorative study we show that the combination of Ni nanoparticle location
and feedstock can have a tremendous effect on the hydroisomerization versus
hydrogenolysis selectivity. Several Ni- and ZSM-22 based bifunctional catalysts
were prepared and characterized, and their hydroconversion performances were
compared to those of their Pt-based counterparts. The Ni was present on SiO,, in/on
ZSM-22 crystals, or in a Ni phyllosilicate framework, and similarly, Pt/ZSM-22 and
Pt/Si0,+ZSM-22 were studied.

5.2. Materials and Methods
Materials

ZSM-22 (H*-form, Si/Al = 32.5-40 at/at) was purchased from ACS Material. Aerosil
380 and Aerosil OX50 silica were purchased from Evonik. Tetraamine platinum
(I) nitrate ([Pt(NH,),J(NO,),, 99.995% pure), nickel (II) nitrate (Ni(NO,), - 6 H,O,
99.999% pure), and urea were purchased from Sigma-Aldrich. Nitric acid (HNO,,
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65%) was purchased from VWR Chemicals. Ammonia solution (NH,OH, 25%) was
obtained from Emsure. n-Heptane (99+%, pure) and n-hexadecane (99%, pure) were
obtained from ACROS Organics. Silicon carbide (SiC, SIKA ABR 1 F60, grain size:
250 um) was supplied by Fiven. H, 6.0, He 5.0 and N, 5.0, were obtained from Linde
gas.

Catalyst Preparation
Preparation of Ni/ZSM-22 and Ni/SiO,+ZSM-22 Catalysts

ZSM-22 was calcined in a flow of 100 mL min™' synthetic air (N_/O,, 80/20, vol/vol)
at 500 °C (ramp 5°C min") for 5 h, before metal deposition. To prepare Ni/ZSM-22,
Ni was introduced via incipient wetness impregnation. Typically, 0.5 g of calcined
ZSM-22 was dried in a round-bottom flask for 4 h at 90 °C, while stirring under
dynamic vacuum. A solution with the intended amount of nickel nitrate in Milli-Q
water was prepared. The dried ZSM-22 was impregnated with 0.18 mL g, '
(90% of the pore volume of calcined ZSM-22 as determined using N, physisorption)
under static vacuum while stirring, to ensure homogeneous distribution of the nickel
nitrate solution over the zeolite powder. The sample was stirred under static vacuum
for 1 h. The resulting powder was transferred to an oven dish and dried in an oven at
120 °C overnight. The powder was transferred to a plug-flow reactor and heated to
150 °C under N, flow of 80 mL min™' (2 °C min™', 3 h). Subsequently, reduction was
performed in the same reactor at 400 °C (2 °C min™', 6 h) under a flow of H/N, of
100 mL min™! (80/20, vol/vol). After cooling down, the catalyst was slowly exposed
to air in order to passivate the Ni nanoparticles.

Ni/SiO, catalysts were prepared in a similar fashion. Aerosil 380 was used as SiO,
support and was impregnated with 1.1 mL g . ' of a nickel nitrate solution. It
underwent the same drying and heat treatment. An intimate physical mixture was
prepared as described before:* The resulting Ni/SiO, catalyst was then mixed with
calcined ZSM-22 in a mortar in a 50/50 wt. ratio. Subsequently, the mixture was
pelletized, crushed and sieved into a fraction of 75-212 pum.

Preparation of Ni phyllosilicate+ZSM-22 Catalysts

Nickel phyllosilicate was synthesized by deposition precipitation via urea hydrolysis
as described in literature.’*3* For this, 6.1 g of Aerosil OX50 was added to a five-
neck 500 mL baffled flask. A solution of 15.2 g nickel nitrate was dissolved in 350
mL distilled water and the solution was added to the baffled flask and it was stirred
vigorously with an overhead stirrer. The reaction was monitored using a thermometer
and a pH meter. The flask necks were not sealed and therefore evaporation of water
and loss of CO, (as product of urea decomposition) could occur. The reaction mixture
was heated to 90 °C and acidified with a few drops of HNO, to a pH of 2 — 3. A
solution of 9.4 g of urea in 100 mL distilled water was prepared and added to the
reaction mixture. The temperature of the contents of the flask was maintained at 87
—92 °C. Initially, the pH rose to a value of 5.4 at which it stabilized. The water level
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in the reaction mixture was regularly topped up using a pipette to compensate for the
evaporation. After 4 h of reaction, the phyllosilicates were filtered, washed with water
until the filtrate ran clear and dried overnight at 120 °C in a static air oven. Intimate
physical mixtures of Ni phyllosilicate and calcined ZSM-22 were prepared by dry
mixing in a mortar in a 10/90, 30/70 and 50/50 wt. ratio. The resulting mixtures were
then pelletized, crushed and sieved into a fraction of 75-212 um.

Preparation of Pt/ZSM-22 and Pt/SiO,+ZSM-22 Catalysts

A Pt/ZSM-22 catalyst was prepared via ion exchange. First, 1 g of calcined ZSM-22
was dispersed in 300 mL Milli-Q water by stirring mechanically at 400 rpm for 1 h.
A solution containing 50.8 mg [Pt(NH,),(NO,),in 50 mL Milli-Q water was added
dropwise. The mixture was stirred for another 3 h. Subsequently, the dispersion was
filtered over vacuum and the filter cake was washed with additional Milli-Q water
and dried in a static air oven at 120 °C overnight. The obtained solid was crushed
and the resulting powder was transferred to a plug-flow reactor and calcined in a
flow (100 mL min™") of synthetic air (N,/O,, 80/20, vol/vol) at 350 °C (ramp: 0.2 °C
min™"). This was followed by reduction in H, rich atmosphere with a flow of 100 mL
min~' (H,/N,, 80/20, vol/vol) at 600 °C (ramp: 5 °C min™").

Pt/Si0,+ZSM-22 was prepared via an electrostatic adsorption method adapted from
Regalbuto et al.** using [Pt(NH,),](NO,), as Pt precursor. 1 g of Aerosil 380 was
dispersed in 300 mL Milli-Q water and mechanically stirred at 500 rpm for 1 h. A
solution containing 20.06 mg of [Pt(NH,),](NO,), in 50 mL Milli-Q water was added
dropwise to the dispersion and the pH was increased to 7.1 using a few drops of
ammonia (0.25% NH,OH, prepared by diluting 25% NH,OH in Milli-Q water). The
reaction mixture was mixed for 3 additional hours, after which it was filtered over
vacuum. The filter cake was washed with additional Milli-Q water and dried in a
static air oven at 120 °C overnight. This was followed by crushing to form a powder
and the resulting powder was transferred to a plug flow reactor. Calcination was
performed in synthetic air (N,/O,, 80/20, vol/vol) with a total flow of 100 mL min™!
at 350 °C (ramp: 0.2 °C min") for 2 h. After calcination, the catalyst was reduced
in a H, rich atmosphere (H,/N,, 80/20, vol/vol) at 600 °C (ramp: 5 °C min™') for 3 h.
After cooling to room temperature, the Pt/SiO, was mixed with calcined ZSM-22 in a
50/50 weight ratio using mortar and pestle, pressed into a pellet, crushed and sieved
until an intimate physical mixture in a fraction of 75 — 212 um was obtained.

Catalyst Characterization

The elemental composition of the catalysts was analyzed with ICP-OES and the
acidity of the catalysts was probed with NH,-TPD as described in sections 2.2, 3.2
and 4.2.

Temperature programmed reduction (TPR) by H, on the catalysts was performed

on a Micromeritics Autochem II 2920 apparatus. To get an understanding of the
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chemical state of the Ni (oxide) after in situ activation of the catalysts, this was
performed on reduced and passivated catalysts. Before measurement, approximately
90 mg of reduced and passivated catalyst was dried in situ in an argon flow of 50
mL min ! at 120 °C for 30 min. After drying, the sample was cooled down to room
temperature. Reduction profiles were recorded using a TCD while the sample was
heated to 800 °C with a ramp of 5 °C min™"in a flow of 5% H,in Ar of 25 mL min™".
The water that had formed during reduction was captured with a cold trap that was
cooled with a mixture of dry ice and isopropanol.

Measurements of N, physisorption isotherms were performed at -196 °C on a
Micromeritics Tristar Il Plus apparatus. Prior to the measurement, the reduced and
passivated samples were dried in a nitrogen flow at 300 °C. The accessible surface
areas of the catalysts were determined with the Brunauer-Emmett-Teller (BET)
method. A Harkins-Jura thickness curve fitted between 0.32 and 0.40 nm thickness
was used to determine micropore (< 2 nm) volumes. Total pore volumes were derived
from the volume of N, adsorbed at P/P = 0.95.

Before studying the samples with electron microscopy, the (reduced and passivated)
samples were ultramicrotomed. Samples were embedded in EpoFix resin and left to
harden in a static air oven at 60 °C overnight. The resin-embedded samples were cut
using a Reichert-Jung Ultracut E ultramicrotome and a Diatome Ultra 35° diamond
knife, and sections with a thickness of 70 nm were obtained. These sections were
deposited on glow-discharged holy-carbon-coated copper grids (200 mesh). High-
angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) was performed on an FEI Talos F200X transmission electron microscope
operating at 200 kV.

Hydroconversion of n-Heptane and n-Hexadecane

The hydroconversion performance of the catalysts was assessed using an Avantium
Flowrence 16 parallel fixed bed reactor setup with n-heptane (n-C.) or n-hexadecane
(n-C,,) as feedstock. Stainless steel reactors (inner diameter = 2 mm) were loaded
with SiC (220 um) until it reached a bed height of 2 cm. On top of this SiC bed,
30 mg of sieved catalyst (75 — 212 pm) was loaded. This was followed by adding
more of the SiC, leaving 2 cm of free space at the top of the reactor. Analysis of the
products was performed using an online GC (Agilent Technologies 7890B) equipped
with an Agilent J&W HP-PONA column. The hydrocarbon products were analyzed
using an FID. Prior to the catalytic tests with n-heptane the catalysts were reduced in
H,/He (90 vol% H,) at 400 °C for 2 h. When n-hexadecane was studied, activation
was caried out in pure H, at 400 °C for 3 h. Experiments with n-heptane feedstock
were performed with the following reaction conditions: H,/n-heptane molar ratio of
10, total pressure of 10 bar and WHSV of 2.4 g .- g "' h™'. When n-hexadecane
was used as a feedstock, the following reactions conditions were applied: H,/n-
hexadecane molar ratio of 10, total pressure of 5 bar and WHSV of 2.9 g . .- g "'
h'.
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The conversion of n-heptane or n-hexadecane (X,

Xoalane = (1 _ FCWt.n—alkane,out) - 100%

Fth.n—alkane,in

.) was calculated using:

-alkan

(Eq.5.1.)

