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Abstract

Abstract

Pt clusters encapsulated in MFI micropores with varying Brgnsted acid site (BAS)
concentrations were prepared and characterized. The kinetics and thermodynamics of Hy
adsorption on these Pt/MFI catalysts in the aqueous phase were determined by a novel
kinetic method. The Pt/HMFI catalyst using acidic support (Si/Al = 24) showed lower
adsorption heat of H» than that using neutral support (Silicalite-1). The hydrogenation
activity of these catalysts in the aqueous phase was tested by the reaction of phenol
hydrogenation. The hydrogenation rate of phenol showed a positive correlation with the
hydronium ion concentrations in MFI micropores. Furthermore, catalysts with higher
hydronium ion concentrations showed weaker adsorption of phenol. The hydronium ions
in adjacent to Pt clusters in MFI micropores changed the H-addition pathways. In the
presence of hydronium ion, protonation of the aromatic ring coupled with electron transfer
led to a higher rate than the conventional addition of hydrogen atom. This changed the
reaction order of H, from 0.5 to 1 and decreased the corresponding activation energy from
94 to 63 kJ'mol™. The promising results in this dissertation could shed light on
understanding the H> activation process on transition metal catalysts in the aqueous phase.
Meanwhile, it could provide a potential way to design promising bifunctional catalysts for

the biomass conversion.



Kurzzusammenfassung

Kurzzusammenfassung

Es wurden verschiedene, in MFI-Mikroporen getragerte Pt Cluster mit unterschiedlichen
Konzentrationen an Brgnsted-Sdaurezentren synthetisiert und charakterisiert. Die Kinetik
und Thermodynamik der Hz-Adsorption an diesen Pt/MFI-Katalysatoren in Wasser wurde
mittels einer neuartigen Methode ermittelt. Die aus sauren Tragermaterial (Si/Al = 24)
bestehenden Pt/MFI- Katalysatoren zeigten eine niedrigere Adsorptionswarme von H als
die aus neutralem Tragermaterial (Silicalite-1) bestehenden Katalysatoren. Die Aktivitat
der Hydrierung dieser Katalysatoren wurde in der Phenol-Hydrierungsreaktion in
wassriger Phase ermittelt. Mit der Erhohung der Hydroniumionen geht eine positive
Korrelation mit der Hydrierungsrate einher. Katalysatoren mit einer héheren Konzentration
von Hydroniumionen zeigten eine schwachere Adsorption von Phenol. Die
Hydroniumionen in Nachbarschaft zu den Pt-Clustern in MFI-Mikroporen veranderten den
Mechanismus der Wasserstoffaddition. In der Anwesenheit von Hydroniumionen fuhrt die
Protonierung des aromatischen Ringes, gepaart mit Elektronentransfer, zu einer Erhéhung
der Rate im Vergeich zu der konventionellen Addition des Wasserstoffatomes. Dies
anderte die Reaktionsordung des Wasserstoffes von 0,5 auf 1 und senkte die dazugehérige
Aktivierungsenergie von 94 auf 63 kJ-mol™. Diese vielversprechenden Ergebnisse in dieser
Dissertation konnte Licht in das Verstandnis des Prozesses der Ho-Aktivierung in wéssriger
Phase auf Ubergangsmetallkatalysatoren bringen. Wahrenddessen konnten sie einen
potentiellen Weg zur Entwickung vielversprechender bifunktionaler Katalysatoren zur

Umwandlung von Biomasse aufzeigen.

Vi
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Chapter 1 — Introduction

1.1. General background

With the increase in the price of fossil fuels in recent years and its foreseeable shortage in
the future, finding an alternative route for the production of fuels has become urgent and
necessary. The U.S. Energy Information Administration (EIA) released the International
Energy Outlook 2016 in which an assessment for international energy markets through
2040 was presented, as shown in Figure 1.1. It predicted that the world energy
consumption by fuel would increase by 56% till 2040, from 524 quadrillions British
thermal units (Btu) to 820 quadrillions Btu. Moreover, liquid fuels, coal and natural gas
will still be the dominant energy source and will take up at least 80 % of the world’s total
energy production in the early future. The utilization of renewable energy sources, as the
green line shown in Figure 1.1, will become a trend to produce the replacement of fossil
fuel, and will dramatically increase in the following decades. Therefore, advanced
technologies and methods for utilizing renewable energy sources have attracted increasing

interests.

History 2012 Projections
250

200 Liquid fuels

150

Renewables

MNuclear

0 . . ; .
1990 2000 2012 2020 2030 2040

Figure 1.1. Total world energy consumption by different energy sources in the past and in the
projections from 1990 to 2040 (quadrillion Btu).!

The development of renewable energy resource will not simply enhance the worldwide

economic but reduces environmental pollution issues as well. In the US, the renewable
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energy took up approximately 10 % of the total consumed energy in 2015. Among all kinds
of renewable resources, the biomass source supplied approximately 50 % of all consumed

renewable energy (Figure 1.2a).

Total = 97.7 quadrillion Btu Total = 9.7 quadrillion Btu
geothermal 2%
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— wind 19%
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Figure 1.2. The energy consumption mix and renewable energy construction in the United States
in 2015 (a) and in Germany in 2014 (b).2-3!

The similar situation was observed for that in Germany, which is shown in Figure 1.2b.
The renewable energy made up 11 % of German primary energy consumption, but more
than half of it was from biomass. Therefore, it can be concluded that the biomass has been
becoming one of most promising renewable energy sources recently. It is interesting to
note that final energy consumption from biomass raised about 16 million tons of oil
equivalent in the past decades between 2000 and 2011, while the supposedly rapid
expansion of the wind and solar energy just grew by 3.4 and 2.1 million tons, respectively.
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In another word, absolute growing utilization of biomass in Germany has become 3-fold

higher than that of summed wind and solar, as shown in Figure 1.3.

Biomass-Geothermal-Hydro-Solar-Wind

20

10

Final Energy Consumption (millions of toe)

2000 2004 2008
Year

Figure 1.3. Consumption of renewable energy in Germany from 2000 to 2011 (energy unit is million
tons of oil equivalent).

All the statistics about renewable energy consumption point out that biomass has been
regarded as a potential feedstock for the sustainable production of fuel energy in the future,

because of its abundance, availability, and renewability.

For example, biofuels including biogas, bioalcohols, bioethers, biogasoline and biodiesel
etc., has become the primary alternatives to fossil fuel and been applied in the industry.
However, disadvantages of these biofuels, such as low oxidation stability and corrosive
nature, limit their direct application as transportation fuels as well.[®! Given this, abundant
efforts have been made by scientists to develop new technologies and process for producing
more stable and effective biofuels in the past decades. For instance, the utilization of
heterogeneous catalysis has been universally assessed as the most promising process to
produce and improve the biofuels sustainability recently. In this thesis, bifunctional
catalysts composed of Pt cluster in acid zeolites are employed to investigate hydrogenation

reaction of phenol which is a simplest phenolic monomer from bio-derived compounds.
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1.2. Lignocellulose-derived feedstocks

1.2.1. The components and structures of lignocellulose

Lignocellulosic biomass represents a series of lignocellulosic materials available largely
in the form of agricultural and forestry residues, such as corn stover, sugarcane bagasse,
rice straw or switchgrass, miscanthus, poplar, willow, etc..[®! The lignocellulosic biomass
has great potential for bio-fuel production, because it is rich in carbon by fixing
atmospheric carbon via photosynthesis to generate carbon-based metabolites. Typically,
lignocellulosic biomass consists of cellulose (35 — 50 wt. %), hemicellulose (25 — 30 wt. %)
and lignin (15 — 30 wt. %), and roles of them in the plant are depicted by Menon and his
co-workers,[’! as shown in Figure 1.4. Specifically, cellulose and hemicellulose are main
structural components of plant cell walls. Cellulose is crystalline, strong, and resistant to
hydrolysis hence contributing to mechanical strength, while hemicellulose, as
heteropolymers composed of pentoses and hexoses, has a random and amorphous structure
with little strength. Lignin is cross-linked phenolic polymers mainly containing coniferyl
alcohol, sinapyl alcohol and para-coumaryl alcohol, which fills the spaces in the cell wall
between cellulose and hemicellulose and is responsible for the structure rigidity of plants.
Among the three major biopolymer compounds, lignin is able to contribute up to 40 % of
the total energy content of the plant biomass, thus causing more interest to be chosen as

model compounds to study biomass conversion.
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Figure 1.4. Diagrammatic illustration of the framework of cellulose; hemicellulose and lignin in the
plant cell organization.[s!

1.2.2. Conventional technologies for lignocellulose conversion

Lignocellulosic biomass contains a relatively lower energy density compared to fossil fuels,
because of its high oxygen and water content and low carbon density. Therefore, it is
necessary to carry out depolymerisation and size-reduced process for upgrading
lignocellulosic materials and produce smaller molecules. To date, there are two major
approaches to be considered in order to reduce macromolecule size, as shown in Figure
1.5. One approach is biochemical conversion. For instance, the utilization of some enzymes
is able to decompose sugar polymers into their constituent monomers, which can be further

transformed into a variety of alcohol, methane or other special chemicals.!

The second approach involves thermal-chemical processing that mainly includes (i)
gasification; (ii) liquefaction; (iii) pyrolysis. Specifically, gasification can convert
lignocellulosic materials into syngas which could be further converted to hydrocarbons via
Fischer-Tropsch synthesis route. Alcohols could be achieved by treating the syngas using
anaerobic bacteria.l'® Y Furthermore, thermo-chemical process, like pyrolysis or
liquefaction, can convert the lignocellulosic biomass into size-reduced bio-oil which
includes various liquid organics mixtures with different oxygen-containing functional
groups. In fast pyrolysis, the biomass-derived feedstock is rapidly heated in a fluidized bed

reactor in the absence of oxygen to very high temperature (573 — 873 K) under atmospheric
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pressure at short residence times (1 — 2 s).*2 In terms of liquefaction, both high
temperatures (573 — 673 K) and hydrogen pressures up to 20 MPa are needed to produce
bio-oil.[*%

There are more than 300 different compounds identified in bio-oil, where the specific
composition of the product depends on the feed and process conditions used in the bio-oil
conversion. In general, bio-oil mainly comprises of water-soluble acetic acid, sugars,
polyols and n-hexane-extracted organic molecules including phenols, ketones, aldehydes,
and furans. The acetic acid, sugars, and polyols can be used to produce hydrogen through
aqueous phase reforming. Meanwhile, the hydrogen produced via these components is
enough to selectively hydrogenate the remaining organic fraction to a hydrocarbon

transportation fuel.[*4]

—)[ Combustion ]—)[ Heat & Power ]
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Hydrothermal
processing

Thermo-chemical F
- *
conversion
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.C‘peciality- chemicals
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-
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Biochemical conversion

Figure 1.5. Thermo-mechanical and biochemical processing of lignocellulosic biomass into various
fuel or fine chemical products.®

Despite the advantages of bio-oil mentioned above, its thermal instability, high viscosity,
non-volatility and corrosiveness resulted from the high content of oxygen limit its direct
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application as the source of energy. For example, bio-oil cannot be burned directly in diesel
engines as its low heating value causes ignition difficulties. In addition, its thermally
unstable components lead to an excessive coking to the engine. Therefore, in order to
overcome these drawbacks of bio-oil, oxygen in the organic compounds has to be removed

to upgrade the bio-oil.

1.2.3. Bio-oil upgrading

Given the unfavorable characteristics of bio-oil mentioned above, the upgrading process is
considered as a feasible route to transfer the crude bio-oil into biofuel which can be used
as a transportation fuel or fine chemicals, as depicted in Figure.1.6. Currently, there are
two general routes having been taken into account for bio-oil upgrading, i.e.
hydrodeoxygenation (HDO) and zeolite cracking. Typically, HDO is a high-pressure
operation where hydrogen is used to remove oxygen from the bio-oil, producing high-grade
oil products. While zeolite cracking provides another upgrading path, where acid zeolites

are used as deoxygenation catalysts.

% Offfgas
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m . - .
Dlsnllauoni\_ ?@C
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Pressurization Wastewater  Light OiIH‘
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—— Diesel
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Figure 1.6. Overall flow sheet for the production of bio-fuels on the basis of catalytic upgrading of
bio-oil.[14]
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However, in the realistic catalysis system, catalytic upgrading of bio-oil is a complex
reaction network, because of a high diversity of compounds in bio-oil. As summarized in
Scheme 1.1, cracking, decarbonylation, decarboxylation, hydrocracking, hydrogenation
hydrodeoxygenation and polymerization have been reported to take place for both cracking
and HDO.

In catalytic cracking, hydrogen is not a requirement anymore. This catalytic process is able
to be carried out at atmospheric pressure. However, extensive carbon deposition on the
zeolite leads to a very short catalyst lifetime, which limits its broad application presently.
Therefore, substantial research has been carrying out in the field of HDO, which not just
constitute a possible route for the production of synthetic fuels but is also able to achieve
a good economy potential. Furthermore, this route also constitutes a path to fuels applicable

in the current infrastructure.

H,C
Crackmg. R;/ -CH/2 ‘Cl_l/2 —_— Ri \CHZ + CH R2
o
- Vi
Decarbonylation: RI—C\ — R-H + CO
H
O
. V4
Decarboxylation: R,—C\ — R-H t+ CO,
OH
. CH R
Hydrocracking: Rl/ Z“‘CH/Z 2+ Hy — R,-CH; + H,C—R,
Hydredeoxygenation: R—OH + H, —= R—H * H0
. AN
Hydrogenation: — + CH, _Ry, 4
ydrog C H, — p” iy H,0
H H

Scheme 1.1. Reaction network associated with catalytic bio-oil upgrading.[14
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1.3. HDO of bio-derived compounds over bifunctional catalysts
1.3.1. General introduction of hydrodeoxygenation reactions

HDO generally involves a high H> pressure reaction over the heterogeneous catalyst. The
presence of high H> pressure not simply ensures a higher solubility of hydrogen in the
reaction system for enhancing the availability of hydrogen in the vicinity of the catalyst
but can inhibit carbon deposition on the catalyst surface thus improving the efficiency of
reactor operation as well. Meanwhile, oxygen content will be removed from the bio oil-
derived compounds in the presence of the hydrogen.

HS\ S S S SH HO
Mo Mo Mo Mo Ho HS_ S ,SH H\ SH
HS S S S SH MQ ,MQ /MQ ,MQ CH,
HS S S S SH
-H,s \ +H
2 2 Q\_,CHg
H OH SH H
HS S, S\ SH S\ 7N L / _SH
/M(\) /M\ ’ e /MQ ’M ,Mg MQ Me
HS s” °s” “sH HS SH
CH,
H H
ws. s, O H HS. S s H
-H,0O N 0N 2N S SH N~ 7/ \ /N / _SH
MM MM Mo Mg Mo R
HS S S S S| ) SH

Scheme 1.2. Proposed mechanism for HDO conversion of 2-ethylphenol on a Co—MoS: catalyst.
The blue circle refers to the catalytically active vacancy site.[24 191

A variety of different catalysts has been utilized for the HDO process, in which
sulfide/oxide type catalysts or supported transition metal catalysts are most widely used.
As for sulfide/oxide catalysts, Co/MoS; and Ni/MoS; are the most conventional catalysts
which have been extensively and frequently applied in the HDO reaction. They are
abundantly used as industrial hydrotreating catalysts for removing sulfur, nitrogen, and
oxygen from petrochemical feedstocks. In sulfide CoMo and NiMo-based catalysts, Co or
Ni serves as promoters, which can donate electrons to the molybdenum atoms. Therefore,
the bond between molybdenum and sulfuric weakened, forming a sulfur vacancy site which

is an active site in both HDO and HDS reactions.'? In Scheme 1.2, a schematic

10
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representation of HDO reaction of 2-ethylphenol to ethylbenzene over a Co-MoS; catalyst

is drawn, where blue cycle refers to the active sulfur vacancy site on the catalyst.

In terms of supported transition metal catalysts, mechanistic speculations of HDO reaction
suggest that the supported transition metal catalyst should exhibit two functions, one is
hydrogenation capacity, the other is deoxygenation ability, both of which ensure the

cascade reaction of hydrogenation and deoxygenation/dehydration occurring.

Alkylation

-5)=
Phenol g n Cyclohexanol

LS . <
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\»“ :)‘/
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X Yl 3.
:\ + \'( “0 “/
\"J &3 )

Figure 1.7. Phenol hydrodeoxygenation and hydroalkylation over Pd/C combined with
zeolite H-BEA and La-BEA catalysts.[¢l

As for hydrogenation, most of the transition metals, such as Pd, Pt, Rh, Ni, etc., exhibit
excellent catalytic hydrogenation activity, i.e. reducing or saturating organic compounds
by adding hydrogen. The dehydration in HDO is the other process whereby oxygen is
removed as water, generally followed by adding hydrogen (hydrogenation) for retaining
the carbon molecular architecture. In the dehydration reaction, the acid catalyst system is
widely applied, including homogeneous and heterogeneous acid. In comparison with liquid
homogeneous acid, such as HCIO4 and H2SO4 and HsPOs, etc., the heterogeneous acid
catalysts mostly like acid oxides, modified carbon/SiO> and zeolite show more advantages
and potential for industrial application because they are recyclable, harmless, profitable
and environmentally friendly. For example, Zhao and her co-workers designed acid zeolite-
supported Pd bifunctional catalyst which consisted of Pd/C combining with zeolite H-BEA
and La-BEA. The catalyst was tested in aqueous phase phenol hydrodeoxygenation and

hydroalkylation in the presence of Hy, the process of which is depicted in Figure 1.7. They
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found an optimized H*/Pd ratio (ratio = 21) to enhance the selectivity of final hydrocarbon
products by adjusting the ratio of Pd/C to BEA based zeolites. In this reaction, Pd is in
charge of hydrogenation, and dehydration is solely catalyzed by Brgnsted acid sites from
BEA zeolite, while alkylation can be achieved in the presence of La%* cations.

1.3.2. Applications of bifunctional metal/acid catalysts for HDO
reactions

In most cases, multistep conversions are involved to upgrade highly functionalized biomass
molecules. Heterogeneous catalysts are more desirable as they are easy to be separated and
purified from the reaction mixture after the reaction, in comparison with the homogeneous
catalyst. Therefore, it is necessary to design multifunctional catalysts by integrating
functions of various active sites. A majority of studies have been reported, which involve
the development and optimization of multifunctional catalysts for the biomass conversion
into chemicals and biofuels.*’: 8] Preparation of metal clusters on solid acids enables both
of hydrogenation and dehydration abilities via combining metal and the functions of

Bragnsted or Lewis acid sites.

Lercher’s group developed a series of metal/acid bifunctional catalysts for HDO
conversion of lignin-derived compounds to biofuels in a one-pot process. The oxygen
content of the chosen compounds was removed by acid catalyzed dehydration and
hydrolysis. Meanwhile, metal clusters catalyzed hydrogenation, hydrogenolysis and
decarbonylation of unsaturated compounds. They used bifunctional catalysts consisted of
a metal (Pd or Ni) and acid (HsPOa, Nafion/SiO2 or HZSM-5) to convert phenolic oil into
gasoline-range hydrocarbons (Cé—Cq) in the aqueous phase under mild conditions.[*6 19-25]
For instance, a series lignin-derived compounds including alkyl-, ketone-, and hydroxy-
substituted or alkyl-substituted phenols and guaiacols, were effectively converted into
cycloalkanes (73 — 92 %) and aromatics (5.0 — 15 %) over acid ZSM-5 zeolite supported
Ni catalysts at 250 and 5 MPa of H; (Table 1.1).1241 With the bifunctional Ni/HZSM-5
catalyst, supported Ni particles catalyze hydrogenation and dehydro-aromatization
reactions, while Brgnsted acid sites of the zeolite catalyze dehydration and hydrolysis

steps. [20. 22, 23]
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Table 1.1. HDO conversion of phenolic monomers over bifunctional Ni/HZSM-5 catalyst.[24

) Conversion Selectivity (%)
Phenolic reactant :
(%) cycloalkanes aromatics methanol
O\A 100 92 8.0 -
HO.
:@ 100 74 13 13
H3CO'
100 73 15 12
Dvw 99 80 9.6 10
Dv 99 79 10 11
:@YO 100 77 12 11
H,3CO’
:@\/\ 98 84 6.0 10
:@v\ 100 80 11 9.0
H,CO AN
Hsco:@\/\ 100 79 12 9.0
OCH,
" 93 78 5.0 17

5}

HyCO

Reaction conditions: reactant (0.010 mol), 20 wt. % Ni/HZSM-5 (0.5 g), H20 (80 mL), 523 K, 5 MPa
H2 (at ambient temperature), 2 h, stirred at 680 rpm.

1.3.3. Zeolite as a support of bifunctional catalysts

Zeolite is a kind of porous aluminosilicate materials which consist of aluminum and silicon
surrounded by four oxygen, forming tetrahedral three-dimensional periodic framework. It
is a suitable component to be used as an acid of the bifunctional catalyst, because of its
acidity. The acidity of the zeolite is contributed by the aluminum coordination as well as
the chemical nature of its neighbors. The concentration of acid sites will depend on the
silicon to aluminum ratio which is then rated accordingly by it. There are two types of acid
sites, i.e. Brgnsted acid site (BAS) and Lewis acid site (LAS), existing in the zeolite. BAS
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generally dominated most of the acid sites, as they are located at the bridging OH between
the silicon and aluminum, as depicted in Scheme 1.3a. The negative charges caused by the
aluminum substitution requires counter charged ions such as H* cations to balance the
charges. Therefore, zeolites are able to behave as a Brgnsted acid in donating protons to
guest molecules and perform the acidic function. In particular, when the zeolite is used in
the aqueous phase, Brgnsted acidic protons transform into the hydronium ions, as shown
in Scheme 1.3b.[?¢]

Apart from the acidity of zeolite, another advantage of zeolite as a support of bifunctional
catalyst is its shape and size selectivity, which have attracted interest for both fundamental

study and practical application.
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Scheme 1.3. Schematic representation of BAS structure in aluminosilicate zeolite, (a) in the
absence of water; (b) in the presence of water.

Many applications require the use of porous materials catalyst. To achieve selectivity based
on shapes and sizes of either reactants or products, the catalyst should possess uniform
pores with molecular dimension. Zeolite has a unique framework, with highly ordered
structure and uniform porosity made of the three-dimensional crystalline network that
selectively retains molecules or transition state of certain sizes and excludes the large one.

However, zeolite has only micropores which impose diffusional limitations on reactions
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involving the participation of bigger molecules. If altering the porosity or particle size of
zeolite, it will extend its application to offer unique structural and chemical features for
meet abundant industrial demands. Therefore, several different strategies have been
developed to solve this problem, as shown in Figure 1.8. One approach is to increase the
pore size of the zeolite, such as developing mesoporous or macroporous zeolites with an
unprecedented pore size,?-2%1 or modifying the microporous zeolite by some technologies
to offer different porous distribution but still possess acidity.*® %! Instead of increasing the
pore size, the other approach is to decrease the crystal size of zeolite. Several synthesis

strategies have been applied to prepare tiny zeolite crystals (< 50 nm).[2-34]

Conventional zeolites

U
4 N R

After synthesis process During synthesis process
oy Templating
Milling
Not templating

Seed-inducing

Demetallation

Assembly of nanoparticles

Confining the space of growth

Recrystallization — .
Zeolitization of porous materials

Nanosized zeolite Hierarchical zeolites

Figure 1.8. Overview of synthetic methods for nanosized zeolites and hierarchical zeolites. [

Besides shape selectivity and acidity, zeolites are also stable solids which can resist many
environmental conditions compared to other materials. Such cases could be high

temperature and high pressure. Because of its highly ordered structure made of the three-
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dimensional crystalline network, the structure of most zeolites will not be affected when
subjected to high temperature and high pressure. In terms of health concern, the zeolite is
not harmful when in contact with skin or through inhalation as it is naturally occurring

minerals, will also not cause harm to the environment.

Given the advantages of zeolite, it has become one of the most promising materials for

bifunctional catalysts.

1.3.4. Preparation of metal/zeolite bifunctional catalyst

Zeolite supported metal catalyst is a typical and promising bifunctional catalyst as it
combines two actives sites together, i.e. metal site and acid site. The support zeolite
catalyzes dehydration and hydrolysis with its acid function combining with shape and size
selectivity as well. While metal sites contribute to hydrogenation for unsaturated
compounds. These two types of sites either catalyze in different steps of the whole reaction
or occur in the same step. For example, it could be the interaction taking place at the
different parts of the adsorbed reactant molecules in the presence of a metal/zeolite
bifunctional catalyst.*® Both of metal and acid zeolite ensure processing hydrogenation
and dehydration of HDO reactions.

The components of metal/zeolite involve metal particles and zeolite support, sometimes
with promoters. Metals, especially transitional metals are widely used as an ingredient of
the bifunctional catalyst. Transition metals are significantly valued for HDO because of
their partially occupied d-orbitals, the symmetry of which is suitable for formation of
chemical bonds with neutral molecules. The stable oxidation states and different
coordination numbers of transition metal result from the changes in the number of d-

electrons.

The function of the support, as discussed above, is not only to stabilize or modify metal
particles but also to offer active sites participating in the reaction. Sometimes the promoters
are used to enhance the catalytic performance or the structural effects of the bifunctional

catalyst system. 3]
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The synthetic strategies for loading metal on zeolite support have been extensively studied
in the past decades. There are 4 major methods widely used for the preparation of high

active metal/zeolite catalysts, which will be introduced in the following.

Incipient wetness impregnation method

In the first case, the method is done in a way that the dry support usually in powdered form
is added slowly to the amount of solution equal to its pore volume containing required
amount of metal precursor of the active phase under stirring. This is to ensure that the dry
support is fully wetted. Once the support is in contact with the solution, it will be drawn
into the pores by capillary suction. No excess of the solution remains outside the pore space
for proper wetting. At this instance, the dry support turned into a gel-like substance. The
continuous heating result in the solution being absorbed and the metal precursor is attached
to the dry support.

Impregnation usually followed by drying which is to remove any excess precursor solvent.
The impregnated sample is placed in the calcination tube and heated in the oven with the
flow of gas. The heating rate may affect the drying process. Therefore, it should be properly
programmed and studied before the drying proceed. The gas may be synthetic gas, hydrogen
or oxygen depending on desired requirements. Temperature is maintained slightly higher
than the boiling point of the solvent. The removal of excess solvent from the pores results
in the increase of precursor concentration causing interaction between the precursor and

support.

Compared with some other tedious and high-cost method, wet impregnation method
provides a more simple option to produce a high active metal/zeolite catalyst with good

dispersions. Hence, it is widely used in the lab and in the industry.["]

lon exchange method

On the other hand, the mechanism of ion exchange involves in the substitution of ionic
species by another ionic species in the electrostatic interaction between the surface support
and metal precursor. The surface support containing the first ion is soaked with excess
volume compared to its pore volume of solution containing another ion. This ion

immediately penetrates the pore space of the support and exchange position with the ion
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found in the surface support. Later the exchanged ion moves into the solution. This process

is repeated until equilibrium is reached. [ 381

Deposition-precipitation (DP) method

The deposition-precipitation (DP) method was developed by Geusand his co-workers.3,
which has become a promising approach to prepare a metal catalyst with high dispersion
and high loading. As for the preparation procedure, oxide/zeolite supports are firstly added
in a solution containing metal precursor, which undergoes basification of the suspension
by urea (CO(NH?>).). The hydrolysis of urea gradually and slowly generates hydroxide ions
at rising temperature, hence preventing local super-saturation and the sole precipitation of

metal hydroxide.

Grafting as-synthesized nanoparticles (NPs)

This synthetic strategy was developed by Metin et al. for preparing Monodisperse nickel
nanoparticles.[*?l Specifically, the synthetic procedure of Ni NPs involves firstly the
preparation of soluble Ni NPs by reducing [Ni(acetylacetonate)2] with borane
tributylamine in the presence of oleylamine and oleic acid. Afterward, the as-synthesized

NPs was grafted onto the zeolite under stirring at an ambient temperature in hexane.
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Scheme 1.4. Four processes for loading Ni nanoparticles onto/into Beta zeolite reported by Song
et al. (a) impregnation; (b) ion exchange; (c) DP; (d) NP Grafting.[3"]
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Song et.al. prepared Ni nanoparticle on Beta zeolite via the four methods mentioned above

They gave a schematic representation of the four methods in Scheme 1.4.