Where F, and F, __are the flows based on carbon weight of n-alkane
'wt.n-alkane,out Cwt.n-alkane,in

going out or in the reactor, respectively. The isomer yield (Y, 1ane) Was calculated
using:

Fowtie
Y akane = (M> -100% (Eq.5.2.)

Fth.n—alkane,in

Similarly, the yield of any cracked product was calculated using:

F,
ch — ( Cwt.Cm,out ) -100%

Fth.n—alkane,in

(Eq.5.3.)

Inwhich C_isahydrocarbon molecule withm carbon atoms (m = 1-6 during n-heptane
conversion and m = 1-14 during n-hexadecane conversion). The selectivity towards
i-heptane (i-C,) or cracked products (C, ) in mol-% during n-heptane conversion was
calculated with the following two equations:

Fth.i—C7,0ut

Sicr (% or mol — %) = < ) 100% (gq.5.4.)

Fth.n—alkane,in - Fth.n—alkane,out

Sem (mol — %) = < Fowomout ) (%) -100%  (Eq.5.5.)

Fth.n—alkane,in - Fth.n—alkane,out

For n-hexadecane, the yield in mol-% of a product with m carbon atoms was
calculated as follows:

F 16
Yem (mol — %) = (M> +(—) - 100% (Eq. 5.6.)

Fth.n—alkane,in

Note that for every mol of heptane, multiple mols of shorter alkanes can be formed,
e.g. 1 mol of heptane could theoretically lead to the production of 7 mol of methane.
Therefore, selectivities or yields in mol-% could exceed a value of 100 %.

Calculation of Apparent Activation Energies

Apparent activation energies for the hydroconversion of n-heptane and n-hexadecane
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were calculated using Arrhenius plots in which In & was plotted against 1000/T.
Equation 5.7 was used to calculate In A-values using the results of the evaluation of
the catalytic performance, assuming first order kinetics.*

—In(1 — X))
w (Eq.5.7.)

F

Ink = In(

In Equation 5.7, k is the first order rate constant (mol s™' kg_ '), X is the conversion
as a fraction, W is the weight of the catalyst (kg) and F is the molar flow of the
reactant (mol s™'). Only In k-values derived from X-values between 0.01 and 0.20
were plotted, in order to stay in the kinetically determined regime. At least 4 In
k-values were plotted against their corresponding 1000/7-values (1000 K™'). The
slopes of the Arrhenius plots were multiplied with the gas constant R (8.314 J K™
mol ') to obtain the apparent activation energy (£, kJ mol™). £ -values for methane
production were calculated in a similar fashion. However, in that case, X in Equation
5.7 was replaced by the fractional yield of methane (Y.,), thus assuming methane to
be a primary product of n-alkane hydrogenolysis.

5.3. Results and Discussion
Quantification of Metal and Acid Sites

Catalysts with different Ni (nanoparticle) nature and location were prepared. The
metal weight loadings and number of acid sites in each catalyst are summarized
in Table 5.1. They were studied with inductively coupled plasma optical emission
spectroscopy (ICP-OES) and temperature programmed desorption of ammonia (NH,-
TPD), respectively. Typically, for the Ni based catalysts, higher metal weight loadings
were used than for the Pt based catalysts as in view of the lower dehydrogenation-
hydrogenation (DHD/HD) activity of Ni. Ni phyllosilicate to ZSM-22 weight ratios
were varied to investigate how much of the Ni in the phyllosilicate framework would
be needed.

Structural Properties of the Catalysts

The textural properties of the pristine silica, zeolite, and as-obtained phyllosilicate
the dry mixed (phyllosilicate+ZSM-22) catalysts and reduced and passivated (other)
catalysts were analyzed with N, physisorption (Table 5.2) and HAADF-STEM
(Figure 5.1). Emplacing Ni or Pt on/in ZSM-22 led to a significant decrease in BET
surface area and the micropore volume compared to pristine ZSM-22. This decrease
can be ascribed to pore blocking by metal nanoparticles, suggesting that a part of the
metal nanoparticles was placed inside the ZSM-22 crystals, as has been observed
before with Pd-SAPO catalysts.*™® The textural properties of the physical mixtures
of ZSM-22 with either silica supported catalysts or phyllosilicates show surface
areas and pore volumes which are in between the values obtained for the pristine
components.
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Table 5.1. Results of quantification of metal and acid sites; Ni and Pt weight loading, particle size and
dispersion, and number of strong acid sites.

Catalyst Ni Pt Number d ¢ D* n/n,
weight weight of strong
loading * loading * acid sites "
Wt%) (Wt%) (mmol g) (nm) (%)

Ni/ZSM-22 2.13 n/a 046 4214 23 0.8
INI/SIO+ZSM-22 (50/50) 0.94 n/a 018  27x11 36 032
ANI/SIO+ZSM-22 (50/50) 1.88 n/a 020  41+20 24 038
Ni phyllosilicate+ZSM-22 (5/45) ~ 2:62 n/a 0.24 nfa  100* 1.86
Ni phyllosilicate+ZSM-22 (15/35) ~ 7:98 n/a 0.23 n/a  100* 5.91
Ni phyllosilicate+ZSM-22 (50/50) 1412 n/a 0.27 na  100* 891
PYZSM-22 n/a 0.39 025  1.1+03 100 0.080
0.8PY SO +ZSM-22 (50/50) n/a 0.41 015  13%03 87 0.12

n/a is not applicable. * used for calculation of n/n,.

* Determined by ICP-OES on digested samples.

" Determined by deconvolution of NH,-TPD profiles and integration of the peak at T > 300 °C.

¢ Average particle diameter as determined using HAADF-STEM, based on at least 200 counts.

4 Dispersion,, = 1.13/d,, ** and Dispersion,, = 0.971/d,, '"-". Dispersion of Pt with d,,,,, < 1.13 nm and

dispersion of Ni in Ni phyllosilicate framework were estimated to be 100%.

Table 5.2. Quantitative information derived from N, physisorption isotherms for as obtained SiO,,
ZSM-22, Ni phyllosilicate and Ni phyllosilicate+ZSM-22 physical mixtures, and the other reduced and
passivated catalysts.

Catalyst Sper Soq Vi Vi

(m’g™) (m’g™) (cm’ g™) (em’ g™)
Aerosil 380 SiO, 409 391 1.22 0.00
ZSM-22 247 50 0.31 0.08
Ni/ZSM-22 93 64 0.21 0.01
2Ni/SiO,+ZSM-22 (50/50) 262 203 0.84 0.02
4Ni/SiO +ZSM-22 (50/50) 245 182 0.77 0.03
Ni phyllosilicate 158 133 0.57 0.01
Ni phyllosilicate+ZSM-22 (5/45) 157 77 0.28 0.03
Ni phyllosilicate+ZSM-22 (15/35) 144 88 0.30 0.02
Ni phyllosilicate+ZSM-22 (50/50) 180 101 0.47 0.03
Pt/ZSM-22 190 69 0.22 0.05
0.8Pt/ Si0,+ZSM-22 (50/50) 228 181 0.78 0.02

¢ Determined using the t-plot method, " Single point desorption total pore volume P/P, = 0.995.
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Figure 5.1 shows the representative HAADF-STEM images of a series of selected
catalysts. The ZSM-22 crystals were determined to be ~200 nm in length and ~40 nm
in width. The metal particle sizes and the corresponding metal dispersion are listed
in Table 5.1. When ZSM-22 was impregnated with Ni(NO,),, subsequent reduction
led to Ni nanoparticles nicely distributed over the ZSM-22 support (Figure 5.1a).
A combination of small (1 — 2 nm) and larger (4 — 5 nm) was obtained, and these
smaller nanoparticles were presumed to be inside the ZSM-22. Since the fresh Ni
phyllosilicate based catalysts did not show Ni nanoparticles (Figure 5.1b), the Ni
was assumed to be distributed as nickel ions in the Ni phyllosilicate framework, and
Ni dispersion was assumed to be 100% for calculation purposes only. When Ni was
deposited on SiO, via impregnation and a physical mixture of Ni/SiO, and ZSM-22
was prepared, catalysts were obtained with Ni nanoparticles nicely dispersed on the
silica support (Figure 5.1c,d). Because of the low z-contrast, however, it was difficult
to clearly distinguish Ni nanoparticles, in particular for the 2 wt% loading. At 4 wt%
Ni loading, an increase in the number of larger nanoparticles was observed (Figure
5.1d, Table 5.1). In case of the Pt-based catalysts, Pt was clearly deposited on/in
ZSM-22 (Figure 5.1¢), or on silica when a Pt/SiO,+ZSM-22 physical mixture was
prepared (Figure 5.1f).

Temperature programmed reduction in 1 bar 5% H_ /Ar of the passivated Ni based
catalysts was carried out in order to know whether the Ni is completely reduced
during catalysis (activation in H, at 400 °C (P = 1 bar), and catalysis in H, rich
atmosphere at 170 °C<7<400°Cand P = =S5bar,P. . =10bar). The
Ni phyllosilicate did not show reduction until a temperature of 300 °C was reached
and most of the Ni phyllosilicate reduction occurred at 7> 400 °C (Figure 5.2), in
line with what was found previously for calcined samples.*® This suggests that the
unreduced Ni is still present in the Ni phyllosilicate framework and only few, if
any, nanoparticles would be present during catalysis. However, during catalysis Ni
nanoparticles had formed from the Ni phyllosilicate. This has been observed in the Ni
phyllosilicate+ZSM-22 (5/45) catalyst after it was used for the hydroconversion of
n-hexadecane (Figure 5.3). Also for the Ni-on-SiO, a broad reduction peak between
200 °C and 500 °C was observed, meaning that a significant amount of Ni is still
present as Ni cations during catalysis. Interestingly, for the Ni/ZSM-22 catalyst, a
relatively sharp reduction peak at 200 °C was observed, suggesting that the NiO
had been fully reduced and is present as Ni° during catalysis. Kim et al. observed a
similar reduction peak for Ni on commercial ZSM-5 and ascribed it to the reduction
of NiO that weakly interacts with the support.'”*
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Figure 5.1. HAADF-STEM images of ultramicrotomed (section thickness: 70 nm) samples of catalysts:
a) Ni/ZSM-22, b) dry mixture of as obtained Ni phyllosilicate+ZSM-22 (5/45), ¢) 2Ni/SiO +ZSM-22
(50/50), d) 4Ni/SiO,+ZSM-22 (50/50), e) Pt/ZSM-22, and f) Pt/SiO,+ZSM-22 (50/50). Insets and
arrows pointing at individual nanoparticles serve as guide to the eye. All catalysts were reduced and
passivated, except for the Ni phyllosilicate+ZSM-22 catalysts which consisted of a physical mixture of
the as prepared Ni phyllosilicate and calcined ZSM-22.
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Figure 5.2. Reduction profiles of NiO_ in selected catalysts as obtained via temperature programmed
reduction (TPR) with H,. These profiles are measured after passivation of the reduced and passivated
Ni/SiO,+ZSM-22 and Ni/ZSM-22 catalysts, and after dry mixing of the as prepared Ni phyllosilicate
with ZSM-22 in varying weight ratios.