1.3.5. Application of metal/zeolite in the phenol HDO reaction.

Phenol as the simplest phenolic monomer of bio-derived compounds was always chosen
as the model compound for HDO reactions in vast fundamental studies.?> 44 |ts HDO
reaction was generally tested over a series of bifunctional catalysts. The reaction sequence
for phenol HDO in the aqueous phase was studied by Zhao and his co-workers in the past
years.[?2: 22 In the beginning, they carried out the phenol hydrodeoxygenation reaction over
Pd/C in the presence of H3POs acid, in which they found that reaction progress was
accompanied by a growing cyclohexanol selectivity but a declining in cyclohexanone
selectivity. This phenomenon indicated that phenol should firstly be hydrogenated to
cyclohexanone which acts as an intermediate in the isomerization of the partial
hydrogenation product cyclohexanol, as shown in Figure 1.9a. While phenol was not
converted to benzene via a direct hydrogenolysis. Besides Pd/C, other supported noble
metal catalysts such as Pt/C, Ru/C, and Rh/C can also efficiently catalyze the aqueous-
phase hydrodeoxygenation of phenol to cyclohexane at 473 K in the presence of phosphoric

acid, with a high yield (ca. 90%) and a high average turnover frequency (TOF >1200 h-
l)l[22]
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Figure 1.9. (a) Phenol conversion (H), cyclohexanol selectivity (@), and cyclohexanone selectivity
(A) as a function of reaction time in aqueous phase phenol hydrogenation. (b) Proposed reaction

pathway of phenol hydrodeoxygenation over Pd/C in the presence of an HzPO4 acid.?2
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Zhao et. al studied the support effect on HDO activity by preparing Ni particles on HZSM-
5 or on HZSM-5 coupling with 19.3 wt. % fraction of y-AlO3 binder and testing in phenol
HDO reaction.[?X! The detailed kinetics of fundamental steps that were involved in the HDO
of phenol over the Ni/HZSM-5 and Ni/Al.0s—HZSM-5 catalysts was compared. Ni/Al,O3—
HZSM-5 exhibited a higher HDO activity due to higher Ni dispersion. The Al,O3 binder
stabilized the ketone intermediate by introducing Lewis acidity. Moreover, the
cyclohexanol dehydration reaction rate on the Ni/HZSM-5 catalyst was slightly higher due
to the higher Brgnsted acid sites concentration. As a result, the dehydration was greatly
enhanced by close proximity between acid and metal sites where the cyclohexene is
irreversibly hydrogenated. The pathways of phenol hydrodeoxygenation over ZSM-5
supported Ni catalysts were also proposed which consisted of four individual steps, similar
to Figure 1.9b. The initial step begins with phenol hydrogenation to cyclohexanone,
followed by the second step, which is by cyclohexanone hydrogenation to cyclohexanol.
Both steps were hydrogenated on metal sites. The next step is the cyclohexanol dehydration
to cyclohexene on HZMS-5, in which the hydroxyl group (OH) is removed as water. The
final step involves cyclohexene rapidly hydrogenated to cyclohexane, which is in
agreement with the pathways the reported for phenol hydrogenation over Pd/C with

H3P04.221 The proposed phenol hydrogenation pathways are drawn in Scheme 1.5.

OH
_Ni,+H, _ Ni, +Hy, Acid, - H,0_ _Nip+H,
hydrogenatlon hydrogenatlon dehydratlon hydrogenation

Scheme 1.5. Reaction sequence of phenol hydrodeoxygenation to cyclohexane over supported Ni
catalysts in the aqueous phase.[]

1.3.6. Advantages of highly dispersed metal/zeolite catalysts

The highly dispersed metal/zeolite catalysts play a vital role in improving catalytic activity,
selectivity and stability in industrial application. Compared with conventional metal
catalysts, the better catalytic performance of highly dispersed metal/zeolite catalyst results
from their highly ordered porous characteristic and more active metal sites for electron

transfer. The objective of utilizing zeolite is to disperse the main metal particle on a suitable
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support to make the catalytic nanoparticle stable for ideal performance and to ensure low

cost of metal used which in turns decreases the overall catalysts expenses.

Furthermore, the high surface area and highly ordered crystal structure of zeolite can affect
the dispersion of the metallic particles thus increasing its stability against sintering. For
instance, Song et al. prepared Ni/HBEA samples with different particle sizes and
dispersions (Figure 1.10) to study the impact of Ni particle size and distribution on the
hydrodeoxygenation of microalgae oil. They reported that the small-sized metal particles
led to higher catalytic activity, and the more uniform particle distribution ensured better
stability of the catalyst in studied reaction. Consequentially, a bifunctional catalyst with
well-dispersed metal on the zeolite would make it a suitable and efficient material in the

practical application.
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Figure 1.10. TEM images of NifHBEA samples prepared by different methods.["]
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1.3.7. Bifunctional Pt/MFI catalyst in phenol hydrogenation reaction

Pt/MFI refers to a bifunctional catalyst with Pt cluster supported on MFI-type zeolite. MFI-
type zeolite is a medium pore zeolite with channels defined by ten-membered rings,
belonging to the pentasil family of zeolites. Most well-known MFI-type zeolite is ZSM-5
(Zeolite Socony Mobil-5) which was first synthesized in 1969 and patented by Mobil Qil
Company in 1972.1%¢1 The framework of ZSM-5 zeolite contains a novel configuration of
AlOg4- and SiOg tetrahedra linked together by eight five-membered rings. Whereas purely
siliceous form of MFI-type zeolite composed with only SiO4 tetrahedra is named as
Silicalite. The MFI elementary units form pentasil chains by joining through the corner
sharing of oxygen atoms to oxygen bridge, and then the chains connect to form sheets in
the same way.*”1 Eventually, MFI structure is formed when the sheets are linked to a center
of inversion. The structure of MFI framework is shown in Figure 1.11.
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Figure 1.11. MFI framework structure.

Zeolites with MFI framework structure have been widely used as active catalysts and/or
supports for a variety of reactions such as cracking, aromatization, dehydration, alkylation,
isomerization of hydrocarbons etc., due to their acidity, shape selectivity, ion-exchanging
properties and special pore structure (i.e. the 3-dimensional micropore topology and large
specific surface area in ZSM-5). Furthermore, given currently increasing industrial oily
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wastewater and frequent oil spill accidents, MFI-type zeolites can be used for oil-water
separation in the field of environmental protection and chemical industrial process, by
varying Si/Al ratio of their composition to be moderately hydrophilic or highly
hydrophobic. For instance, Yu and his co-workers firstly prepared nanosized Silicalite-1,
based on which they sequentially developed a facile and straightforward way to fabricate
zeolite-coated mesh films (ZCMFs) with superhydrophilicity and underwater
superhydrophobicity (Fig.1.12c). A variety of oils can be separated efficiently from a
mixture of oil and water based on the gravity-driven separation process, as shown in
Fig.1.12 (a— b).[48

a F b

Figure 1.12. Oil-water separation studies of ZCMF-12 which was fixed between two Teflon flanges.
(8) The crude oil-water mixture was poured into the glass tube. (b) After separation, water
selectively permeated but crude oil was intercepted by the film. (c) SEM images of ZCMF-12
prepared by seeding and secondary growth process of nanosized Silicalite-1.[4¢]

Besides altering hydrophilicity and hydrophobicity, varying Si/Al ratio of MFI zeolite will
also change its acidity, which is generated by framework tetrahedral Si atom substitution
by Al. As a primary acid integrant of zeolite, BAS density will be varied accordingly by
changing Si/Al ratio, because of its location at the bridging OH between the silicon and
aluminum. Therefore it provides one possibility to modify the BAS of MFI zeolite,
consequentially facilitating acid-catalyzed reactions. In other cases, the thermal and

hydrothermal stability can also be improved by increasing the Si/Al ratio.

Based on the discussion above, it can be concluded that the Brgnsted acid properties have
a significant influence on the catalytic performance of MFI zeolite in heterogeneous

catalysis, and some further modification treatments for the parent zeolite, such as

23



Chapter 1 — Introduction

dealumination, silanization, steaming, alkali-treatment, etc., can optimize its acid

properties thereby improving its catalytic performance. [ 49-54

Pt-based catalysts, as its high catalytic activity for a broad range of substrates have led to
their abundant utilization in vast critical industrial processes, such as hydrogenation and
dehydrogenation reactions in the pharmaceutical industry, reforming reactions in the
petroleum refining industry, organic oxidation reactions and inorganic oxidation
reactions.l>>58l Besides being an excellent catalyst for chemical manufacturers mentioned
above, the Pt-based catalyst is also used as automotive emission control catalyst which
contributes a positive impact on the environment.[5°- Pt-based catalysts also play a vital
role in treating volatile organic compounds emitted from many industrial processes.
Furthermore, platinum, as one of the most common composite electrodes, has been deeply
developed and largely applied in electrochemistry, like in fuel cells.[® 671

Among the catalytic features of Pt, hydrogenated capacity is an essential character of Pt in
catalytic reactions, which generally involves in dissociative adsorption of H, and H-
addition steps on the Pt surface. Since hydrogenation reaction over Pt will be detailedly
discussed in this thesis, it is necessary to understand the steps involving the reaction of
platinum with surrounding hydrogen. Taking hydrogenation of alkenes as an example, the
whole process mostly proceeds in three steps which involve H dissociative adsorption,
hydrogen addition and products desorption (Figure 1.13). Specifically, H> molecules from
the surrounding are firstly adsorbed on the platinum surface, generally dissociated into
active hydrogen atoms. Subsequently, the active hydrogen atom was added to the adsorbed
alkene generating the alkane on the platinum surface. In the end, the formed alkane

molecules desorb from the Pt surface and diffuse into the reaction system.

- Hydrogen => Alkene => Alkane
Platinum surface Platinum surface w Platinum surface
(CSCORSCECALSCE00E25CES QQRQOOEPQODE QOGRS
COOCCOCO0OO0  OAAAAAECONG0  OABASBBOsasd
H, dissociative adsorpiton Hydrogen addtion Hydrogenated product desorption

Figure 1.13. Hydrogenation of alkene on platinum surface.[®®]
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Due to its high catalytic performance, resistance to high-temperature corrosion and
oxidation, Pt has become an essential component for the preparation of bifunctional
catalysts. Moreover, various studies have shown that it is feasible to load nanosized Pt
clusters (1 nm) on the support via common synthesis strategies (IE and incipient
impregnation). For example, Philippaerts et al. prepared 1 — 2 nm sized Pt clusters
encapsulated in the lattice of the HMFI zeolite (Figure 1.14a) via competitive ion
exchange method followed by curtail activation procedures.*® Kim et al. also obtained ~
1nm Pt clusters occluded in HMFI samples by similar ion exchange method (Figure
1.14b).[6%

S
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Figure 1.14. TEM images of 1nm Pt cluster occluded in MFI-type zeolite via ion exchange method
by (a) Philippaerts et al.l*8l and (b) Kim et al..[6%

The well-dispersed Pt encapsulated in MFI samples can provide vast active sites for
reaction system thus improving the reaction rate. Moreover, it could also cooperate with
BAS located in the MFI to expose impacts on related reaction. In the past decades, many
studies reported the acidity of support could improve the metal-catalyzed reaction.[’7]
However, the nature of this acid promotion effect still remains unclear, because most of
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the catalysts reported containing large metal particles which are too large to enter the
micropores of zeolite and not easy to cooperate with the BAS over there. Therefore, it is
necessary to prepare the Pt encapsulated in the zeolite samples to figure out the interaction
of Pt with BAS in the PUYMFI catalysts well as their synergistic effect in heterogeneous
reaction. The synthesis of high-dispersed Pt/MFI sample with different BAS

concentrations will be the subject of interests in the second chapter of this thesis.

To investigate the synergistic effect between Pt and BAS, phenol as a simplest phenolic
monomer from bio-derived compounds was chosen to be tested in aqueous phase
hydrogenation reactions. The hydrogenation of phenol over Pt/HMFI catalyst involves
similar steps as that over Ni/HBEA, actually including one dehydration step by acid. Firstly,
phenol is adsorbed on Pt clusters and the double bond in the aromatic ring is hydrogenated
by the active H atom which is from the dissociative adsorption of H», then forming
cyclohexone. Due to Keto-Enol tautomerization, the ketone is then hydrogenated to
cyclohexanol.l’® Afterward, the alcohol group (OH) will be removed as water and
converted to cyclohexene in the presence of hydronium ion which is the form of BAS in
aqueous phasel?®l. The final step involves cyclohexene rapidly hydrogenated to
cyclohexane. Scheme 1.6 shows the schematic representation of proposed phenol

hydrogenation pathways over Pt/HMFI catalysts.

_Pt+H _Pt+Hy Acid, - H,0_ Pt, + H,
hydrogenahon hydrogenatlon dehydratlon hydrogenation

Scheme 1.6. Sequential pathways of phenol hydrogenation reactions over PtYHMFI samples.

Basically, detailed kinetic studies could provide enough elemental knowledge involving
reaction rates, reaction orders and intrinsic energy barriers for interpreting the influence of
BAS on Pt-catalyzed phenol hydrogenation reactions. Transition state theory (TST) was
applied, which assumes a possible transition state (activated complex) existing between
reactants and products during a chemical reaction and a quasi-equilibrium between the

reactant and the transition state. In addition, Eyring equation was used to calculate the

26



Chapter 1 — Introduction

activation enthalpy and activation entropy according to the experimentally determined rate
constant.

Ky = ’%TTeAS*/Re—AH*/RT (1.1)

By taking the natural logarithm of both sides of Equation 1, the equation can be rearranged
to fit the equation of a straight line (Eq.1.2).

in(2) = (0524 5) =55 () @2

where kmx represents the rate coefficient; R is the universal gas constant with a value of
8.314 J-mol't K'*; and T is the absolute temperature in a given reaction in Kelvin; AH* and
AS* refer to enthalpy and entropy of activation; ks is Boltzmann constant; h is Planck’s

constant is the minimum amount of energy.

k ™mx

The enthalpy and entropy of activation can be calculated by plotting In (T) against%

using Equation 1.2.

1.4. Scope of this thesis

The major purpose of this dissertation is the preparation of sub-nanosized Pt encapsulated
in MFI-type zeolite with different BAS concentrations and their applications for
hydrogenation of phenol. Meanwhile, the individual and cooperative roles of metal and

acid sites are explored by studying reaction kinetics.

In the second chapter of this thesis, a series of Pt/MFI with different BAS concentration
were prepared via impregnation and ion exchange methods. The catalysts were extensively
characterized by the STEM, XAS, Hz chemisorption, IR, etc.. The encapsulation of sub-
nanosized Pt in MFI samples was highlighted by STEM images. The interaction of Pt and
BAS was observed by both IR-CO and XANES measurements.

In the following chapter, a novel kinetic method was developed to determine adsorption
heat of H, on Pt/MFI in the aqueous phase. The detailed kinetics and thermodynamics of
H/D exchange reaction between gas H> and liquid D20 over Pt/HMFI-24 and Pt/Silicalite-

1 catalysts were investigated in details, including elementary steps, reaction rates, rate
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constants, Ho adsorption equilibrium constant, Hz adsorption energy barrier, Hz desorption
energy barrier and H adsorption heat. The influence of water and BAS from support on

H> adsorption over Pt surface in the aqueous phase were also discussed in details.

Apart from H adsorption process, hydrogenation of phenol over PtYMFI samples with
varying BAS concentrations was tested in the aqueous phase. The impact of hydronium
ion, i.e. the form of BAS in water, on the Pt-catalyzed hydrogenation was explored by
detailed kinetic studies. The different pathways of phenol hydrogenation were proposed in
the presence or absence of BAS. In addition, the role of hydronium ions in the phenol

hydrogenation over Pt/HMF catalysts was addressed as well.

The final chapter concluded the general findings from this thesis where we had prepared
well-dispersed Pt supported on MFI zeolites with different BAS concentrations and tested
in aqueous phase phenol hydrogenation reactions. Catalysts with higher hydronium ion
concentrations in MFI micropores showed weaker adsorption phenol, but higher
hydrogenation activity. In the presence of hydronium ion, protonation of the aromatic ring
coupled with electron transfer led to a higher rate than the conventional addition of
hydrogen atom.
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1.5. Associated content

Figure 1.4 and 1.5 reprinted with permission from (V. Menon, M. Rao, Prog. Energy
Combust. Sci., 38 (2012) 522-550.). License number: 4126440146447.

Figure 1.6 and Scheme 1.1-1.2 reprinted with permission from (P. M. Mortensen, J. D.
Grunwaldt, Applied Catalysis A: General.,, 407 (2011) 1-19.). License number:
4126440410941.

Figure 1.7 reprinted with permission from (C. Zhao, W.J. Song, J.A. Lercher, ACS Catal,
2 (2012) 2714-2723.). Copyright (2012) American Chemical Society.

Table 1.1 reprinted with permission from (C. Zhao, J.A. Lercher, Angew. Chem. Int. Ed.,
51 (2012) 5935-5940.). License number: 4126460438705.

Figure 1.8 reprinted with permission from (E. Koohsaryan, M. Anbia, Chinese Journal of
Catalysis, 37 (2016) 447-467.). License number: 4126460722144,

Figure 1.10 reprinted with permission from (C. Zhao, Y. Kou, A.A. Lemonidou, X.B. Li,
J.A. Lercher, Angew. Chem. Int. Ed., 48 (2009) 3987-3990.). License number:
4126461251047.

Figure 1.11 and Scheme 1.4 reprinted with permission from (W.J. Song, C. Zhao, J.A.
Lercher, Chem-Eur J, 19 (2013) 9833-9842.). License number: 4102531079477.

Scheme 1.5 reprinted with permission from (C. Zhao, S. Kasakov, J.Y. He, J.A. Lercher,
J. Catal., 296 (2012) 12-23.). License number: 4126470130492,

Figure 1.13 reprinted with permission from (Q. Wen, J.C. Di, L. Jiang, J.H. Yu, R.R. Xu,
Chem Sci, 4 (2013) 591-595.). License number: 4126470398610.

Figure 1.15 reprinted with permission from (A. Philippaerts, S. Paulussen, S. Turner, et
al., J. Catal., 270 (2010) 172-184. and J. Kim, W. Kim, Y. Seo, et al., J. Catal., 301 (2013)
187-197.). License number: 4126470713637 and 4126470929854.
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Chapter 2

Synthesis and characterization of Pt
clusters encapsulated within MFI
zeolites

Five Pt/MFI samples with the varying Si/Al ratios were prepared by ion exchange
and a specific wetness impregnation method. IR spectroscopy of CO and Pyridine
adsorption, STEM, H2 chemisorption and XAS analysis (XANES and EXAFS) were
applied to characterize the properties of the five Pt/MFI samples. The BAS
concentrations of the supports were in the range of 658 — 0 umol-g* and the LAS
concentrations were below 50 umol-gt. STEM images suggested that the Pt
loading method followed by careful activation procedure ensured a well-dispersed
Pt clusters which were encapsulated in the MFI micropores. The electron
deficiency of Pt supported on H-MFI-24 (Si/Al = 24) was determined by both IR-
CO and XANES analysis. The interaction between BAS and Pt cluster was
determined via H/D exchange between D-form BAS and H over Pt/MFI samples,

which was in agreement with IR-CO and XANES results.
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2.1. Introduction

Platinum catalysts are important materials for green chemistry and car exhaust treatment.
[.21 Under most of the reaction conditions, the catalytic reaction centers, Pt nanoparticles,
are unfortunately subject to deactivation due to leaching, sintering, poisoning or
agglomeration of the Pt clusters. Some methods, such as loading on acid or basic support
and adding certain promoters to the catalysts, were reported to be able to stabilize the Pt

catalysts and avoid the deactivation in reactions.*"]

The control of Pt location on the support affects the catalytic activity of Pt catalyst. Firstly
it adjusts the accessibility of the Pt metal to the reactants. Secondly, it also limits Pt
agglomeration by improving the Pt clusters distribution. Given the importance of Pt
location in the catalyst system, a promising strategy is locating the Pt clusters on/in zeolite
supports, because the highly ordered porosity of zeolite can help to improve the distribution
of Pt by confining the Pt clusters in the channels or pores of the zeolite and contribute the
size and shape selectivity to reactants and products. However, conventional preparation
methods can not provide enough certainty to control Pt location in the zeolite. For example,
the location of the Pt nanoparticles on the MFI support could be at micropores, mesopores
or outer surface. Each case may lead to different size and distribution of Pt particles after
thermal synthesis or activation processes.!®!

Encapsulating Pt clusters within micropores of MFI-type zeolite can not only prevent them
from sintering and contacting with toxic impurities, but can help Pt active sites to select
reactants, transition states and products on the basis of molecular size and shape as well.t*-
121 However, it is difficult to encapsulate such Pt clusters within MFI micropores via post-
synthesis exchange from aqueous or vapor media, because the size of cationic or anionic
precursors surrounded by water molecules and their charge-balancing double layer, or the
size of gaseous complexes prevents their diffusion through the apertures of the
microporous MFI. Furthermore, the encapsulation requires that precursors can be placed
and retained within microporous frameworks during hydrothermal syntheses and

subsequent post-treatment.[®!
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Given these factors, Iglesia and his co-workers firstly developed a synthesis strategy for
the encapsulation of noble metals and their oxides within SOD (Sodalite, 0.28 nm x 0.28
nm), GIS (Gismondine, 0.45 nm x 0.31 nm), and ANA (Analcime, 0.42 nm x 0.16 nm)
zeolites via direct hydrothermal synthesis using metal precursors stabilized by ammonia or
organic amine ligands, which avoided their decomposition or precipitation as colloidal
hydroxides at the conditions of hydrothermal synthesis (< 380 K) and favored interactions
between metal precursors and incipient aluminosilicate nuclei during self-assembly of
microporous frameworks.l*®! Afterward, they reported another approach to encapsulate
metal clusters (Pt, Ru, Rh) within MFI by exchanging cationic metal precursors into a
parent zeolite (BEA, FAU), reducing them with H. to form metal clusters and transforming
these zeolites into daughter structures of higher framework density (MFI) under

hydrothermal conditions.*"!

Philippaerts et al. prepared Pt clusters encapsulated in the lattice of the MFI zeolite crystal
via competitive ion exchange method followed by the rigorous activation process. It is
shown that the calcination in O (purity > 99.9999 %) with low heating rate (0.3 K-min™)
is crucial as it allows the Pt-precursors to be slowly transformed into Pt?* and placed in the
8MR pores of MFI. The following careful reduction process in Hz can reduce Pt>* to Pt%in
the pores.* Luo et al. reported a modified wetness impregnation method to load nanosized
Ru clusters on HMFI, in which the Ru with support solution was evaporated at 353 K under

vigorously stirring.*%]

In this chapter, a series of Pt/MFI catalysts which consist of the nanosized Pt cluster
encapsulated in the micropores of MFI with different Brgnsted acid site (BAS)
concentrations, were prepared via ion exchange and wetness impregnation methods.
Various technologies such as STEM, XAS, IR, etc. were applied to determine particle size
and location of Pt cluster, as well as the interaction of BAS and Pt cluster in Pt/MFI

catalysts.
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2.2. Experimental

2.2.1. Chemicals and materials

The following chemicals were used as received in this work: AI(NO3)3-9H>O (98.0 %,
Sigma-Aldrich), NaOH (98.0 %, Sigma-Aldrich), NaCl (99.5 %, Sigma-Aldrich), Na>SO4
(99.0 %, Sigma-Aldrich), Tetrapropyl ammonium bromide (TPABr, 98.0 %, Sigma-
Aldrich), Tetrapropylammonium hydroxide (TPAOH,1.0 M in H.O, Sigma-Aldrich),
Tetraethylorthosilicate (TEOS, 99.0 %, Sigma-Aldrich), Ammonium nitrate (99.5 %,
Sigma-Aldrich), Ammonium hexafluorosilicate (AHFS, 99.9 %, Sigma-Aldrich),
Tetraammineplatinumnitrate (99.9 %, Sigma-Aldrich), Nitrogen (99.999 %,Westfalen),
Hydrogen (99.999 %,Westfalen) and Oxygen (99.9999 %,Westfalen)

2.2.2. Preparation of MFI zeolites with varying BAS concentrations

NHs-MFI (Si/Al = 15) and NHs-MFI (Si/Al = 25) were purchased from Zeolyst
International (CBV3024E, CBV5524G). H-MFI (Si/Al = 120), H-MFI (Si/Al = 430) and

Silicalite-1 were home prepared via hydrothermal synthesis as reported.!6 7]

Hydrothermal synthesis of zeolites

For the synthesis of H-MFI (Si/Al = 120) and H-MFI (Si/Al = 430), 30 mL solution of
AI(NO3)s (0.21g or 0.42 g of AI(NO3)3-9H20 for H-MFI with Si/Al of 430 or 120) was
added into 30 ml solution of NaOH (3.0 g). Then it was mixed with another 70 ml solution
which contained 14.8 g TPABr and 1.51 g NaOH, followed by stirring vigorously at room
temperature for an hour. Afterward, 20.0g of silicon dioxide was added gradually under
vigorous stirring. Then the resulting mixture was aged at room temperature for 20 hours.
Eventually, the precursor solution was transferred into an autoclave with a Teflon liner and
kept for 48 hours at 448 K.

Silicalite-1 was prepared with a molar ratio of TPAOH : TEOS : EtOH : HDO =9 : 25 :
100 : 480. Specifically, 9 ml of TPAOH was added into a flask along with 1.4ml of H,O

followed by stirring at room temperature for 15minutes. Afterward, under stirring, TEOS
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was added to the mixture dropwise. In the end, the clear reaction solution was sealed in a

100 mL polypropylene bottle and conducted at 363 K for 4 days.

After hydrothermal synthesis, the resulting zeolites was purified by repeated washing with
distilled water until the pH of washing water was close to 7 and then dried in the oven
overnight (373 K). Calcination was carried out in the synthetic air to remove the organic
template at 773 K for 5 hours.

Subsequently, the as-synthesized samples were ion-exchanged three times using 150 mL
of a 1 M NH4NOs solution at 353 K for 2 h, to produce NHs-MFI zeolites. Finally, the

samples were calcined for 5 h at 823 K under synthetic air to generate H-MFI samples

AHFS treatment

AHFS treatment was applied to remove extra-framework alumina. In details, two
commercial NHs-MFI (Si/Al ratio =15 and 25) were respectively added to a solution of
(NHa)2SiFs (AHFS) at 353 K and then stirred vigorously for 5 h. The solution contained a
4-fold excess of AHFS with respect to the Al-content of the sample. After the treatment,
the samples were washed six times at 353 K with deionized water and calcined for 5 h at
823 K under flowing synthetic air (100 ml min~* g, heating rate 10 K min?).

The H-MFI sample is denoted as H-MFI-X, with “X” referring to the Si/Al (atom/atom)

ratio.
Loading Pt on MFI samples

Pt/HMFI-24 and P/HMFI-40 catalysts were prepared by ion exchange (IE) method.[*4
Briefly, 100 mL aqueous solution of Pt(NH3)4(NOs3)2 (0.022g) was mixed with 1 g calcined
zeolite. The slurry was stirred at room temperature for 24 hours. Afterward the solid was
separated from the solution by filtration and was then washed three times with distilled
water followed by drying at 353 K overnight. Then the Pt-loaded sample was carefully
calcined under 150 mL-min O (purity > 99.9999%) firstly at 373 K for 1 h with secondly
increasing to 623 K at 0.3 K-min* and holding for 2 hours, then cooled to room temperature.
The catalyst was flushed with N for 1 h before reduction under the flow of H>. Afterward,
pure hydrogen (150 mL-min*) was flowed in for the reduction. The samples were heated

-38 -



Chapter 2 — Synthesis and characterization of Pt clusters encapsulated within MFI zeolites

to 623 K with a heating rate of 0.4 K-min*and kept for 2 h. Finally, the catalyst was cooled

down to room temperature and flushed by N2 again before collection.

For Pt loading on MFI-type samples with low/no Al concentrations (H-MFI-120, H-MFI-
430 and Silicalite-1), impregnation method was applied. ™! Typically, 1g of dry H-MFI or
Silicalite-1 was slowly added to 25 mL of aqueous solution containing 0.022g
Pt(NH3)4(NOz3). and kept stirring at 303 K for 1 h. Then the temperature was raised to 353
K and kept for 6 h to allow a slow evaporation of the solvent until fine catalyst powder of
uniform white color was obtained. The catalyst was calcined and reduced following the
same procedures as that for Pt/HMFI-24, and Pt/HMFI-40 described above.

2.2.3. Catalyst characterization

The crystal structures of the zeolite powders were analyzed by X-ray diffraction (XRD)
using a Philips X’Pert Pro System, with Cu-Ka1 radiation operating at 45 k\VV/40 mA. The
measurement was carried out with a scanning rate of 0.017°/s and the 26 range from 5 to
70°.

Scanning electron microscopy (SEM) was performed on a JEOL 500 SEM-microscope.