Figure 5.3. HAADF-STEM image of an ultramicrotomed (section thickness: 70 nm) sample of used Ni
phyllosilicate+ZSM-22 (5/45) after n-hexadecane hydroconversion.

Hydroconversion of n-Heptane

The hydroconversion performance of the catalysts was evaluated using n-heptane as
a feedstock. Overall, the Ni catalysts were slightly more active than the Pt catalysts
(Figure 5.4a). However, the i-heptane selectivity for the Pt based catalysts than
for the Ni based catalysts (Figure 5.4b-d). The highest selectivity towards isomers
was obtained with the Pt/SiO,+ZSM-22 catalyst. This is in line with the results in
Chapters 2, 3 and 4, where it was beneficial to place Pt (or Pd) on the binder or
an external support instead of in the zeolite crystals at metal loadings of about 0.5
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wt%.%4* When Pt was placed on/in ZSM-22 crystals, as is the case for the Pt/
ZSM-22 catalysts, loss in i-heptane selectivity was caused by an increased tendency
towards hydrocracking. This was evidenced by the increased amounts of propane
and butanes that had formed (Figure 5.4b). Decrease of the isomer selectivity in Ni-
based catalysts was a result of hydrogenolysis, as evidenced by the high selectivity
towards methane and hexanes. The selectivities towards methane and hexanes were
also higher than the selectivity towards the products that would typically be the
product of heptane hydrocracking (C, and C).
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Figure 5.4. n-Heptane hydroconversion. a) n-heptane conversion as a function of the temperature,
and distribution of the products obtained during hydroconversion of n-heptane over b) Ni/ZSM-22,
Pt/ZSM-22 and Pt/SiO,+ZSM-22 at 68-72% conversion, ¢) Ni/ZSM-22, 2Ni/SiO,+ZSM-22 and 4Ni/
SiO,+ZSM-22 at 68-73% conversion, and d) Ni phyllosilicate+ZSM-22 catalysts in different weight
ratios at 67-69% conversion.

All Ni catalysts showed a relatively high hydrogenolysis selectivity (Figure 5.4¢,d),
regardless of the Ni oxidation state or Ni location. Based on the results from
n-heptane conversion, the Ni loading affected the hydrogenolysis selectivity, as was
mainly shown by the increased hydrogenolysis when the amount of Ni phyllosilicate
increased (Figure 5.4d). Furthermore, a graph showing the i-heptane/methane molar
ratio at low conversion levels (Figure 5.5) confirms this statement. This can be
explained by the fact that there is more metal (oxide) present in the sample, and
hence more hydrogenolysis* — also referred to as metal cracking* — can take place.
Interestingly, the Ni phyllosilicate+ZSM-22 (5/45) catalyst shows a relatively high
selectivity towards i-heptane as compared to the other Ni catalysts with similar
loadings. This could be rationalized by the fact that less metallic Ni is present in
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the phyllosilicate based catalyst compared to the Ni/ZSM-22 and Ni/SiO,+ZSM-22
catalysts as evidenced by the TPR profile (Figure 5.2).

2Ni/SiO,+ZSM-22
©® 4Ni/SiO,+ZSM-22

Ni phyllosilicate+ZSM-22 (5/45)
@ Niphyllosilicate+ZSM-22 (15/35)

<« Ni/ZSM-22 @ Niphyllosilicate+ZSM-22 (50/50)
25
S 20- .
e \
= \
o
é \\\
© 1.5 \
c \
g \
@ 7 \
E104 .
A \
8 & R
5
< 05+ *_
e .
0.0 — T T T " T " T " T T T T
0 2 4 6 8 10 12 14 16

Ni weight loading (wt%)

Figure 5.5. Molar ratio between i-heptane and methane in the product stream as function of the Ni
weight loading in the catalysts at 14-19% n-heptane conversion. The dashed lines serve as guide to the
eye.

Hydroconversion of n-Hexadecane

The catalytic performance was also assessed using n-hexadecane as feedstock.
Again, the Ni catalysts were slightly more active than the Pt based catalysts (Figure
5.6a), whereas the Pt based catalysts were more selective towards i-hexadecane
and therefore showed higher i-hexadecane yields (Figure 5.6b). The maximum
i-hexadecane yield of Pt/SiO +ZSM-22 was 86% and was only slightly higher
than the maximum yield over Pt/ZSM-22 of 84%, in line with what was observed
previously at these weight loadings.*® This suggests that a significant fraction of Pt
was present on the external surface of the ZSM-22 crystals, sufficient for DHD/HD
on the external surface followed by isomerization in the pore mouth of the zeolite
micropores. Most Ni based catalysts showed low i-hexadecane yields (Figure 5.4b).
Interestingly, however, the Ni/ZSM-22 catalysts did show a maximum i-hexadecane
yield of 68%.

The carbon number distribution obtained during the hydroconversion of n-hexadecane
(Figure 5.7), shows that the Ni/ZSM-22 catalyst (Figure 5.7a) displayed lower
methane and C, , yields compared to most of the other Ni based catalysts. In particular
the methane yield at the highest conversion levels depicted in figure 5.7 (Table
5.3) was the lowest for Ni/ZSM-22 and Ni/SiO,+ZSM-22. Note, however, that the
conversion at which this methane yield was taken, was higher over Ni/ZSM-22 than
over 2Ni/Si0,+ZSM-22. A methane yield of 57 mol-% was obtained with Ni/ZSM-
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22 at 92% conversion, which is significantly lower than the methane yield with 2Ni/
SiO,+ZSM-22 at 93% conversion. The high i-hexadecane yield obtained with Ni/
ZSM-22 can therefore be ascribed to a lower hydrogenolysis activity.
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Figure 5.6. Results of n-hexadecane hydroconversion. a) n-hexadecane conversion as function of the
temperature and b) i-hexadecane yield as function of the n-hexadecane conversion.

Furthermore, the carbon number distribution of Ni/ZSM-22 (Figure 5.7a),
showed similarities with that obtained with Pt/ZSM-22 (Figure 5.7g), with peaks
at C, and C, products. This is a result of increased secondary cracking, which is
a consequence of having more metal nanoparticles inside the ZSM-22 crystals.*?
The Ni/SiO,+ZSM-22 (Figure 5.7b,c) and Pt/SiO +ZSM-22 (Figure 5.7h) on the
contrary, showed more resemblance with the bell-shaped curve indicative for “ideal”
cracking.*** Increasing the Ni weight loading results in a shift towards a relatively
flat carbon number distribution referred to as a “hammock-shaped” distribution,*
as evidenced by the Ni phyllosilicate based catalysts (Figure 5.7d-f). The latter is a
result of extensive hydrogenolysis.
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Figure 5.7. Development of carbon number distributions with increasing conversion levels over a)
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Table 5.3. Methane yield (in mol-% and in %C of the total amount of carbon in product stream) at the
highest conversion level depicted in Figure 5.7 for each catalyst.

Catalyst n-hexadecane methane yield methane yield
conversion

(%) (mol-%) (%C)
Ni/ZSM-22 97.5 82 12
2Ni/Si0,+ZSM-22 (50/50) 93 78 11
4Ni/Si0,+ZSM-22 (50/50) 97 135 19
Ni phyllosilicate+ZSM-22 (5/45) 90 85 12
Ni phyllosilicate+ZSM-22 (15/35) 97 158 23
Ni phyllosilicate+ZSM-22 (50/50) 98 191 27
Pt/ZSM-22 95 1.2 0.2
0.8Pt/ SiO,+ZSM-22 (50/50) 95 <0.2 <0.03

Hydrogenolysis Activity

Hydrogenolysis rather than hydrocracking is the main cause for the formation of side
products over Ni based catalysts during the hydroisomerization of both n-heptane
and n-hexadecane. The extent of hydrogenolysis, however, was dependent on the
feedstock, in particular for the Ni/ZSM-22 catalyst (Figure 5.8). Even though the
hydrogenolysis rate is expected to increase with increasing hydrocarbon chain
length,*® our results show something different, in particular for the Ni/ZSM-22
catalyst. Ni/ZSM-22 was the most active hydrogenolysis catalyst during heptane
conversion (Figure 5.8a) and the least active Ni based hydrogenolysis catalyst during
hexadecane conversion (Figure 5.8b).
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Figure 5.8. Methane yield as function of the temperature during a) n-heptane conversion and b)
n-hexadecane conversion.
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This suggests that the methane production from hexadecane over Ni/ZSM-22 is
affected by diffusion phenomena. n-Heptane reaches the Ni particles in Ni/ZSM-
22 more readily than n-hexadecane. This hypothesis is supported by the decreased
activation energy and much lower pre-exponential factor for the production of
methane from n-hexadecane for the Ni/ZSM-22 catalyst (Table 5.4). Nevertheless, it
is important to note that the Ni/ZSM-22 catalyst was prepared via incipient wetness
impregnation and with this method and with the Ni particle sizes obtained with
STEM (Figure 5.1, Table 5.1), it is unlikely that the Ni was exclusively deposited
inside the ZSM-22 crystals.

Table 5.4. Apparent activation energies (E,) of n-heptane (n-C,) conversion, n-hexadecane (n-C,)
conversion, and methane (C,) production (prod.) during hydroconversion of each of the feedstocks, and
the pre-exponential factor (4) for methane production during n-hexadecane conversion. The depicted
errors correspond to errors in the fit.

Catalyst E, E C, E, E C, AC,
n-C, prod. from n-C prod. from prod. from
Conv. n-C, Conv. n-C,, n-C
(kJmol™)  (kJmol™") (kJmol™") (kJmol") (molkg
s
Ni/ZSM-22 1455 170 £ 1 165+ 15 91+ 6 73 - 10*
2Ni/Si0,+ZSM-22 (50/50) 145+ 5 177 £ 1 153+ 14 113+7 1.2 - 107
4Ni/Si02+ZSM-22 (50/50) 148+£9 161 +5 175+ 8 144+ 6 1.9 - 10
Ni phyllosilicate+ZSM-22 (5/45) ~ 156£3 171+4 1505 11942 32107
Ni phyllosilicate+ZSM-22 (15/35) 173 +19 158+7 141+1 133£1 24-10°
Ni phyllosilicate+ZSM-22 (50/50) ~ 146+ 1 169 £ 6 160 +9 4317 50100
Pt/ZSM-22 130+ 3 93+1 143 £8 1372 9.4 - 10°
0.8Pt/ Si0,+ZSM-22 (50/50) 134+4 891 154£6 90+2 9.1-10'

The formation of methane and ethane can also be ascribed to (s,p)-B-scission
reaction, i.e. acid cracking of a secondary alkylcarbenium ion into primary ones,
as was described by Choudhury et al.*’ for Pt/ZSM-22 catalysts. This is expected
to only occur under severe confinement and a high density of acid sites, such as in
the micropores of zeolites like ZSM-22. The methane formation can therefore be
indicative for either cracking occurring inside the micropores and/or hydrogenolysis.
This would also explain the production of methane over Pt/ZSM-22 and the absence
of methane production over Pt/SiO +ZSM-22 (Table 5.3, Figure 5.8), which is a
result of Pt/ZSM-22 having Pt nanoparticles inside the ZSM-22 crystals. However,
if the methane production from the (s,p)-p-scission was dominant, one would expect
that the methane yield and the apparent activation energy for methane production
over all Ni-based catalysts would be more or less equally affected, which is not the
case. This shows that hydrogenolysis was still one of the key side reactions during
hydroconversion of n-heptane and n-hexadecane over Ni based catalysts.
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5.4. Conclusions

Several Ni+ZSM-22 based bifunctional catalysts were prepared, characterized
and assessed in hydroconversion studies. The catalysts differed in Ni nanoparticle
location, Ni nature and Ni weight loading: the Ni was present in/on ZSM-22, on SiO,
or in the Ni phyllosilicate framework. Pt/ZSM-22 and Pt/SiO,+ZSM-22 catalysts
were prepared and assessed for comparison. All Ni based catalysts displayed
methane production from hydrogenolysis at the expense of hydroisomerization
selectivity, irrespective of the nature of the Ni species as determined using TPR.
Interestingly, unlike the other Ni based catalysts, the Ni/ZSM-22 catalyst showed
a selectivity towards i-hexadecane that was almost comparable to that of the Pt/
ZSM-22 and Pt/Si0,+ZSM-22 catalysts. However, when n-heptane was converted,
the Ni/ZSM-22 showed poor isomerization performance, which is ascribed to very
high hydrogenolysis activity. We postulate that this difference originates from
diffusion limitations of n-hexadecane towards the Ni nanoparticles inside the ZSM-
22 crystals, leaving fewer Ni nanoparticles available for hydrogenolysis. Hence, the
hydrogenolysis versus the hydroisomerization selectivity is dependent both on the
metal (oxide) nanoparticle location and the molecular weight of the hydrocarbon
feedstock. These findings are relevant for the further development of catalysts for
hydroconversion of FT waxes and valorization of plastic waste.
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6.1. Summary and Concluding Remarks

The catalysts studied in this thesis play a key role in the production of fuels. Fuels are
of utmost importance to modern society. The fact that we can heat our buildings and
that we can move goods and people through countries, continents and even around
the world is largely by using fuels. Most of the fuels we consume now are based
on fossil resources. This leads to an unprecedented increase of CO, concentrations
in the atmosphere. Simultaneously, billions of tons of solid waste are produced
by humankind on a yearly basis. Large amounts of waste are landfilled, leading
to pollution, a decrease of useful earth surface space, and increased emissions
of methane. Both CO, and methane are potent greenhouse gases and increased

atmospheric concentrations cause global warming.

The solid waste that is landfilled contains carbon-containing molecules. Plastic
waste, cardboard and biomass, for example, can be used as solid sources of carbon.
These feedstocks can be gasified to produce synthesis gas (a mixture of H,and CO)
and this syngas can be transformed into paraffins, olefins and oxygenates via the
Fischer-Tropsch (FT) process. Some of the products are directly suitable as fuels.
However, also paraffinic waxes are produced, which need further treatment. Like
the heavy fractions of crude oil, these waxes can be cracked and isomerized via
hydroconversion to produce gasoline, diesel and jet fuel. Overall this process is
referred to as Waste-To-Liquids (WTL) which is a low carbon footprint technology
for transportation fuels.

Hydroconversion is performed with bifunctional catalysts, which typically consist
of a metal (oxide or sulfide) as dehydrogenation/hydrogenation function and a
(crystalline) solid acid for isomerization and cracking. In particular when the
feed is ultraclean, which is the case for FT wax, the metal function can be noble
metals such as Pt or Pd. However, these metals are scarce and expensive, and their
supply is considered to be at risk. Therefore, it is important to use these metals as
efficiently as possible. Classically, in a catalyst, the metal nanoparticles are small
and metal dispersion is high, meaning that the surface-to-volume ratio of a metal
nanoparticle is high and most of the metal atoms are on the outer surface. Making
these nanoparticles as small as possible is a way to make as efficient use of the
required materials as possible.

In a bifunctional catalyst another strategy for efficient use of materials can be applied.
The metal nanoparticle location with respect to the acid site location can be chosen in
such a way that the catalyst displays good catalytic performance. Paul Weisz showed
that supported Pt catalysts in combination with silica-alumina showed the highest
selectivity towards branched alkanes (i-alkanes) when the individual components
were small (d =15 pm), or — even better — the Pt was directly impregnated on an acidic
silica-alumina support. As a consequence, for a long time it was thought that the two
functionalities should be as close to one another as possible. Later, developments in
the science of catalyst preparation allowed for placing Pt with nanoscale precision
on a zeolite Y/alumina extrudate, and catalysts were prepared with the Pt either
in the zeolite Y or on the alumina binder material. The catalyst with Pt on the
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alumina binder showed improved catalytic performance as this catalyst displayed
improved selectivity towards isomers. When Pt was located in the zeolite Y, on the
other hand, the catalyst displayed more cracking towards smaller hydrocarbons.
Additional studies with different zeolites confirmed this location-dependent catalytic
performance in bifunctional catalysts.

The research described in this thesis aimed at improving the metal utilization in
bifunctional catalysts by controlling the metal nanoparticle location. In Chapter 2
we describe the effect of the heat treatment conditions on the final Pd nanoparticle
location in ZSM-22 and SAPO-11. We found that direct reduction (DR) of tetraamine
palladium nitrate ([Pd(NH,),](NO,),) exchanged zeotypes results in enrichment of
Pd on the outer surface of the zeotype crystals, whereas slow calcination followed by
reduction (CR) leads to confinement of Pd nanoparticles inside the zeotype crystals.
For comparison, catalysts with Pd on y-alumina binder mixed with empty zeotype
crystals were prepared. Differences in location were confirmed using HAADF-
STEM and XPS. The catalytic performance of these catalysts clearly showed that
the more the Pd was on the outside, i.e. on the zeotype crystals or on the binder
material, the higher the yield of i-heptane and i-hexadecane. The catalysts with Pd on
the alumina binder performed best, followed by the DR catalysts and lastly the CR
catalysts. This showed that heat treatment is a useful synthesis tool to control metal
nanoparticle location.

Chapter 3 is devoted to finding the minimum amount of Pt that is required in a
bifunctional catalyst. Specifically, this minimum amount as function of the metal
nanoparticle location was studied. Catalysts were prepared consisting of Pt,
y-alumina and either ZSM-22 or mordenite as zeolites. The Pt/Al,0,/ZSM-22 and
Pt/Al,0,/MOR varied in Pt location (on Al,O,, on ZSM-22 or in MOR) and Pt weight
loading (0.005, 0.01, 0.05, 0.1, 0.5 wt%). Regardless of the metal loading, placing
Pt nanoparticles in MOR was detrimental to the selectivity of the catalyst towards
i-heptane, and hence it was beneficial to place Pt on alumina in Pt/Al,O,/MOR
catalysts. Pt/Al,0,/ZSM-22 with a loading > 0.05 wt% displayed similar behavior
and improved isomer yields were obtained when Pt was on alumina. However, when
an ultralow loading of 0.01 wt% was applied the Pt-on-alumina catalyst displayed
a limited catalytic performance. Extensive characterization with HAADF-STEM,
XAS and XPS implied that this 0.01Pt-Al,O,/ZSM-22 had relatively small (d, = 0.7
nm) nanoparticles that were harder to reduce and present as Pt in a more oxidized
state. Comparison with a single atom catalyst (SAC) with Pt on alumina revealed that
indeed Pt nanoparticles are required and that small clusters or single atoms display
a too strong interaction with the alumina support, leading to decreased activity in
catalysis. The 0.01Pt-ZSM-22/Al,0, catalyst, on the other hand, showed very good
catalytic activity, selectivity and stability. Emplacing ultralow loadings of Pt on the
outer surface of ZSM-22 showed that the amount of noble metal could be lowered
with a factor of 10 or more compared to industrially used catalysts.