Elemental analysis for Al, Si and Pt content of the samples was determined by atomic
absorption spectroscopy (AAS) on a UNICAM 939 AA-Spectrometer. Prior to
measurement, the sample was dissolved in a mixture of hydrofluoric acid (48 %) and nitro-

hydrochloric acid at its boiling point.

Specific surface area and porosity characteristics were determined from N> adsorption
isotherms recorded on an automated PMI Sorptomatic 1990instrument at liquid N2
temperature (77 K). The samples were outgassed in vacuum (< 1x10~2 mbar) for 2 h at 475
K prior to adsorption. The specific surface areas were calculated by applying the Brunauer-
Emmett-Teller (BET) theory, and the pore volumes were determined by the t-plot

method.[8!

The infrared spectra of adsorbed pyridine (Py-IR) were used to quantify the acid
concentrations on the catalysts. All spectra were collected on a Nicolet 5700 FT-IR
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spectrometer at a resolution of 4 cm™. Catalyst samples were prepared as a self-supporting
wafer and loaded in the center of a home-made IR-cell perpendicular to the IR beam. It
was pretreated in vacuum (<10°° mbar) at 723 K for 1 h. Afterward, the sample was
exposed to 0.1 mbar pyridine for 30 min at 423 K, then physisorbed pyridine was removed
by outgassing for 1 hand the IR spectra of chemisorbed pyridine were recorded at 423 K.
The concentration of BAS and LAS was quantified by integrating the band area of
characteristic vibration bands at 1515 — 1565 cm* and 1435 — 1470 cm?, respectively.

The IR spectra of adsorbed CO (IR-CO) were recorded on a Vertex 70 spectrometer,
Bruker Optics, at a resolution of 4 cm™. The catalyst sample was prepared as a self-
supporting wafer and activated in vacuum (p = 10® mbar) for 1 h at 533 K with a heating
rate of 5 K-min™1, and subsequently re-reduced in 20 mbar H; at 573 K for 1h with a heating
rate of 5 K-min~L. After re-reduction, the sample was outgassed at 573 K in a vacuum for
30 min. After pretreatment, the system was cooled to 303 K, and a spectrum of the activated
sample was recorded. CO was adsorbed with an equilibrium pressure of 1 mbar, followed
by outgassing to remove physisorbed CO. The IR spectra were recorded until changes in
the spectra were not observed. All spectra during CO adsorption were recorded at 303 K.
For a direct comparison of the CO surface coverage, the spectra were normalized by the

weight of the respective wafer.

The IR spectra of H/D exchange between D-form BAS (Z-OD) and H were obtained on a
Vertex 70 spectrometer, Bruker Optics, at a resolution of 4 cm™. The catalyst sample was
prepared as a self-supporting wafer and activated under H; in vacuum (p = 107 mbar) for
1 h at 533 K with a heating rate of 5 K-min™?, and subsequently D,O was induced to the IR
system at 373 K until the band at 3560 — 3650cm™ (Z-OH) disappeared and a new band
(Z-OD) at 2630 — 2690 cm™* appeared completely. After Z-OH had been exchanged to Z-
OD, the samples were outgassed at 373 K in a vacuum (p = 10-® mbar) for 1h. Afterward,
the D-form catalyst was exposed to H; at 323 K, and the IR spectra were recorded after a

certain time.

The scanning transmission electron microscopy (STEM) was performed on a 200-keV FEI

Tecnai instrument. The catalysts were prepared for STEM analysis by lightly crushing each
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powder between two glass slides, and gently rubbing a holey carbon grid on the slide. No

solutions were used in the preparation to avoid any possible change in catalyst morphology.

The Pt Li-edge XAFS spectra were acquired using 12 min (k = 18 A™) acquisition times.
The data was processed using Athena, part of the iXAFS software package,*°! to remove
the background from the y(k) oscillations. The Fourier transform of the k-space EXAFS
data was fit to a theoretical model (FEFF9) 2! using ARTEMIS.[? Reference compounds,
bulk Pt and PtO2, 22 2%l were measured and used to analyze the structure of the studied Pt
catalysts. Because the EXAFS imaginary y(R) plots indicated that there was Pt-structure
as far as R = 8, and the TEM images suggested that all studied catalyst samples contained
a distribution of Pt particles, the following EXAFS analysis protocol was applied to
separate the EXAFS contributions of the “Large” particles that are > 3 nm in diameter and
“Small” particles that are < 3 nm in diameter. In order to perform this, I had first fitted (R-
range of 1 < R < 8 and k-weighting of 2) the Pt-foil reference with the Pt model. This fit
allowed us to determine the necessary fitting paths as well as the respective values for Se?,
atom distances and Debye-Waller-Factors (DWFs). Subsequently, all fit parameters were
set and the R-range was changed to 4.8 < R < 8. In this range, only the “Large” particles
contributed to the spectral features observed in EXAFS. This fit allowed to determine the
fraction of the “Large” particles in each sample. Then a second Pt theoretical model was
added to the fit to represent the “Small” particles. While all fitting parameters for the
“Large” particles were set including the fraction (amplitude parameter in Artemis) that was
determined using the above-mentioned approach, the spectra were fitted using only the first
two Pt-Pt paths of the second theoretical model. The amplitude parameter for the “Small”
particles was defined as the difference between total and “Large” Pt-particles and

represented by Equation 2.1 below:

amprsmaii particles" = 0.965 - (1 — amprrarge particles") *CNp; (Eq.2.1)

, Where CNpt is the Pt first shell coordination number of the “Small” particles and 0.965 is
the S¢? value determined from the Pt-foil reference fit. Therefore the Pt-Pt distances,

coordination numbers and DWFs of the “Small” particles were able to be determined.
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Near-edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS)
measurements were performed at the Pacific Northwest Consortium/X-ray Science
Division (PNC/XSD) bending-magnet beamline at Sector 20 of the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL). The experiments were performed
in transmission mode with a focused beam (0.7 x 0.6 mm) having a flux of 10%° photons
through the sample. A harmonic rejection mirror was used to reduce the effects of
harmonics. A Pt foil was placed downstream of the sample cell, as a reference to calibrate
the photon energy of each spectrum. The catalyst reductions were performed using the
microreactor cell and procedures described by Chase et al.l?*! Glassy-carbon discs, 0.75
mm thick by 3 mm in diameter, were used as the x-ray windows. The catalyst samples were
pressed into a pellet, 0.4 mm thick and 3.5 mm in diameter, and held between the windows
by a cylindrical tube constructed from porous polyether ether ketone (PEEK) mesh (35
um?). Typically, the reactor was purged with H at room temperature using five fill/purge

cycles, then pressurized to 50 bar with Ha.

2.3. Results and discussion

2.3.1. Physicochemical properties of catalysts

As shown in Figure 2.1, the XRD patterns of as-synthesized MFI samples match well with
that simulated from the MFI framework type. The intensities and the width of the
reflections peaks vary with the crystal size. The diffraction peaks are sharp and intensified
for the H-MFI-120 and H-MFI-430 with coarse particles. While it is relatively broad and
weak for the nanoscale crystallites, Silicalite-1. The indication of particle size by XRD is
in agreement with SEM analysis, which is introduced in the following.
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Figure 2.1. XRD patterns of synthesized MFI zeolites with varying Si/Al ratios. The pattern in red
is simulated from the MFI-type framework.

SEM images of as-synthesized MFI samples are shown in Figure 2.2. Silicalite-1 shows a
mean crystallite size of 100 nm, while H-MFI-120 and H-MFI-430 exhibit a similar

aggregation morphology with the average crystallite sizes of approximately 2 um.

H-MFI-120 « < JaimE430

Figure 2.2. SEM images of synthesized MFI-type samples with different Si/Al ratios.
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The high amount of extra-framework alumina on two low Si/Al ratio samples, H-MFI-15
and H-MFI-25, was removed by AHFS treatment. The acidic properties of AHFS-treated
samples are listed in Table 2.1. After the treatment, the characteristic IR vibration bands
of extra framework Al-OH at 3656 cm™ and 3780 cm™ disappeared, as shown in Figure
A2.1 and the LAS concentrations obtained by Py-IR analysis decreased from 213 to 56
umol-g™* for H-MFI-15 and from 137 to 36 pmol- g* for H-MFI-25. Si/Al ratios of the two

samples have increased to be 24 and 40, respectively.

Table 2.1 Acid properties of parent H-MFI and AHFS-treated samples

[b] [b] [b] [b]
Sample Si/AlEl BAS SBAS LAS SLAS
umol- g
H-MFI-15 15 843 705 213 168
H-MFI-AHFS-15 24 698 594 56 35
H-MFI-25 25 564 496 137 94
H-MFI-AHFS-25 40 473 461 36 27

8l Element composition determined with AAS.

bl Acidic properties measured by IR spectra of adsorbed pyridine (Py-IR).

BET surface areas are comparable for all Pt/HMFI samples, except Pt/Silicalite-1 which
shows a bit lower total surface area but much higher mesopore surface area. Notably, the
pore volume of Pt-Silicalite-1 (Table 2.2) is higher than that of the other four samples,
especially the mesopore volume is four times higher than others, which is desirable for Pt
distribution in the support, hence resulting in a high dispersion of Pt clusters in Silicalite-
1.

Table 2.2.Textural properties of Pt/MFI samples with different acid concentrations.

Catalyst BET surface area (m2-g1) Pore volume (cm3-g1)
Micro Meso Total Micro Meso Total
Pt/HMFI-24 391 59 450 0.16 0.11 0.27
Pt/HMFI-40 401 52 453 0.17 0.12 0.29
Pt/HMFI-120 358 86 444 0.14 0.12 0.26
Pt/HMFI-430 354 68 422 0.14 0.06 0.2
Pt/Silicalite-1 176 186 362 0.11 0.47 0.57

The acidic properties of the Pt-loaded catalysts are listed in Table 2.3. The concentrations

of BAS expectedly decrease from 658 to 0 pmol-g~*with the growing framework Si/Al
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ratios of the supports, whereas LAS concentrations are less than 54 umol-g™* for all five

samples.

Table 2.3. Acid properties of Pt/MFI samples measured by IR spectra of adsorbed pyridine.

Si/Al & BAS SBAS LAS SLAS Total

Catalyst
atom/atom umol/g

Pt/HMFI-24 24 658 572 54 39 712
Pt/HMFI-40 40 414 394 40 29 454
Pt/HMFI-120 116 112 106 34 14 146
Pt/HMFI-430 425 48 45 2.6 25 51
Pt/Silicalite-1 oo 0 0 0 0 0

[ Element composition determined with AAS.

Pt/HMFI-24 Pt/HMF1-40
Dave,_zl.l + 0.1 nm D..=12+0.1nm

—ave:*

Figure 2.3. TEM images of Pt supported on H-MFI-24, H-MF-40, and Silicalite-1.

Pt clusters are visible in all samples with approximately 1.0 to 2.0 nm of particle size. The
size and distribution of the Pt particles cross the respective support depending on the
loading method used. As reported previously,**l the slow heating rate under a fast flow of
dry O is significant for avoiding the migration of Pt cation from the MFI micropores
during the pretreatment process. This procedure ensures the removal of ammonia from the
acid sites of H-MFI and converting Pt precursors into Pt?* ions coordinated to the zeolitic
framework. TEM images reveal that impregnation for H-MFI-120 and H-MFI-430 lead to
arelative broad Pt distribution (Figure A2.2 in Appendix) on the external surface of them,
ranging from 1.5 to 2.0 nm, occasionally, some spots are found representing large Pt
clusters. However, as STEM images reveal (Figure A2.3—-A2.6 in Appendix), there is a
majority of Pt particles locating in the voids of zeolites, which could provide an excellent
opportunity for the interaction between Pt and acid sites. As for the other two ion-
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exchanged samples, Pt/HMFI-24 and Pt/HMFI-40 (Figure 2.3), the Pt clusters distribute
more uniformly and more small-size particles were observed, which is in agreement with
the high Pt dispersion determined by H»-chemisorption results. Representative TEM and
STEM images of Pt/HMFI-24 show rather narrow Pt-distribution with the mean particle
size of 1.1 nm (Table 2.4). Even though the maximum diameter of a sphere that can diffuse
along MFI framework is 0.45 nm, the careful preparation and activation process for the
ion-exchanged sample allow to produce sub-nanosized Pt particles, which are mainly
encapsulated inside the zeolite micropores after reduction by Ho.

Table 2.4. Physical and chemical properties of Pt/MFI samples.

Si/Al @ Pt [ Pt size ! Dispersion [ Pt size [

Catalyst

atom/atom wt % nm % nm
Pt/HMFI-24 24 0.99 1.1 99.8 1.1
Pt/HMFI-40 40 0.93 1.2 98.3 1.1
Pt/HMFI-120 116 0.95 2.1 50.2 2.0
Pt/HMFI-430 425 1.01 1.9 63.5 1.6
Pt/Silicalite-1 0 1.00 1.0 100 1.0

[BElement composition determined with AAS.
Plparticle size measured by TEM.

[€IPt dispersion and particles determined by Hz chemisorption.

" Inair at 298 K ]
1k —— PYHMF-24 ——PUHMF-40 -1 Reduced inH, at 473 K B
—— Pt/HMF-120 ——Pt/HMF-430 —— PtHMF-24 —— PY/HMF-40 —— PY/HMF-120
—— PuSilicalite-1 —— PUHMF-430 —— PY/Silicalite-1
1 1 1 1 1
0 5 10 15 0 5 10 15
kA K A

Figure 2.4. EXAFS k2-weighted x(k) plots of the studied catalyst samples measured a) in air at 298
Kand b) in Hz at 473 K are shown. The color-coding is reported in the legend.

Figures 2.4 and 2.5 below show the k2-weighted x(k) and Img[x(R)] plots of the studied
catalyst samples measured a) in air at 298 and b) in H. at 473 K, respectively. It was noted

that both the oscillations observed in Figure 2.4 as well as the presence of Pt-structure at
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R =8 shown in Figure 2.5 indicate that the studied supported Pt catalysts most likely have

a distribution of particle sizes, which is also supported by the acquired TEM images shown
in Figure 2.3.

a) In air at 298 K L b) Reduced in Hz

- —— PYHMF-24 —— PUHMF-40 ] L at473 K ]

—— PYHMF-120 —— PYHMF-430 —— PUHMF-24 7

—— PSilicalite-1 —— PYHMF-40

—— PYHMF-120 ]

@ n —— PYHMF-430 ]

< . —— Pt/Silicalite-1]

z A ]
5 o \

j=2}
E ]
_l -. PRI S NI T S S TN T S S N T S S [N T SN S S T T S B T S S S ST .- nnnnnnnnn | IR R A | TR S R R A
0 2 4 6 8 4 6 8
R, A R, A

Figure 2.5. EXAFS k2-weighted Img[x(R)] of the studied catalyst samples measured a) in air at 298
K and b) in Hz at 473 K are shown. The color-coding is report in the legend.