In Chapter 4 we describe the replacement of alumina with silica as binder in

bifunctional catalysts with ultralow Pt loadings. As silica is a more inert support
material, it was expected that Pt nanoparticles or clusters would be reduced more
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readily on silica and hence Pt-on-silica bifunctional catalysts with ultralow Pt
loadings would be more active than Pt-on-alumina catalysts. A set of Pt/SiO,/ZSM-
22 catalysts with 0.005, 0.01, 0.05, 0.1 and 0.5 wt% Pt on either silica or ZSM-22
was prepared and characterized. XAS showed that indeed even at 0.01 wt% Pt the
Pt supported on silica showed to be in a more reduced state. However, this did not
lead to improved performance in n-heptane hydroisomerization, and at this loading
it was still beneficial to emplace Pt on ZSM-22. Additionally, the n-hexadecane
conversion over the Pt/SiO,/ZSM-22 catalysts and the Pt/Al,O,/ZSM-22 catalysts of
Chapter 3 was assessed. A Pt loading of at least 0.05 wt% was desired in that case,
preferentially present on the binder material where the reactant and intermediate
molecules had easy access to the Pt particles. Fewer Pt particles were observed in
HAADF-STEM images when Pt was on silica and higher Pt loadings were required
in that case, compared to the other catalysts. Although present as Pt’, the metal
nanoparticle dispersion was too high and the loading too low, which resulted in poor
catalytic performance. Silica therefore did not show to be a better support and binder
in bifunctional catalysts with ultralow Pt loadings.

In Chapter 5 the replacement of the noble metals with Ni (oxide) is treated. Ni
(oxide) is active as a dehydrogenation and hydrogenation catalyst. The main
drawback of using Ni (oxide), however, is its hydrogenolysis activity. The Ni was
present in different chemical states and different locations in the catalyst: It was
deposited on silica, on/in ZSM-22, or added in the form of a Ni phyllosilicate.
During the hydroconversion of both n-heptane and n-hexadecane, all Ni based
catalysts displayed hydrogenolysis activity at the expense of hydroisomerization
selectivity. This was irrespective of the nature of the Ni species as determined using
TPR. Interestingly, however, Ni/ZSM-22 displayed high isomerization selectivity
during the hydroconversion of n-hexadecane, whereas it showed the lowest i-heptane
selectivity. We postulate that this difference is caused by diffusion limitations of
n-hexadecane towards Ni nanoparticles inside ZSM-22 crystals, leaving fewer Ni
nanoparticles available for hydrogenolysis. To conclude, the hydrogenolysis versus
the hydroisomerization selectivity is dependent both on the Ni (oxide) nanoparticle
location and the molecular weight of the hydrocarbon feedstock. This finding is
important to hydroconversion of Fischer-Tropsch wax and valorization of polyolefin
waste using non-noble metals.

6.2. Outlook

The research described in this thesis heavily relied on advanced characterization
methods to determine metal nanoparticle location. Particularly, when catalysts
containing ultralow amounts of metal (oxide) are studied, the techniques are forced
to work close to their detection limits. Complementary methods could be applied to
unequivocally determine metal nanoparticle locations. To provide more information
about the metal nanoparticles being present in or on zeolite crystals, one could perform
electron tomography. The main issue with this method is the prolonged exposure
of the zeolite crystals to the electron beam, leading to destruction of the crystal in
the process of image collection. One way to circumvent this is by performing the
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measurements in a cryo-holder and direct-electron detection cameras. Other methods
that could provide additional information on the metal nanoparticle location are FT-
IR with probe molecules, X-ray microtomography, and different probe reactions.

In Chapter 2 the effect of the heat treatment conditions on the final metal nanoparticle
location was studied. We showed that ‘direct reduction’ in hydrogen atmosphere led
to enrichment of Pd on the outer surface of the zeotype crystals, whereas a slow
calcination step prior to reduction led to an increase of Pd nanoparticles inside the
crystals. These results in combination with the fact that the cation was exchanged
with the zeotype protons suggest that the tetraamine palladium cation was present
inside the crystals before heat treatment was performed. That would mean that direct
reduction leads to ions and/or atoms moving out of the crystals. This has to our
knowledge never been studied directly. /n situ spectroscopic techniques of tetraamine
palladium exchanged zeolites undergoing the heat treatment could shed a light on
this process.

The research described in Chapters 3 and 4 showed that the Pt loading could be
decreased by factor of 10 or more for the hydroconversion of n-heptane if Pt was
located on the outer surface of the zeolite. Additionally, for the hydroconversion of
n-hexadecane the amount of Pt can be lowered drastically. It is important to keep in
mind that these results were obtained with catalyst powders. Already under these
conditions, the type of zeolite, the feedstock and the operating conditions impact
the exact amount of Pt that is required for uncompromised catalytic performance.
In industry, catalysts are typically shaped into larger bodies, such as extrudates.
The nanoscale phenomena observed in this thesis might have different outcomes
under industrial operating conditions. Additional research on a larger scale and under
industrially relevant conditions has to be performed in order to find out how much
the metal loading could be lowered in an industrial hydroconversion catalyst. The
catalyst grain size, for example, could also impact the selectivity of the catalysts.
Additionally, under industrial conditions, issues with the catalyst stability are to be
expected.

The utilization of Ni as dehydrogenation/hydrogenation function in bifunctional
catalysts was explored in Chapter 5. We showed that the Ni (oxide) location in
combination with the feedstock can impact the selectivity during hydroconversion,
mainly by manipulating the hydrogenolysis activity. However, no catalysts were
prepared with Ni selectively deposited on or in the zeolite crystals. Impregnation
of a zeolite with Ni colloids could be applied to selectively deposit the Ni on the
outer surface of the zeolite. If this indeed leads to increased hydrogenolysis during
n-hexadecane hydroconversion, additional evidence for the diffusion limitations
observed with Ni/ZSM-22 is obtained. Furthermore, it is well-known that the nature
of the Ni species could also impact the hydrogenolysis activity. Hydrogenolysis is
for example suppressed by adding Cu, forming NiCu nanoalloys. The formation
of nanoalloys is also a strategy to dilute noble metals in earth abundant metals.
Attempts towards the optimization of noble metal utilization can therefore also focus
on diluting Pt or Pd in Ni. This might lead to improved selectivity and activity of
the metal function, while simultaneously suppressing hydrogenolysis activity of Ni.
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Diffusion and adsorption of olefins play a key role in hydroconversion. However,
knowledge of the diffusion of olefins in zeolites is relatively limited, as modelling and
experiments of this process are challenging. This challenging aspect rises from the
fact that not only the physical interactions of the olefins and zeolite walls need to be
taken into account, but also chemical interactions of the double bond with the zeolite
protons are relevant. Further research endeavors could focus on the development of
diffusion models for olefins in zeolites. Another research topic of interest is pore-
mouth catalysis. In additional experiments it would be interesting to see if branching
at selective positions occurs which could be indicative for pore-mouth or key lock
adsorption and how this is affected by the location of metal nanoparticles. This
would give more information on the way the olefins adsorb onto the zeolite crystals.
Furthermore, blocking of zeolite pores by nanoparticles might be an interesting
topic for further studies as this impacts the diffusion of reactants and intermediates.
Studies could be performed to determine the uptake of certain molecules by virgin
zeolite crystals as compared to zeolite crystals with metal particles.

This thesis shows that fundamental knowledge and innovations in well-established
processes are relevant to modern chemistry. The research described in this thesis
is directly relevant for the production of fuels and chemicals from amongst others
municipal waste via indirect liquefaction. Moreover, current work on conversion of
plastic waste could benefit from the knowledge obtained on hydroconversion including
suppression of hydrogenolysis. The rational placement of metal nanoparticles at the
nanoscale can be applied to other technologies, allowing for optimum utilization of
scarce materials. These innovations are relevant to both the energy and the materials
transitions.
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In de afgelopen jaren heb ik regelmatig de vraag gekregen: “Waar doe je nou eigenlijk
onderzoek naar?” Meestal zei ik zoiets als: “lk doe onderzoek naar katalysatoren
voor de productie van duurzame brandstoffen.” Toch bleef het een lastige vraag om
te beantwoorden, want je weet niet altijd hoe veel chemische kennis de vraagsteller
heeft. Daarnaast doe je tijdens een promotietraject vaak onderzoek naar een heel
specifiek deelgebied. Ik was daarom zelf niet altijd tevreden met dat antwoord. In dit
hoofdstuk ga ik daarom uitgebreider in op bovenstaande vraag.

Wat is een brandstof en hoe worden brandstoffen gemaakt?

Mensen gebruiken dagelijks energie. Energie is nodig voor het koelen en verwarmen
van onze gebouwen, vervoeren van mensen en goederen en voor de productie van
voedsel en andere producten. Een heel groot deel (momenteel circa 82 %) van deze
energie is door het gebruik van fossiele brandstoffen. Brandstoffen bevatten energie;
bij verbranding komt energie — in de vorm van warmte of mechanische energie —
vrij. Warmte kan dan weer gebruikt worden voor bijvoorbeeld het verwarmen van
gebouwen en de mechanische energie voor het opwekken van elektriciteit of het
aandrijven van een motor.

Voor het maken van benzine, diesel en kerosine (vliegtuigbrandstof) moet aardolie
worden bewerkt. Dit gebeurt in een olieraffinaderij. In de raffinaderij wordt de olie
eerst gedestilleerd. Destilleren is een proces waarbij de individuele componenten van
de olie van elkaar gescheiden worden, meestal op basis van de temperatuur waarbij
deze componenten koken. De lichtste componenten, propaan en butaan, koken bij
de laagste temperatuur, zijn onder normale omstandigheden al gasvormig en kunnen
makkelijk van de rest gescheiden worden. Deze lichte fractie is geschikt voor
‘Liquefied Petroleum Gas’, beter bekend als LPG. Grotere en zwaardere moleculen
hebben hogere temperaturen nodig om te koken en van de rest van het mengsel
gescheiden te worden. Achtereenvolgens, op volgorde van toenemend kookpunt,
volgen dan de fracties die geschikt zijn voor benzine, kerosine, diesel, stookolie en
een vast residu dat bijvoorbeeld voor asfalt kan worden gebruikt.

Alle vloeibare fracties worden verder behandeld. Daarbij worden ongewenste
elementen zoals stikstof (N) en zwavel (S) — de veroorzakers van de beruchte zure
regen — verwijderd via een behandeling met waterstof (‘hydrotreating’). De fractie
die gebruikt wordt voor benzineproductie ondergaat daarna ‘reforming’ om ervoor
te zorgen dat het mengsel de juiste eigenschappen krijgt. De zwaardere fracties
ondergaan de processen van hydroconversie en/of katalytisch kraken (‘fluid catalytic
cracking’, FCC) om diesel en kerosine en respectievelijk benzine te maken.

Aardolie, aardgas en steenkool bevatten koolstofverbindingen die miljoenen jaren
geleden door de fotosynthese in planten zijn gemaakt. De brandstoffen die daaruit
gemaakt worden, hebben de bijnaam ‘fossiele brandstoffen’. Bij de verbranding van
deze koolstofverbindingen komt koolstofdioxide (CO,) vrij. Als wij deze fossiele
brandstoffen niet zouden gebruiken, zouden de grondstoffen in de grond blijven
en zouden ze niet bijdragen aan de CO,-uitstoot. Nu we deze grondstoffen wel
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gebruiken, speelt deze extra CO, een belangrijke rol bij het versterkte broeikaseffect
met klimaatverandering tot gevolg.

We kunnen ook duurzame brandstoffen maken uit hernieuwbare grondstoffen.
Er wordt veel onderzoek gedaan naar de productie van brandstoffen uit CO,. Dit
proces staat nog in de kinderschoenen en omdat het nu “alle hens aan dek” is met de

energietransitie wordt brandstofproductie uit andere grondstoffen ook onderzocht.

Een andere grondstof die tegenwoordig onderzocht wordt voor de productie
van kerosine is vast afval uit huishoudens. In dit afval zitten de elementen die
nodig zijn voor een brandstof: koolstof- en waterstof. Wanneer het afval vergast
wordt, komen deze elementen voor in de moleculen koolmonoxide (CO) en
waterstof (H,). In een reactie die bekendstaat als de Fischer-Tropsch-synthese
kunnen CO en H, gecombineerd worden tot alkanen en alkenen. Dat zijn langere
koolwaterstofmoleculen die de basis voor een brandstof kunnen vormen. Om de
brandstof de juiste eigenschappen te geven en om ook de langste ketens te gebruiken
als brandstof, moeten deze alkanen en alkenen nog hydroconversie ondergaan. De
hele keten van het maken van brandstoffen uit afval, ofwel waste-to-liquids (WTL),
is schematisch weergegeven in Figuur 6.1. De eerste commerciéle WTL-fabriek is
opgestart in december 2022, in Nevada, VS. Voor veel van de genoemde reacties
in zowel de olieraffinaderij als de waste-to-liquids-fabriek zijn katalysatoren nodig.

Figuur 6.1. Het WTL-proces in zeven stappen: 1) Afval wordt bij de huishoudens opgehaald; 2)
Het huishoudelijk afval wordt verzameld op een speciale inzamelingsplek, bij voorkeur dichtbij de
WTL-fabriek; 3) Het afval wordt vergast en er wordt een mengsel van koolmonoxide en waterstofgas
verkregen; 4) Het koolmonoxide-waterstof-mengsel wordt gezuiverd en ongewenste stoffen worden
eruit gehaald, daarnaast wordt de koolmonoxide-waterstof-verhouding nog aangepast voor de volgende
stap; 5) Tijdens het Fischer-Tropschproces worden koolwaterstoffen gemaakt uit koolmonoxide en
waterstof; 6) De koolwaterstoffen ondergaan hydroconversie om er kerosine en diesel van te maken; 7)
De brandstof is klaar voor gebruik in o.a. vliegtuigen.
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Wat is een katalysator?

Vaak wordt een katalysator beschreven als “iets dat een proces versnelt zonder
daarbij zelf verbruikt te worden.” Dat is inderdaad een belangrijke eigenschap van
een katalysator. We zeggen dan dat een katalysator actief is. Echter, er zijn nog twee
belangrijke eigenschappen van een katalysator die we met die definitie over het
hoofd zien: de selectiviteit en de stabiliteit. De selectiviteit betreft in hoeverre de
katalysator het gewenste product maakt of alleen de gewenste moleculen omzet.
De stabiliteit geeft aan of de katalysator het proces over langere tijd kan blijven
versnellen en daarbij het gewenste product blijft maken. In de scheikunde is een
katalysator meestal een eiwit, een moleculair complex of een vaste stof. Er wordt
daarom een indeling gemaakt in drie verschillende deelgebieden: biokatalyse,
homogene katalyse en heterogene katalyse.

De biokatalyse is gebaseerd op de katalytische werking van eiwitten. Eiwitten
zijn grote moleculen die in organismen voorkomen. Katalytische eiwitten worden
enzymen genoemd. Enzymen zijn heel goed in het omzetten van specificke
moleculen in andere, specifieke producten en staan daarom bekend als erg selectieve
katalysatoren. Ze zijn letterlijk van levensbelang, want bijna elk chemisch proces
in een levend wezen wordt gekatalyseerd door enzymen. In de homogene katalyse
worden katalysatoren bestudeerd die zich in dezelfde fase bevinden als de stoffen
die ze omzetten (ook wel reactanten genoemd). Meestal zijn zowel de katalysator
als de reactanten in de vloeistoffase, ze zijn dus beide vloeibaar of opgelost in een
oplosmiddel bij de reactietemperatuur. Homogene katalysatoren kunnen zo simpel
zijn als protonen (H", een positief geladen waterstofion), maar kunnen ook complexe
structuren hebben met metaalatomen die gestabiliseerd worden door zogenaamde
liganden.

Het werk dat beschreven staat in dit proefschrift is uitgevoerd met heterogene
katalysatoren. Een heterogene katalysator bevindt zich in een andere toestand dan de
reactanten. Meestal is de heterogene katalysator een vaste stof, terwijl de reactanten
zich in de gasfase of vloeistoffase bevinden onder de gebruikte reactiecondities. In
de heterogene katalyse worden vaak metaaldeeltjes toegepast als katalysator. Deze
metaaldeeltjes bevinden zich dan meestal op een dragermateriaal. Dat is om ervoor
te zorgen dat je kleine deeltjes kunt maken en om te voorkomen dat de metaaldeeltjes
samenklonteren en daardoor groter worden. Voor de meeste reacties is het namelijk
wenselijk om de metaaldeeltjes zo klein mogelijk te hebben, zodat zoveel mogelijk
van de atomen aan de buitenkant van het deeltje zitten. Dit wordt geillustreerd aan
de hand van het aantal zijvlakken van kubussen in Figuur 6.2. Alleen de atomen
aan de buitenkant van het deeltje zijn actief. Het is daarom gunstig om nanodeeltjes
te gebruiken. Bovendien hebben nanodeeltjes andere eigenschappen dan een
groter blok metaal. Nanodeeltjes zijn een paar nanometer, ofwel een paar keer een
miljardste van een meter groot. Ter vergelijking: een mensenhaar is ongeveer 80.000
tot 100.000 nanometer dik. Naast nanodeeltjes zijn er ook andere stoffen die een
actieve katalysator kunnen zijn waaronder zeolieten.
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Figuur 6.2. Het oppervlak van een groot deeltje ten opzichte van het totale oppervlak van hetzelfde
volume aan kleine deeltjes. a) Een grote kubus bestaande uit 3 x 3 x 3 = 27 kleine kubussen. Aan alle
6 zijvlakken van de grote kubus zijn in totaal 9 zijvlakken van de kleine kubussen aan de buitenkant:
6 x 9 = 54 kleine zijvlakken. b) De 27 kleine kubussen die in de grote kubus geplaatst kunnen worden,
hebben elk 6 zijvlakken die aan de buitenkant zijn: 27 x 6 = 162 kleine zijvlakken. Het buitenoppervlak
van de grote kubus is dus kleiner dan het totale buitenoppervlak van de kleine kubussen.

Wat is een zeoliet?

Zeolieten vormen een groep veelvoorkomende mineralen in de aardkorst. Het zijn
kristallen die voor het grootste gedeelte bestaan uit silica (SiO,) en alumina (Al O,).
Ook andere elementen kunnen gebruikt worden om een zeoliet-achtig kristal te
maken. In dat geval wordt gesproken van zeotypen. De structuur van zeolieten
is opgebouwd uit tetra€ders waarin een siliciumatoom of een aluminiumatoom is
omringd door vier zuurstofatomen. Deze tetraéders kunnen gecombineerd worden
tot verschillende secundaire bouwstenen zoals vier-, zes- of achtringen. Deze ringen
kunnen uiteindelijk gecombineerd worden tot een raamwerk voor het zeolietkristal,
zoals te zien in Figuur 6.3. Zeolieten kunnen ook in het laboratorium gemaakt
worden. In totaal zijn er ongeveer 260 verschillende zeolietstructuren bekend.

Zeolietkristallen bevatten een stelsel van heel kleine gangen die met het blote
oog niet te zien zijn. Deze gangen worden microporién genoemd. Vaak zijn deze
microporién net groot genoeg om er een molecuul in te laten passen of doorheen te
laten bewegen. De microporién in ZSM-22 bijvoorbeeld, zoals afgebeeld in Figuur
6.3, hebben afmetingen van 0.57 bij 0.46 nm. Daarom worden zeolieten en zeotypes
soms moleculaire zeven genoemd; omdat het gangenstelsel moleculaire dimensies
heeft, kunnen ze gebruikt worden voor het scheiden van verschillende moleculen en
voor katalyse.

De katalytische eigenschap wordt toegeschreven aan de zure plaatsen die in de
microporién kunnen zitten. Deze zure plaatsen ontstaan doordat de silicatetraéders
en aluminatetraéders een verschillende lading hebben. Wanneer een aluminatetraéder
op een plek van een silicatetraéder zit, krijgt het raamwerk van het zeoliet een
negatieve lading. Een proton (positief waterstofion) kan deze lading compenseren.
Protonen hebben bovendien de eigenschap dat ze zuur zijn. Zeolieten met daarin
protonen voor ladingcompensatie zijn daarom vaste zuren. Deze eigenschap van
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zeolieten wordt gebruikt bij reacties die versneld worden door een zure katalysator.
Voorbeelden daarvan zijn: kraken van zware producten uit aardolie, isomeriseren van
brandstofmoleculen om nog efficiéntere brandstoffen te maken, en de omzetting van
GFT- of plasticafval in bruikbare producten. Voor een deel van deze toepassingen
worden zeolieten en zeotypes gecombineerd met metaaldeeltjes tot zogeheten
bifunctionele katalysatoren. Het onderzoek dat beschreven staat in dit proefschrift
is uitgevoerd met zulke bifunctionele katalysatoren, gebaseerd op zeotype SAPO-11
en zeolieten ZSM-22 en mordeniet (MOR).