Table 2.5. The characteristics of the studied supported Pt catalysts as determined by EXAFS
analysis. The “Large” particles were defined as > 3 nm, and the “Small” particles were defined

as < 3 nm in diameter. The fractions of each type of particles present in the samples were also
reported.

“Large” particles [ “Small” particles
Sample Pt-atoms Pt-surface Pt-atoms Pt—Pt Pt—Pt CN Pt-surface
(fraction) atoms (%)M (fraction) A) DWFII Pt—ptl] atoms (%)!
Pt-foil N/A N/A N/A N/A N/A N/A N/A
Pt/HMFI-24 0.130 0.7 0.870 2.749 (8838% (gég) 55.7
Pt/HMFI-40 0.267 1.3 0.733 2.747 (ggégg) (gg;) 44.0
PUHMFI-120 0.487 2.4 0.513 2.759 (8:8(1)22) (Sl’f,j) 236
Pt/HMFI-430 0.537 2.7 0.463 2.761 (88883) (igg) 19.9
Pt/Silicalite-1 0.107 0.5 0.893 2.745 . 7.26 66.1

(0.0012) (0.91)

[ The values for the supported Pt catalysts were reported in the reduced state. The measurement was
performed at 473 K in 50 bar Hy;

1 The uncertainty was reported in brackets;

[l Set to values of the Pt-foil reference by definition (first shell Pt CN = 12, the Pt-Pt first shell bond distance
was 2.766 A, and the DWF was 0.00508 (0.0002);

[4 Assuming spherical Pt particles and 5% surface-Pt for the large particles based on the surface/bulk ratio
of a sphere as determined from Equation 2.2.
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Because EXAFS spectroscopic measurements treated the samples as a whole (bulk), the
analysis typically allowed reporting average particle sizes based on parameters such as the
Pt coordination number (CN). However, in terms of the Pt/MFI catalysts prepared in this
chapter, the specific surface area of the Pt-particles and the number of surface atoms may
affect the catalytic activities. Hence, | have attempted to separate the contributions of the
“Small” and “Large” Pt nanoparticles by defining the “Small” particles as those having a
diameter of less than 3 nm and “Large” particles having a diameter of more than 3 nm.
While this definition may be viewed as a qualitative guess at first, the selected size of 3 nm
corresponds to a nanoparticle with a coordination number for the first-shell Pt of ~ 9.5, as
explained in detail by Frenkel et al. in the past.”® The TEM images (Figure A2.1)
indicated that there was a large fraction of Pt-particles that range in size from 1 — 3 nm thus
further justifying the selected ranges. Subsequent EXAFS analysis was performed based
on the above-mentioned particle gradation by size. The EXAFS fit results including the
determined first shell Pt distances, coordination numbers as well as Debye-Waller Factors
(DWEFs) are reported in Table 2.5. While the specific details of the EXAFS analysis were
reported in the experimental section, spherical Pt nanoparticles were assumed in which the
number of surface metal atoms was determined using Equation 2.2. In Equation 2.2, D
refers to the particle diameter in nm and the surface-Pt was assumed to be a monolayer
with a Pt shell thickness equal to the Pt-Pt distance determined from EXAFS fitting.

% surface—pt = w 100%  (Eq.2.2)
2
While the fraction of “Large” Pt particles (> 3 nm) range between approximately 0.1 and
0.5 from sample to sample, which contain only less than 2.4 % of total surface Pt. Thus the
relative contribution of hydrogen adsorption and subsequent activation by these particles
can be negligible in comparison with the “Small” Pt particles (< 3nm). As seen in Table
2.5, these “Small” Pt nanoparticles account for the majority of the available surface Pt-
species with as much as 66 % of total Pt. The latter particles also typically have an average
Pt coordination number between ~ 7.5 and 8.5 with an average uncertainty of ~ 1. The
values indicate that the studied catalysts on average contain at least half of the total Pt-
species with particle size of 12 — 20 A, which is in agreement with the results determined

by TEM imaging. Eventually, the average Pt-Pt atom distances of the “Small” particles
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compared to the Pt-foil (bulk Pt) decreased slightly with the decreasing of first shell Pt
coordination number, which implies the typical nano-particles as reported for Pd particle

previously.[?

2.3.2. Interaction between Pt cluster and BAS of support

The normalized Pt Ly edge XANES spectra of the parent and reduced Pt-catalysts as well
as Pt-foil and PtO> references are shown in Figure 2.6. The observed resonance peak in
the XANES measured at the Pt L edge corresponds to the allow 2pazs2 to the 5ds2 bound
to bound state transition, which result from the vacancy in the Pt 5d electron level.l?l The
plots in Figure 2.6 include the inserts of the respective white-line peak features for each
sample, in which the Pt-XANES spectra exhibit 1 — 2 eV shifts that appear to be sample-
specific.
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L PtO,
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Figure 2.6. Pt Li edge XANES spectra of the studied catalysts at a) 298 K in air and b) 473 K in
H2 are shown. The Pt-foil and PtO: reference compounds are also shown.

With the exception of the Pt/Silicalite-1 sample, the fraction of metallic Pt generally
increases with decreasing concentration of Al in the zeolite support. This observation
indicates that the formation of Pt-clusters is likely kinetically controlled during synthesis
because increased Al concentrations in the zeolite allowed a higher degree of Pt
incorporation during ion-exchange. The latter lead to the formation of a large concentration
of small, highly-dispersed Pt-particles. Pt clusters on Silicalite-1 also show small size,
which could results from the much higher percentage of mesopore surface area and volume,

compared with other HMFI samples. The higher mesopore surface area and volume
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provide more space for confining Pt particles and preventing them from getting
aggregations. In the case of the reduced catalysts (Figure 2.6b), the shift in the XANES is
attributed to the formation of Pt-hydride surface species. 1 Thus, the amount of adsorbed
hydrogen is expected to correlate with particle surface-Pt concentrations and should thus

be an indicator of the concentration of active sites for hydrogenation reactions.

According to IR spectra of adsorbed CO over Pt/MFI samples, the IR bands of adsorbed
CO shifts to higher wavenumbers and the integrated intensity ratio of linear to bridged
bonded CO (L/B ratio) increase with the increasing BAS concentrations of supports
(Figure 2.7). Both effects suggest a decrease in the electron density of the supported Pt
particles, indicating the interaction between Pt clusters and BAS in the micropores of MFI

zeolites.

10

]
L

L/B Ratio

S
1

0 200 400 600 800
BAS (mmol/g)

Figure 2.7. Integrated intensity ratio of linear to bridged Pt carbonyls as a function of the support
BAS concentration.

The H/D exchange reaction between H, and D-form samples was measured by IR spectra.
The highest exchanged rate (220 + 50 umol-g™*-min™) was observed over Pt/DMFI-24
which consisted of sub-nanosized Pt clusters in the micropores of D-MFI-24. The fast
exchange of Z-OD to Z-OH (Z-OH refers to hydroxyl group from zeolite BAS) by H>
indicates the dissociative adsorption Hz on the Pt surface. Then the active H atom transfer

to replace the surrounding D atom from D-form BAS. However, the exchange reaction

-50 -



Chapter 2 — Synthesis and characterization of Pt clusters encapsulated within MFI zeolites

hardly occurs on only zeolite without the presence of Pt, as the rate is 0.6 = 0.3 umol-g
L.minL. Furthermore, the mixture of Pt/Silicalite-1 and D-MFI-24 did not improve the rate
of this exchange reaction (0.8 + 0.4umol-g*-min). It suggests the short distance is
necessary for the interaction between Pt clusters and BAS. Consequentially, the exchange
reaction process on Pt/HMFI-24 involves the dissociative adsorption of H> on the Pt
clusters, followed by exchanging with OD of the zeolite. Afterward, the H/D exchange
moves on the whole Pt/MFI catalyst, given the trace amount of water in the system would
break OD bond and accelerate the exchange reaction.!? The detailed kinetic studies show
a 0.5" reaction order with respect to Ho, which suggests the dissociative adsorption of H;
on the Pt clusters. The activation enthalpy of the exchange reaction was estimated to be 16
kJ-mol™ by performing the reactions at 303 — 333 K. The details of the calculation were

supplemented in appendix Figure A2.7 — A2.10.
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Figure 2.8. H/D exchange reaction between Hz and D-form samples by the IR measurement under
1 mbar of Hzat 423 K.

2.4. Conclusions

A series of Pt/MFI catalysts composed of the sub-nanosized Pt cluster encapsulated in MFI
zeolite with varying BAS concentration were prepared and characterized in this chapter.
All the physical and chemical properties of these samples were comparable, except

different BAS concentrations of the MFI support. STEM images showed that Pt clusters (<
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2 nm) were well-distributed and encapsulated in the voids of MFI zeolites for all the
catalysts. Both of XANES and the IR spectra of CO adsorption revealed a change of
electronic state for Pt clusters. The H/D exchange reaction between H> and D-form zeolite
suggested the dissociative adsorption of Hz on Pt surface and the interaction of Pt clusters

with proximal BAS.
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2.5. Appendix
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Figure A2.1. IR spectra of H-MFI-15 sample before (in black) and after (in red) AHFS treatment.
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Figure A2.2. TEM images of Pt/HMFI-430 and Pt/HMFI-120.
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Figure A2.4. STEM images of Pt/HMFI-40.
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Figure A2.6. STEM images of Pt/HMFI-430.
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Figure A2.7. IR spectra of H/D exchange reactions under 2.5, 5, 10 and 20 mbar of Hz pressure at
323 K.
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Figure A2.8. H/D exchange reaction under 2.5, 5, 10 and 20 mbar of Hz pressure at 323 K; (a)
Proportionality of Z-OD (D-form BAS) to reaction time; (b) The reaction order (0.5) with respect to

the pressure of Hz. (Rate = -d[Z-OD})/dt = k-[Z-OD]"-pu,")
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Figure A2.9. IR spectra of H/D exchange reactions at 303 — 333 K under 10 mbar of Hz pressure.
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Figure A2.10. H/D exchange reactions at 303 — 333 K under 10 mbar Hz. (a) Proportionality of
residual Z-OD (D-form BAS) percentage to reaction time.at 303 — 333 K. (b) Eyring plot ( In(k/T) —
1000x(1/T) ) to determine the enthalpy required (AH?) to reach the transition state complex.
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2.6. Associate content
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Chapter 3

Determination of H> adsorption heat
on Pt/MFI catalysts in the aqueous
phase

A kinetic method was developed for determining the adsorption kinetics and
thermodynamics of H> on transition metals in water. Using the reaction of gas H>
with liquid D20 into liquid HDO, gas HD and D> catalyzed by a transition metal, a
correlation among the reaction rate, Hz pressure and H> adsorption constant was
established. By measuring the HD and D> formation rates as well as their variation
with pressure and temperature, the H> adsorption constant and adsorption heat
were determined. Applying this method to Pt/MFI catalysts, H> adsorption heats
were obtained as (50 £ 3) kJ-mol- on Pt/Silicalite-1 and (41 £ 3) kJ-mol-! on
Pt/HMFI-24 (Si/Al = 24). It was found that H> adsorption on Pt in water is much
weaker than that in the gas phase and an acidic environment provided by the

support further weakens the adsorption.
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3.1. Introduction

Activation of Ha is the basic step required in catalytic hydrogenation and hydrogenolysis
[3.21 "and in hydrogen fuel cell anode reactions. 4 Transition metals are widely used a
catalysts for H; activation.[> ® The H; activation on a transition metal surface involves
physisorption of Hy, cleavage of H-H bond and formation of H-metal bond on the surface,
which is known as dissociative adsorption.[’! The adsorbed surface H makes new bonds,
e.g. C—H, O—H, with other adsorbed substrates in hydrogenation or hydrogenolysis, or

donates electrons on a fuel cell anode to generate current.

The capability of material to adsorb and activate H> is normally evaluated by its adsorption
heat. The adsorption heat of H> on transition metal has been experimentally and
theoretically well studied and documented (summarized in Table 3.1).1-221 Most of these
studies were on gas phase adsorption, meaning that transition metals were directly exposed
to the H> gas. Plenty of hydrogenation and hydrogenolysis reactions proceed in the aqueous
phase or in the presence of a large amount of water, such as hydrotreating of biomass
derivativest™ © 23 electrohydrogenation in an electrolyte solution*! and enzymatic
hydrogenation by hydrogenasest?* °1. Study of these processes requires understanding Ha
adsorption on the catalyst that is immersed in water.

Table 3.1. Reported adsorption heat of Hz2 on the Pt surface.

AHads (kJ-mol-1) Method Refs.

63 —106 Field emission, Pt crystal [8, 26]

44 -103 modified calorimeter, Pt wire, Pt/SiO2, Pt powder [9, 10]

80 - 92 He beam diffraction, Pt(111) surface [11]

56— 71 Differential scanning calorimeter, supported Pt or Pt |15 57 og]
powder

90 — 95 Heat-flow microcalorimetry, Pt/SiO, Pt powder [13, 14]

60 — 120 Micromeritics ASAP 2010 apparatus, Pt/SiO2 , P/A,O3  [15]

61— 125 differential scanning calorimeter, Pd/SiO2 , Pd/Al,Os [13, 29, 30]

88 — 102 LEED, thermal desorption spectroscopy and contact (3
potential measurements, Pd crystal surface

85— 122 TPD, Ni/SiOz , Ni/Al,03 [32]

44 — 82 Theoretical calculation, on Pt crystal surface [16-18, 33-36]

48 — 178 Theoretical calculation, on Pt clusters [18-22]
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Currently, only through electrochemical methods can the adsorption heat of H2 on materials
in water be determined. In cyclic voltammetry (CV) measurement of a metal electrode in
electrolyte solutions, an adsorption peak in the CV curve was characteristic for under-
potential adsorbed H (Hupa) in the cathodic H> evolution reaction. A hydrogen binding
energy (HBE), which is virtually the H> adsorption heat on the cathode material per mole
H atom,7-%* can be calculated based on the potential of this peak (Epeax) Via multiplying
the Faraday constant (HBE = F-Epeak).*”! This method requires i) the measuring materials
to be electrically conductive; ii) either they themselves to be an electrode or immobilizable
on another electrodes; iii) sufficient electrolyte concentrations in water. These
requirements limit its application to only a small number of materials. Many
hydrogenations and hydrogenolysis catalysts cannot be measured by this method, as those
using oxide supports (e.g. Ni/Al2O3, Cu/SiO2) which are non-conductive and using zeolite

supports (e.g. Pt/HMFI) which exchange cations with electrolytes in the solution.