Primaire bouwsteen Secundaire bouwstenen
Tetraéder Voorbeeld: 4- of 6-ringen

o

Zeolietraamwerk Zeolietkristal met zijn
Voorbeeld: ZSM-22 microporién

Figuur 6.3. Schematische weergave van een tetraéder met Si of Al als kern (groen) en zuurstofatomen
(blauw); secundaire bouwstenen 4- of 6-ringen bestaande uit groene Si- en Al-atomen waarbij de
zuurstofatomen niet worden getoond; het zeolietraamwerk van ZSM-22, met afmetingen van de
porién: een lange diameter van 0.57 nm (rood) en een korte diameter van 0.46 nm (blauw); en van een
zeolietkristal met microporién.

Wat is een bifunctionele katalysator en wat is de rol bij de productie van
brandstoffen?

In een bifunctionele katalysator zitten twee verschillende katalytische functies die
onder dezelfde reactie-omstandigheden actief zijn en samenwerken. Bifunctionele
katalysatoren met metaaldeeltjes en zeolietkristallen worden veel toegepast in de
productie van brandstoffen. Een belangrijke reactie in de brandstofproductie is, zoals
eerder genoemd, hydroconversie. In dit proefschrift ligt de focus op bifunctionele
katalysatoren voor hydroconversie.
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In hydroconversiekatalysatoren worden de twee functies vervuld door metaal-,
metaaloxide- of metaalsulfidedeeltjes enerzijds en een zure plaats anderzijds.
Metaalsulfides worden met name toegepast wanneer aardolie dient als grondstof.
Omdat de koolwaterstoffen uit de Fischer-Tropschsynthese ultraschoon zijn, kunnen
hiervoor metaal- of metaaloxidedeeltjes toegepast worden. Vanaf nu zullen we deze
hele groep samenvatten als metaaldeeltjes. Deze metaaldeeltjes kunnen een reactie
katalyseren die bekendstaat as dehydrogenatie: een reactie waarbij een alkaan (een
koolwaterstofketen) twee waterstofatomen verliest in de vorm van waterstofgas.
Er ontstaat dan een molecuul met een dubbele binding en dus een alkeen. Waar
alkanen eigenlijk moeilijk reageren met de zure plaatsen, doen alkenen dat wel. De
zure plaatsen komen van protonen in een zeoliet. Wanneer deze reageren met het
alkeen ontstaat een carbokation, een positief geladen koolwaterstofmolecuul. Dit
molecuul kan zich herrangschikken en dat leidt tot vertakkingen in het molecuul.
Wanneer het carbokation zijn lading weer afgeeft aan het zeoliet wordt een vertakt
alkeen gevormd dat zich kan verplaatsen naar een metaaldeeltje. Dan vindt op het
metaaldeeltje hydrogenatie plaats. Het vertakte alkeen reageert dan met waterstof, de
dubbele binding verdwijnt en een vertakt alkaan wordt gevormd.

Benzine bestaat uit relatief kleine, vertakte alkanen. Daarnaast bestaan kerosine en
diesel uit grotere, zwaardere moleculen en vertakkingen in deze moleculen voorkomen
dat de brandstof vast wordt bij te lage temperaturen. Vooral op grote hoogtes zoals
die van vliegtuigen wil je ervoor zorgen dat een brandstof nog goed blijft stromen. De
reactie waarbij vertakkingen ontstaan wordt specifiek hydroisomerisatie genoemd.
Bij hydroisomerisatie blijft het molecuulgewicht gelijk, maar krijgt het molecuul
meer vertakkingen.

Hydroconversie kan echter ook doorgaan en met name wanneer een molecuul
meerdere vertakkingen heeft, kan dat leiden tot hydrokraken. Hydrokraken is
gunstig als de moleculen die omgezet moeten worden heel lang zijn. Hele zware
koolwaterstofmoleculen zijn vaak in een vaste vorm, die ook wel was wordt
genoemd. Deze was is niet toepasbaar als brandstof voor voertuigen en met
hydrokraken worden ze op maat geknipt zodat ze de juiste grootte hebben voor
brandstofmoleculen. Daarbij moet wel worden opgelet dat de katalysator niet te
lang door blijft knippen, want dan ontstaan korte koolwaterstoffen (gassen) door
overkraken. Het hydroconversieproces is samengevat in Figuur 6.4.

Het ontwerp van de katalysator zal invloed hebben op de activiteit en selectiviteit
bij hydroconversie. Athankelijk van verschillende factoren zal de katalysator
meer hydrokraken of meer hydroisomeriseren. Voorbeelden van parameters die de
selectiviteit beinvloeden zijn: de zuurheid van het zeoliet, de grootte van de porién
in het zeoliet, de verhouding van het aantal metaaldeeltjes ten opzichte van het aantal
zure plaatsen en het soort metaaldeeltje. Verder is gebleken dat ook de locatie van
de metaaldeeltjes ten opzichte van de zure plaatsen belangrijk is. Al in de jaren ’50
werd hier onderzoek naar gedaan door Paul Weisz. Hij mengde een katalysator
van Pt op silica met een silica-alumina vast zuur en varieerde de macroscopische
korrelgrootte van beide katalysatoren om de afstand tussen de twee functies aan
te passen. Daarnaast synthetiseerde hij een katalysator waarbij de Pt direct op de
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silica-alumina-katalysator was aangebracht. Hoe kleiner de korrelgrootte — en dus
hoe kleiner de afstand tussen de twee functies — hoe hoger de i-heptaanopbrengst
was. De hoogste i-heptaanopbrengst werd bereikt met de katalysator waarbij de Pt
op de silica-alumina was aangebracht. Heel lang werd daarom gedacht dat de twee
functies, metaaldeeltjes en zure plaatsen, zo dicht mogelijk bij elkaar moesten zijn.

NN ANANAN
n-alkaan _— > n-alkeen
-H,
®
N <€ ------ AANAANAN
) n-carbokation
j-alkeen
+H,
j-alkaan j-carbokation
7/ ‘ * N
7 \
7 \
/7 AN
g ‘U
)\/k S
i-alkaan met gekraakte producten

twee vertakkingen

Figuur 6.4. Het hydroconversieproces aan de hand van de omzetting van n-heptaan. De
koolwaterstofmoleculen zijn getekend in het rood. De blauwe tekst geeft de vorm aan waarin het
molecuul zich begeeft. De katalytische functies zijn weergegeven in de oranje tekst en wanneer
waterstof weggehaald wordt van de rode moleculen of eraan wordt toegevoegd staat dat weergegeven
als — H, of + H,. Een doorgetrokken pijl laat een directe reactie zien, de gestippelde pijl geeft een
meerstapsreactie weer die uiteindelijk samengevat kan worden zoals het is getekend.

Uit eerder onderzoek in onze groep weten we dat het bij het gebruik van zeolieten als
vaste zuren het beter kan zijn dat de metaaldeeltjes buiten de zeolietkristallen zijn,
op een zogeheten bindermateriaal. Bindermateriaal wordt in de industrie gebruikt
om een zeolietpoeder te binden tot een groter katalysatordeeltje, maar ook kunnen
we het gebruiken als drager voor de metaaldeeltjes. Wanneer de metaaldeeltjes op
het bindermateriaal geplaatst worden, is waargenomen dat de katalysator meer gaat
hydroisomeriseren. Plaatsing van de metaaldeeltjes in het zeoliet leidt dan tot meer
hydrokraken. Figuur 6.5 laat een schematische weergave van deze twee katalysatoren
zien.
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Figuur 6.5. Schematische weergaven van de verschillende locaties van Pt-deeltjes (oranje cirkels) in
een bifunctionele katalysator, een zeolietkristal (groene vierhoeken) en alumina als bindermateriaal
(rode naalden). a) Een katalysator met platinadeeltjes op en in het zeolietkristal en b) een katalysator
met platinadeeltjes op het bindermateriaal. In de katalysatoren gebruikt in de eerste studies in onze
groep waren de platinadeeltjes ongeveer 3 nm groot en was het zeolietkristal ongeveer 500 nm groot.

Wat staat er in dit proefschrift?

De zaken die hiervoor beschreven zijn, geven de achtergrond van het onderzoek dat in
dit proefschrift is beschreven. Tijdens een promotietraject wordt meestal onderzoek
gedaan naar een specifiek deelgebied. Mijn onderzoek heeft niet plaatsgevonden
in een olieraffinaderij of bij een afvalverwerker, maar in een chemisch lab op de
universiteit. Daarbij hebben wij ons vooral geconcentreerd op locatie-effecten in
bifunctionele katalysatoren en gekeken hoe we die effecten kunnen gebruiken om
zo min mogelijk van de metaalfunctie nodig te hebben. Naast een energietransitie
moet er een materialentransitie plaatsvinden en daarbij hoort dat we zo min mogelijk
zeldzame metalen willen gebruiken of dat we ze zelfs vervangen.

In Hoofdstuk 1 wordt het onderzoek, net als eerder in dit hoofdstuk, in de
bredere context geplaatst. In deze introductiec gaan we daarnaast dieper in op
de wetenschappelijke achtergronden van katalyse, zeolieten, bifunctionele
katalysatoren, hydroconversie en locatie-effecten. Daarbij wordt ook de relevante
wetenschappelijke literatuur aangehaald.

In Hoofdstuk 2 staat beschreven hoe de hittebehandeling van een zeoliet of zeotype
(vanaf nu samen zeoliet genoemd) met palladiumtetraamine-ionen de uiteindelijke
locatie van de palladiumnanodeeltjes beinvloedt. Hiervoor werden ZSM-22 en
SAPO-11 gebruikt en werd palladium aangebracht via ionen-uitwisseling met
palladiumtetraaminenitraat ([Pd(NH,),]J(NO,),) opgelost in water. Vervolgens
ondergingen deze katalysatoren eerst een droogstap, waarna ze of een directe
reductie (DR, directe behandeling met waterstofgas) of een calcinatie-reductie (CR,
eerst een behandeling met zuurstofgas en daarna met waterstofgas) ondergingen.
Deze Pd-ZSM-22 en Pd-SAPO-11 katalysatoren werden vervolgens gemengd
met alumina als bindermateriaal. Ter vergelijking werden ook twee katalysatoren
gemaakt met Pd op het alumina gemengd met lege ZSM-22- of SAPO-11-kristallen.
De verschillen in locatie in zowel de katalysatorserie met ZSM-22 als in de serie
met SAPO-11 werden onderzocht met transmissie-elektronenmicroscopie (TEM) en
Rontgenfotoelektronenspectroscopie (XPS). Daarmee werd gevonden dat de meeste
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Pd-nanodeeltjes zich aan de buitenkant bevonden wanneer de Pd aanwezig was op
alumina, de DR-hittebehandeling ervoor had gezorgd dat er meer (maar niet alle)
Pd-nanodeeltjes op de buitenkant van de zeolietkristallen terechtkwamen en dat de
CR-hittebehandeling er juist voor had gezorgd dat de meeste Pd-nanodeeltjes in de
zeolietkristallen aanwezig waren. Dit had ook gevolgen voor de katalyse, want hoe
meer Pd-nanodeeltjes aan de buitenkant van het zeoliet aanwezig waren, hoe meer
vertakte moleculen zoals i-heptaan en i-hexadecaan werden gevormd.

De minimale hoeveelheid platina (Pt) als functie van de locatie van het Pt-nanodeeltje
is het hoofdonderwerp van Hoofdstuk 3. Voor dit onderzoek werden de zeolieten
ZSM-22 en mordeniet (MOR) gebruikt. In de ZSM-22-serie werden Pt-beladingen
van 0,005-0,5 gewichts-% aangebracht op de ZSM-22-kristallen of op alumina
als bindermateriaal. In de MOR-serie werden katalysatoren gemaakt met een Pt-
belading van 0,01-0,5 gewichts-% met Pt-nanodeeltjes in de MOR-kristallen of op
het alumina. In de MOR-serie was het onafhankelijk van de Pt-belading altijd gunstig
voor de selectiviteit naar i-heptaan als de Pt-nanodeeltjes op het bindermateriaal
waren aangebracht. De ZSM-22 liet ook hogere i-heptaanselectiviteit zien als Pt-
beladingen van 0,05 gewichts-% of hoger waren aangebracht op de alumina. Bij
een gewichtsbelading van 0,01 gewichts-% was het echter gunstiger dat de Pt-
nanodeeltjes op de ZSM-22-kristallen aanwezig waren. Deze katalysator was
minstens net zo actief, selectief en stabiel als katalysatoren met hogere Pt-beladingen.
Maar waarom presteerde de ZSM-22-katalysator met 0,01 gewichts-% Pt op alumina
zo veel minder goed? Karakterisering met TEM liet zien dat de Pt-deeltjes op deze
katalysator kleiner (0,7 nm tegenover 1,0 nm of groter op de zeoliet) waren. Daarnaast
suggereerde verder onderzoek met XPS en Rontgenabsorptiespectroscopie (XAS)
dat deze Pt-deeltjes zelfs na een behandeling met waterstof bij hoge temperatuur in
een meer geoxideerde toestand waren. De Pt kwam voor als Pt-clusters (een paar
atomen groot) of afzonderlijke atomen met een sterke interactiec met het alumina.
Dit werk laat zien dat de locatie van de Pt-nanodeeltjes een spectaculair effect
kan hebben: het aanbrengen van 0,01 gewichts-% Pt op buitenkant van ZSM-22-
kristallen resulteerde in een katalysator die minimaal 10-100 keer minder Pt bevat
ten opzichte van de katalysatoren die gebruikt worden in de industrie.

Omdat de interactie van Pt met de alumina bij het gebruik van lage gewichtsbeladingen
te sterk was, richt Hoofdstuk 4 zich op het vervangen van alumina door silica. Silica
staat bekend om het feit dat het chemisch meer inert is. De verwachting was dat dit
zou resulteren in reductie van Pt-op-silica en dat deze bifunctionele katalysatoren
daarom actiever zouden zijn dan de Pt-op-aluminakatalysatoren. Een serie Pt/SiO,/
ZSM-22 werd gesynthetiseerd met 0,005 tot 0,5 gewichts-% Pt op de silica of op de
ZSM-22-kristallen. Karakterisering met XAS liet zien dat wanneer 0,01 gewichts-%
Pt was aangebracht op de silica, de Pt inderdaad in een meer gereduceerde toestand
aanwezig was. Dit leidde echter niet tot betere prestaties tijdens de hydroisomerisatie
van n-heptaan; bij deze belading was het nog steeds beter om de Pt-nanodeeltjes
aan de buitenkant van de ZSM-22-kristallen aan te brengen. Daarnaast werd de
conversie van n-hexadecaan over de Pt/SiO,/ZSM-22-serie vergeleken met die
van de Pt/Al,0,/ZSM-22-serie. Bij de hydroconversie van n-hexadecaan bleek
een minimale gewichtsbelading van 0,05 gewichts-%, het liefst aangebracht op
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het bindermateriaal (silica of alumina), wenselijk. Op deze locatie kunnen de grote
hexadecaanmoleculen en tussenproducten makkelijker bij de metaalnanodeeltjes
komen. Wanneer de Pt-nanodeeltjes op de silica aanwezig waren, werden minder
nanodeeltjes gevonden met TEM en waren hogere gewichtsbeladingen nodig ten
opzichte van de andere katalysatoren. Ondanks dat de Pt aanwezig was als metallisch
Pt leidde het tot teleurstellende katalytische prestaties. Volgens deze resultaten is
silica geen beter drager- en bindermateriaal in bifunctionele katalysatoren met lage
Pt-gewichtsbeladingen.

Hoofdstuk 5 beschrijft een verkennend onderzoek naar locatie-effecten
in bifunctionele katalysatoren waarin de edelmetalen vervangen zijn door
nikkel(oxide). Ni(oxide) is een actieve dehydrogenatie/hydrogenatie-katalysator.
Een groot nadeel van Ni(oxide) is echter de hydrogenolyse-activiteit. Bij de
hydroconversie van alkanen is hydrogenolyse een ongewenste nevenreactie,
waarbij het metaalnanodeeltje een willekeurige kraakreactie katalyseert. Er kunnen
allerlei korte alkanen uit ontstaan en de producten die het duidelijkst wijzen op
hydrogenolyse zijn methaan (1 koolstofatoom) en ethaan (2 koolstofatomen). Deze
korte alkanen kunnen niet gebruikt worden voor benzine, diesel of kerosine. Voor
dit onderzoek werd zeoliet ZSM-22 gebruikt. Verschillende katalysatoren werden
gemaakt door Ni in verschillende chemische toestanden en op verschillende locaties
aan te brengen: op silica, op/in ZSM-22-kristallen of in de vorm van een fysisch
mengsel met nikkelphyllosilicaat. Alle Ni-katalysatoren lieten hydrogenolyse zien
tijdens n-heptaan- en n-hexadecaanconversie. Interessant was dat de Ni/ZSM-22-
katalysator (Ni aangebracht op/in ZSM-22-kristallen) hoge i-hexadecaanselectiviteit
vertoonde, terwijl het de slechtste i-heptaanselectiviteit vertoonde. Onze hypothese
is dat dit verschil veroorzaakt wordt door diffusielimitaties — een trage verplaatsing
van de moleculen — van n-hexadecaan naar de Ni (oxide)-nanodeeltjes in de ZSM-
22-kristallen. Daardoor zijn de Ni-nanodeeltjes minder actief voor het katalyseren
van n-hexadecaanhydrogenolyse. De verhouding tussen de hydrogenolyse- en
hydroisomerisatieselectiviteit is dus afhankelijk van de Ni(oxide)-locatie en het
moleculair gewicht van de reactanten. Deze vinding is belangrijk voor zowel de
hydroconversie van Fischer-Tropschproducten als voor het omzetten van plastic
afval met veelvoorkomende metalen.

Samenvattend hebben wij onderzoek gedaan naar het effect van de locatie van
metaalnanodeeltjes in bifunctionele katalysatoren. Daarbij hebben we gekeken naar
een nieuwe methode om de locatie te beinvloeden, manieren om de hoeveelheid
benodigd edelmetaal te verminderen en ook naar de mogelijkheid om het edelmetaal
te vervangen door nikkel. Hieruit zijn vier belangrijke bevindingen gekomen. Ten
eerste kan de hittebehandeling tijdens de bereiding van de katalysator de uiteindelijke
locatie van Pd-nanodeeltjes beinvloeden. Ten tweede kan door het gericht plaatsen
van Pt een katalysator gemaakt worden waar 10-100 keer minder Pt in zit, zonder
dat dat ten koste gaat van de katalytische prestaties. Ten derde hebben we laten
zien dat ondanks dat silica misschien een betere keuze lijkt als bindermateriaal,
dit geen betere resultaten oplevert. Als laatste hebben we een stap in de richting
gezet van edelmetaalvrije bifunctionele katalysatoren en daarbij gevonden dat de
hydrogenolyse-activiteit ook afhankelijk is van de locatie en tevens van de reactanten.
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A
a.u.

BET

Cm

CR

DHD/HD

DR

Ea

EDX

Eq

EXAFS

FID

FT

FT-IR

GFT
HAADF-STEM

TA
i-C_
ICP
1E
LCA
LCF
LPG
MOR
MSW

PCP
SAC
SAPO
SEM
TCD
TEM
TPD
TPR

Pre-exponential factor in Arrhenius equation
Arbitrary units

Brunauer-Emmett-Teller

Hydrocarbon molecule with m carbon atoms
Calcination-Reduction
Dehydrogenation/hydrogenation

Direct Reduction

Apparent activation energy

Energy Dispersive X-ray Spectroscopy
Equation

Extended X-ray Absorption Fine Structure
Flame Ionization Detector

Fischer-Tropsch

Fourier-Transform Infrared Spectroscopy
Groente, Fruit en Tuin

High-angle Annular Dark-Field Scanning Transmission

Electron Microscopy
Ion adsorption

Branched hydrocarbon molecule with m carbon atoms
Inductively Coupled Plasma

Ton exchange

Life Cycle Assessment

Linear Combination Fitting

Liquefied Petroleum Gas

Mordenite

Municipal Solid Waste

Number of acid sites

Number of metal sites

Number of palladium sites

Number of platinum sites

Noble metal

Nanoparticle

Linear hydrocarbon molecule with m carbon atoms
Protonated Cyclopropane

Single Atom Catalyst
Silicoaluminophosphate

Scanning Electron Microscopy
Thermal Conductivity Detector
Transmission Electron Microscopy
Temperature Programmed Desorption
Temperature Programmed Reduction
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USD American Dollar (US Dollar)

USY Ultrastable Y-Zeolite

WTL Waste-to-Liquids

XANES X-ray Absorption Near-Edge Structure
XAS X-ray Absorption Spectroscopy

XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction

XRF X-ray Fluorescence

XTL X-to-Liquids or Feed-to-Liquids

ZSM Zeolite Socony Mobil
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