In this chapter, | established a novel kinetic method to determine the adsorption heat of H»
onto Pt/MFI catalysts immersed in water, which can be applied for other transition metal
catalysts as well. It is based on reactions of gas Hz with liquid D20 into gas D2, HD and
liquid HDO over a certain catalyst, as shown in Equation 3.1 and 3.2 below. By measuring
the formation rates of D> and HD and particularly their variation with Hz pressure and
temperature, | obtain the activation energy of H, adsorption and desorption as well as the
adsorption heat on the catalysts.

H, (g) + 2D,0 (1) Z2%p, (g) + 2HDO (1) (3.1)
Ha (g) + D20 (1) =2 HD (g) + HDO (I) (3.2)

3.2. Experimental and theoretical methods
3.2.1. Preparation and characterization of catalytic materials

To investigate the influence of H. adsorption on phenol hydrogenation over Pt/MFI
catalysts. The Pt/Silicalite-1 and PtYHMFI-24 (Si/Al = 24) were chosen as representative
samples in this chapter. The preparation method and characterization measurements of two

samples have been described in Chapter 2 (Part 2.2. Experimental).
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3.2.2. Reactions of gas Hz with liquid DO

The reactions of gas Hz with liquid D-O over Pt/Silicalite-1 and Pt/HMFI-24 were carried
out in an autoclave (Parr Instrument, 100 mL). Typically, 0.02 g Pt/Silicalite-1 or Pt/HMFI-
24 and 30 ml DO was added into the autoclave reactor. Under 700 rpm agitation, the
reactor was heated to the required temperature. When the temperature was reached, the
reactor was quickly purged with H» for 3 times and pressurized under a certain pressure of
Ha. After a certain reaction time, the gas was collected by a gas bag, and its component was
analyzed by a mass-spectroscopy. The apparent reaction rate and rate normalized to surface

Pt atoms are:
Apparent rate = Product yield / Reaction time

Rate per surface Pt = Apparent rate / Number of surface Pt loaded in reaction

3.3. Results and discussion

3.3.1. Physicochemical properties of catalysts.

Table 3.2. Physicochemical properties of Pt/HMFI-24 and Pt/Silicalite-1 catalysts.

Description Catalysts __
Pt/HMFI-24 Pt/Silicalite-1

Si/Al (atom/atom)! 24 o

Pt loading (wt. %) [ 0.99 1

Pt dispersion (%) 97 100

Pt size (nm)w 1.1 1.0
BAS (umol.g 1) 658 0

LAS (umol.g™1)w 54 0

8l Element composition determined with AAS.
bl pt dispersion Determined by H> chemisorption.
[l Particle size measured by TEM.

@ The acidic properties probed by IR spectra of adsorbed pyridine (Py-IR).

The main physicochemical properties of Pt/HMFI-24 and Pt/Silicalite-1 have been shown
in details in Chapter 2 (in 2.3.1). Here they are also compiled in Table 3.2. The H-MFI-24
(Si/Al = 24) is an acidic support with 658 pmol-g~ BAS concentration and 54 umol-gt
LAS concentration, while Silicalite-1 is non-acidic. The particle sizes of Pt are comparable
for both materials, 1.0 nm for Pt/Silicalite-1 and 1.1 nm for Pt/HMFI-24. Other physical

and chemical properties are summarized in Table 3.2.
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3.3.2. Calculation of kinetic isotope effect

It is known when an atom in a reactant molecule is replaced by one of its isotopes, rate
constants for the reaction may change. The ratio between them is the kinetic isotope effect
(KIE). This effect is normally weak for heavy atom isotopes, but is substantial for hydrogen
isotopes (H, D and T). In the reaction of gas H» with liquid D>O over Pt catalysts, the
kinetic isotope effect in the formation rates of H2, HD and D> involves the three elementary

reactions in Table 3.3. The kinetic isotope effect [KIE]up and [KIE]p, are defined as their

constant rate ratios,

j— sz
2 kHZ

_ kup
ky,’

[KIE]1p [KIE]p

In order to calculate the [KIE]np and [KIE]p, for HD and D2, Bigeleisen's theoretical
treatments were applied.[*°! The the expression for calculating hydrogen/deuterium kinetic

isotope effect was simplified as shown in the following Equation 3.3:

z_H:S-M-I-EXC-ZPE (3.3)

D

Table 3.3. Derivation of kinetic isotope effect (KIE) for the desorption of HD and D2 on Pt.

o . Rate molecular moment Zero point
Description Reaction steps - .
constant mass of inertia energy
H> desorption Pt-H + Pt-H — ey 2Pt + H, ki, 19 M, IH, ZPEpw; ZPEpid
HD desorption  PtH + Pt-D -4 2pt+ HD Ko Mo o ZPEn,
D2 desorption PLD + Pt-D — % 2Pt + D, ko, Mp, I, ZPEp; ZPEp,
3 1
o _ (M| ()Y ZPEn,~ ZPEup) — (ZPEpw = ZPEp). (g4 3.4
o [KIE]yp = o\ T | eXP RT ) g. o
Derivation of H,  \My, /] \Ug,)
Kinetic isotope 3 1
effects [KIE],, = kp, (M1§2>z <(1]§2)2>z (ZPEy,— ZPEp,) — 2(ZPEpwy — ZPEptD)) (Eq. 3.5)
D, — - * P . O.
> ky, M, (1H2)2 RT

H or D in the subscript refers to hydrogen or deuterium containing species. Both S factor
(symmetry number) and EXC factor (from the contributions of vibrationally excited
molecules) were ignorable in this work. Hence only molecular mass (M factor), the moment
of inertia (I factor) and zero point energy (ZPE) of the corresponding species were

considered. Notably, the late transition state was proposed for desorptions of Hz, HD and
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D> from Pt surface, as the reverse process- adsorption of Hz on Pt surface, is almost energy
barrierless.[*6 20 381 |n addition, translational and rotational degrees of freedom for surface
H and D species (Pt-H and Pt-D) were neglected. Eventually, the kinetic isotope effects of
HD and D2 are expressed as Equation 3.4 and 3.5 in Table 3.3. The values of corresponding
M, | and ZPE factors involved in the calculation of Kinetic isotope effects are listed in
Table 3.4.

Table 3.4. M, | and ZPE values of H and D-containing species involved in the calculation for the
KIE.

Species M (g-mol?) | (x10*g-cm~?) ZPEE! (kJ-mol-1) Ref.
Pt-H (d] (d] 17.41] [34]
Pt-D (dl (dl 12.3 [

H2 2 4.67 26.1 (41]
HD 3 6.21 22.6

D2 4 9.31 18.5

a1 ZPE = 0.5hov (v is the fundamental vibrational frequency).

bl Calculated on the basis of vibrations both normal and parallel to the surface.

[l The vibrational frequency of this mode was estimated from that of Pt—-H bond, based on :“—‘D = Z"L“
Pt-H Pt-D

(u
refers to the reduced mass).

9l Translational and rotational degrees of freedom for surface H and D are ignored.

Therefore, [KIE]np and [KIE]p, can be calculated using the values in Table 3.4, according

to Equation 3.4 and 3.5. The values of them vary depending on the temperature, as shown
in Table 3.5.

Table 3.5. [KIE]np and [KIE]p, values at temperatures of 303 — 343 K.

Temp (K) [KIE]Hp [KIE]o,
303 1.29 2.01
313 1.32 2.08
323 1.35 2.14
333 1.37 2.20
343 1.39 2.27
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3.3.3. Kinetic derivation and calculation of H> adsorption heat

The reaction of gas Hz with liquid D20 into liquid HDO, gas HD and D> (Eqg. 3.1 and 3.2)
generally involves three elementary steps: dissociative adsorption of H> (Eq. 3.6), surface
D generation via the reaction of D.O with surface H (Eq. 3.7) and desorption of products
as D2, HD and H: (Egs. 3.8 — 3.10). The detailed elementary steps and corresponding
kinetic parameters are summarized in Table 3.6.

Table 3.6. Elementary steps in the reaction of Hz with D20.

Description Elementary step Rate constant Rate equation

Hz adsorption  H, + 2x—Ka_y oy (3.6) ka Tads = KaPu,0? (3.12)
D* generation  H* + D,O Kee, e+ HDO @) Kexc Toxe = KexcOu[D,0]  (3.12)
H. desorption  H* + H* ka | H, +2% (38 K-a Ty, = k_,04 (3.13)
HD desorption H* + D* Ko, HD +2* (390 kwp=KalKIEl, 14qp = 2kupfpfy (3.14)
D2 desorption ~ D* + D* —Kee D, +2% (310) ko= KalKIEl, 1y, =kp,05 (3.15)

* : Pt sites uncovered by H or D.

Ph,: H2 pressure.

61 and Bpb are the coverage of H and D accessible sites.

0. is the fraction (coverage) of Pt sites uncovered by H or D.

k-a refers to the rate constant of H2 desorption, which is the same with ku, used in Table 3.3.
[KIE],p is kro/k-a: the value varies in the range of 1.29 —1.39, depending on the temperatures of 303 — 343 K.
[KIE]p, is k p,/k-a: the values vary in the range of 2.01 — 2.27, depending on the temperatures of 303 — 343 K.

[D20]: the activity of the D20 in the reaction solution, considered as 1 in pure D20.

The number of adsorption sites on Pt surface is a constant that the total coverage of H atom,
D atom, and uncovered site equals to 1 (Eq. 3.16).

Based on Equation 3.11, 3.13 and 3.15, the coverage of H atom, D atom and the empty site
can be individually expressed as:

Oy =1y - kZ2® (3.17)

Op =15, - k23 - [KIE]52° (3.18)
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— 05, ,-05
0, =1 - ky ‘P, (3.19)
Therefore, Equation 3.16 is reformulated as Equation 3.20.
oy - k295 - [KIE]pO® + g - kI + rgie - k3 ®® - ppd® =1 (3.20)
Considering a steady state reaction, in which the adsorption rate of H, from gas phase onto
Pt equals to the desorption rate of H2, HD and D> from Pt into the gas phase (Eq. 3.21),
Tads — T'Hz + rgp + rDZ (321)
Equation 3.20 is further written as Equation 3.22 and reformulated as Equation 3.23.
oy - k235 - [KIE]p>® 4+ 19 - k29° + (ru, + 1up + 1,)%° - k2% - pp® =1 (322)
(i, + Tup + 10,)%° - po® = k95 — (12 + 19, - [KIE]5>®) - (ka/k-2)"° (3.23)

Note that the last term in Equation 3.23, ki/k.a, is actually the adsorption equilibrium
constant of H» on Pt, i.e. K. (Eq. 3.24).

K, = ka/k_, (3.24)
Thus Equation 3.25 is finally obtained from Equation 3.23 and 3.24.
(T, + Tup + 10,)%° - po® = k35 — (rg> + 19, - [KIE];>®) - K9° (3.25)

The form of Equation 3.25 shows that under certain values of k. and K., which are typically

)0.5 .

constants under a fixed temperature, the term (1, + 7up + p, pﬁo's has a negative

linear correlation with the term of (rH + rDz [KIE]pY 5) The slope is the square root of
K and the intercept is the square root of ka. The desorption rates of HD (ry,) and Da (ry,)

are measurable as the formation rates of HD and D; in the reaction. The desorption rate of

Ha (ry,) 1s difficult to directly measure because of the large presence of gas Ha, however it

can be calculated using the measured ry, and rj, (Eq. 3.26). According to the rate

HD

Equations 3.13, 3.14 and 3.15, r,;, can be expressed as a function of r;, and 7y,

I [KIE]p, Tfip
Hz ™ 4[KIElZp D,

(3.26).

This gives a practical method to determine Ka and ka from linear fitting Equation 3.25,

using the data of r,, and by measured under a series of different pressure of Hy (sz)
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(Table 3.7). Further, all the relevant kinetic and thermodynamic parameters, e.g.
adsorption heat and energy barrier, can be obtained via Arrhenius equation and Van’t

Hoff equation.

Table 3.7. An experimental method to determine the Kka, k-a and Ka via the reaction of Hz with liquid
D20.

Pt
H, (g) + 2D,0 (I D, (g) + 2HDO (| (Eq. 3.1)
Reaction 2(9) 20 () ?’ 2(9) 0]
H; (g) + D20 (I) — HD (g) + HDO (I) (Ea. 3.2)
Equation (i, + Ton + 10,)%° - i = k95 — (nd? + 197 - [KIE]R0®) - K95 (EQ. 3.25)

ruo and ro, measured by HD and D2 formation rate,
[KIE]DZ THD (Eq 3 26)

4[KIE]4p-

Data acquisition
rH, calculated by ry, =

—05

Plotting (74, + Tup + 7p,)*° - pr_° against (rg?° + rd?” - [KIE]p2°) gives a

Plot
linear curve: Ka = (Slope)? ; ka = (Intercept)? ; k-a= (Slope/Intercept)?

* HD
.D2

Yield (mmol)

0 T T
0 20 40 60
Reaction time (min)

Figure 3.1. Yields of HD and D: as a function of reaction time. The error bar is obtained from four
times repetitions. Reaction conditions: 5 mg Pt/Silicalite-1, 30 mL D20, 323 K, 30 bar Hz, stirring at
700 rpm.

A typical reaction result of 30 bar H> with 30 mL D>O over Pt/Silicalite-1 at 323 K is
shown in Figure 3.1, as the yields of HD and D with reaction time. Both HD and D
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increase linearly from the beginning of the reaction till at least 50 min. This indicated that
the period required to reach a steady state reaction was very short thus negligible in our
reaction time scale. Re-adsorption of HD and D> was also negligible within the reaction
time because of the largely excess of H» that the fraction of D atom in the gas phase mixture
was below 2% after 50 min. Nevertheless, the re-adsorption became substantial when the
D-fraction in gas phase reached above 8%, making the plot deviation from linearity after
300 min (Figure 3.2). All our experiment data were collected before the gas phase D-
fraction exceeded 5 % to exclude HD and D re-adsorption. The desorption rates of HD
and D, were obtained from the slopes in Figure 3.1, as (82 * 4) umol-min-tand (25 * 2)
umol-min~t, respectively. Using these two values, the desorption rate of Hz was calculated

to be (79 % 10) umol-min—t according to Equation 3.26.

20%

— 15% A

-
-
-

10% H P

D-atom fraction (%

5% A P

0% @ : . T r
0 200 400 600 800 1000

Time (min)

Figure 3.2. The fraction of D atoms in the gas mixture with reaction time over Pt/Silicalite-1.
Reaction conditions: 5 mg Pt/Silicalite-1, 30 mL D20, 323 K, 30 bar Hz, stirring at 700 rpm.

In the same way, a series of Hz, HD and D desorption rates over Pt/Silicalite-1 and
Pt/HMFI-24 at different H> pressures and different temperatures were measured (Table
A3.1in Appendix). They were plotted in the manner of Equation 3.25 in Figure 3.3. Each
plot under a fixed temperature showed a linearly decreasing trend, in good agreement with
the prediction by Equation 3.25. The values of K, and ks were obtained by linear fitting of
the plots. For example, linear fitting of the red plot in Figure 3.3a, which was the reaction

result of Pt/Silicalite-1 at 303 K, gave a slope of 0.529 and an intercept of 1.52,
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corresponding to Ka of 0.28 bar™' and ks of 2.3 s~!-bar™'; further k. was calculated to be

8.2s7! as the division of ki by Ka. All the adsorption rate and equilibrium constants were

summarized in Table 3.8.
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Figure 3.3. Reaction kinetic results over Pt/Silicalite-1 (a) and PtYHMFI-24 (b) under different

pressures and temperatures plotted using Equation 3.25.

Table 3.8. Adsorption and desorption rate constants and adsorption equilibrium constants over
Pt/Silicalite-1 and Pt/HMFI-24 at temperatures from 303 K to 343 K. (Rate constant and equilibrium

constant values have relative deviations of ~ 10%).

Pt/Silicalite-1 Pt/HMFI-24
Temp.(K)
ka (s) ka (s*bar?) Ka (bar?) ka (s1) ka (s'bar?) Ka (bar?)
303 8.2 23 0.28 13 1.8 0.14
313 19 23 0.12 22 2.0 0.091
323 31 2.2 0.072 34 2.0 0.059
333 50 24 0.048 61 2.2 0.036
343 96 24 0.025 100 2.2 0.021
E Desorption Adsorption Adsorption Desorption Adsorption  Adsorption
nergy barrier barrier heat barrier barrier heat
(kd-mol1)
51+3 1+2 50+3 44 +3 32 41+ 3

The adsorption isotherm of H, on Pt/Silicalite-1 in water was compared with that in the gas

phase in Figure 3.4a. In the gas phase, H2 adsorption was very strong so that the saturated

adsorption was readily reached at a H» pressure below 0.1 bar. In contrast, at 0.1 bar the
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Pt/Silicatalie-1 in water had a coverage of only 0.18 and the saturated adsorption required
an Hy pressure as high as above 1000 bar. The same trend was also observed on Pt/HMFI-
24 (Figure 3.4b). The weak adsorption in water than in the gas phase was reflected by the
lower adsorption heat in water. The H> adsorption heat on Pt in the gas phase was reported
experimentally®®1%! and theoretically*®2??l to be in the range of 60 — 100 kJ-mol,
depending on the coverage and exposed lattice surfaces. The value is substantially higher
than the measured adsorption heat on Pt in water, (50 + 3) kJ-mol~* for Pt/Silicalite-1 and
(41+ 3) kJ-mol~! for Pt/HMFI-24. Considering that the Pt surface in water is covered by
multilayers of water, the lower H> adsorption heat in water compares to that in the gas
phase, is attributed to the presence of oriented and structured water species adsorbed on the
Pt surface.*>*] The adsorption of H, on Pt surface competes with that of water,
substituting water and disrupting the well-structured water chains or oligomers on a Pt
surface. Therefore, part of the H. adsorption heat is compensated by the energy required to
desorb water from Pt surface to bulk phase water. Furthermore, the H2 adsorption strength

will be affected by the adsorption state/strength of water on Pt.

1.0 a 10
(a) (b)

08 - 08 1
..:E 06 1 .,:E 06
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Figure 3.4. Adsorption isotherm of Hz on (a) Pt/Silicalite-1 and (b) PtYHMFI-24 in the gas phase
and water phase at 298 K. (Gas phase isotherm was measured by Hz-chemisorption.) Isotherm in
water was plotted by using dissociative adsorption model and the adsorption equilibrium constant
at 298 K. The adsorption equilibrium constant at 298 K was obtained based on the constants at
303 — 343 K and Van'’t Hoff equation.
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The activation energy of Hy adsorption and desorption and the adsorption heat were
obtained by using the Arrhenius equation and Van’t Hoff equation (Figure 3.5). For both
Pt/Silicalite-1 and Pt/HMFI-24, the H> adsorption rate constants ka were hardly changed
with temperature. Almost no activation energy was required for the adsorption of H. on Pt,
i.e. (1 £ 2) kJ-mol~* on Pt/Silicalite-1 and (3 * 2) kJ-mol~ on Pt/HMFI-24. This agreed
with the previous study which reported that the dissociative chemisorption process was
nearly barrierless on the Pt.[!6: 20368 The desorption rate constants k-, increased with an
increase of temperature, with desorption activation energies of (51 + 3) kJ-mol~ on
Pt/Silicalite-1 and (44 + 3) kJ-mol~* on Pt/HMFI-24. The adsorption equilibrium constants
Ka decreased with temperature, showing an exothermic process. The adsorption heats were
(50 + 3) kJ-mol~! on Pt/Silicalite-1 and (41 + 3) kJ-mol~t on Pt/HMFI-24. The higher
adsorption heat of ~9 kJ-mol~ on Pt/Silicalite-1 over Pt/HMFI-24 was caused by the
acidity of the H-MFI-24 support. It was reported that H binding energy (HBE) of Pt was
sensitive to the acid-base properties of the surrounding environments.[38 39451 For example,
the HBE of both Pt (110) and (100) surface decreased about 15 kJ-mol~! with the pH
changed from 13 to 0.8 Therefore, the acid sites in HMFI provided an acidic environment
for Pt which lowered the HBE and decreased the adsorption heat of Hz on Pt. Whereas
Silicalite-1 contained no acid sites thus Pt was in a neutral environment, resulting in a
higher HBE and a higher Hz adsorption heat. It was speculated that the presence of adjacent
hydronium ions had an impact on the dipole orientation or dipole moment of adsorbed
water on the Pt surface, % 45 461 strengthening the adsorption of water, and consequently

weakening the competitive adsorption of Ha.
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Figure 3.5. Arrhenius plots of adsorption and desorption rate constants and Van’t Hoff plot of
adsorption equilibrium constants, in Hz adsorption on Pt/Silicalite-1 (a) and PtYHMFI-24 (b) in water.

3.4. Conclusions

In conclusion, a practical method was established to determine the adsorption kinetics and
thermodynamics of Hz on transition metal immersed in water, based on the reaction of gas
phase H> with liquid DO, as shown in Figure 3.6. The desorption rates of Hz, HD and D>,
the H2 pressure and the adsorption rate constant and equilibrium constant have a correlation

described in Equation 3.25.

(Tu, + Tup + TDZ)O'SPES'S = k3 — (Tlg'zs + TS'ZS[KIE]BS'S)KQ'S (3.25)

By measuring the formation rates of HD and D in the reaction, particularly their variation
with H> pressure, the adsorption rate constant and equilibrium constant were obtained by
fitting the data using Equation 3.25. Applying this method to Pt/MFI samples, the H>
adsorption heat on Pt/Silicalite-1 and Pt/HMFI-24 were determined to be (50 £ 3) kJ-mol~
Land (41 + 3) kJ-mol?, respectively. In addition, this approach allows the determination
of adsorption equilibrium constants and the rate constants under operando conditions of
catalysts, which could shed light on the understanding of H» activation on working catalysts

and their catalytic performance in hydrogenation/hydrogenolysis in the water phase.
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Figure 3.6. Reactions of gas H» with liquid DO into gas D, HD and liquid HDO over supported

transition metal.

3.5. Appendix

Table A3.1. The desorption rates of Hz, HD and D2 normalized to the number of surface Pt over
Pt/Silicalite-1 (A3.1a1—as) and Pt/HMFI-24 (A3.1b1—bs) at 303 — 343 K. (Values for HD and D2 have

relative deviations of 5%; values for Hz have a relative deviation of 10%).

Table A3.14 (303 K)

Pressure Desorption rate (mol-molpt surt.=1-s71)
(bar) HD D> H2
10 1.70 0.66 131
15 1.84 0.55 1.84
20 1.97 0.57 2.07
30 2.41 0.84 2.07
40 2.56 0.89 2.20

Table A3.1: (313 K)

Pressure Desorption rate (mol-molpt surt.=1-s71)
(bar) HD D> H2
10 2.77 1.15 1.99
20 3.28 0.85 3.75
30 3.56 0.83 4.59
50 4.10 0.88 5.70
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Table A3.1:5 (323 K)

Pressure Desorption rate (mol-molptsurr.=1-s71)
(bar) HD D2 H2
10 3.59 2.55 1.49
15 4.54 240 2.53
20 4.69 1.80 3.62
30 5.54 1.71 5.30
40 5.76 1.53 6.39

Table A3.1.4 (333 K)

Pressure Desorption rate (mol-molptsurr.=1-s71)
(bar) HD D> H2
10 3.83 1.01 4.29
15 4.72 1.18 5.55
20 5.43 1.31 6.61
30 6.45 1.47 8.32
40 8.38 242 8.51

Table A3.1.5 (343 K)

Pressure Desorption rate (mol-molptsut="-s7")
(bar) HD D2 H2
10 4.48 1.39 5.41
20 7.37 248 8.25
30 8.51 2.55 10.7
50 1.9 3.86 13.7

Table A3.1p1 (303 K)

Pressure Desorption rate (mol-molptsurt.=1-s71)
(bar) HD D2 H2
10 2.08 0.99 1.31
15 2.40 0.94 1.83
20 2.38 0.67 251
30 2.67 0.66 3.26
40 2.76 0.63 3.60
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Table A3.15, (313 K)

Pressure Desorption rate (mol-molptsurr.=1-s71)
(bar) HD D2 H2
10 231 3.88 0.41
20 4.16 3.37 1.53
30 5.14 3.73 211
50 5.92 4.35 2.39

Table A3.153(323 K)

Pressure Desorption rate (mol-molptsurt.='-s71)
(bar) HD D2 H2
10 3.53 2.03 1.82
20 5.10 2.37 3.24
30 6.32 3.11 3.78
40 7.11 3.59 4.16
50 7.92 6.90 2.68

Table A3.14 (333 K)

Pressure Desorption rate (mol-molptsurt.=1-s71)
(bar) HD D2 H2
10 4.75 4.33 1.13
20 6.43 7.24 1.24
30 7.85 8.60 1.55
50 10.6 9.88 2.47

Table A3.1y5 (343 K)

Pressure Desorption rate (mol-molptsurt.=1-s71)
(bar) HD D2 Ha
10 3.58 7.99 0.47
20 6.90 7.99 1.29
30 10.9 9.27 3.73
50 14.2 13.9 4.24
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3.6. Associated content

Publication
This chapter is to be submitted in Angewandte Chemie. The content and structure of

Chapter 3 are different from the manuscript.
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Chapter 4

Influence of support acidity on the Pt-
catalyzed hydrogenation of phenol in
the agueous phase

The hydrogenation activity of five Pt/MFI samples with varying BAS concentrations
in the aqueous phase was tested by hydrogenation reaction of phenol. The
hydrogenation rate of phenol showed a positive correlation with the hydronium ion
concentrations in MFI micropores. Furthermore, catalysts with higher hydronium
ion concentrations showed weaker adsorption of phenol. The hydronium ions in
adjacent to Pt clusters in MFI micropores changed the H-addition pathways. In the
presence of hydronium ions, protonation of the aromatic ring coupled with electron
transfer led to a higher rate than the conventional addition of hydrogen atom. This
changed the reaction order of H> from 0.5 to 1, and decreased the corresponding

activation enthalpy from 94 to 63 kJ-mol-L.
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4.1. Introduction

The conversion of biomass into fuels and chemical feedstocks is an alternative to reduce
the dependence of the world on crude oil. However, its corrosive nature, low vapor pressure,
and high viscosity limits its extensive application. Hydrodeoxygenation over bifunctional
catalysts of metal supported on zeolite provides an efficient method to remove the high

oxygen content within the biomass to produce hydrocarbon.

It has been established that catalytic activity of supported metal catalysts can be enhanced
by the support properties. Sachtler et.al accounted for the higher turnover frequency of
neopentane conversion over the acid Pd/NaY catalysts by the formation of [Pdn-Hx]**.[!]
Some reports attributed the acid promotion to the alteration of the metal band structure
induced by proximal protons.>° There were also some explanations for acid-promoted
phenomenon pointing out the presence of acid can either stabilize reduced form of metal(®
1 or prevent the metal from leaching, positioning and coke depositiont® 1,

In a recent study by Song and her co-workers, the higher hydrogenation activity of phenol
over Ni/HMFI with more BAS concentration was partially attributed to the enrichment of
phenol and the reaction intermediates in the pores of the more acidic zeolite. Furthermore,
they also proposed concentration of active H for phenol hydrogenation would be not only
contributed by the dissociative adsorption of Hz on the Ni particle, but also by the
concentration of available protons adjacent to Ni particles, i.e. the Brgnsted acid site of
zeolite delivered an additional proton for phenol hydrogenation process. [*% However, there
was no direct evidence that BAS in zeolite micropores facilitated adsorption of phenol in
the aqueous phase. Moreover, the catalytic role of BAS in the hydrogenation process was

not clarified in details by them.

Although several models have been proposed, the catalytic role and intrinsic impact of
support acidity on metal-catalyzed reaction still remains unclear. Therefore, the aim of this
chapter is to investigate the intrinsic impact of support acidity on the process of platinum-
catalyzed phenol hydrogenation in the aqueous phase. In this chapter, the Pt/HMFI sample
with higher BAS concentration showed a higher hydrogenation activity. Detailed kinetic
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studies provided insights into the effect of acid promotion, in which different H-addition

pathways of phenol in the presence or absence of hydronium ions were reported.

4.2. Experimental
4.2.1. Chemicals and Materials

The following chemicals were used as received in this work: NaCl (99.5 %, Sigma-Aldrich),
Na2S04(99.0 %, Sigma-Aldrich); Phenol (99.0 %, Sigma-Aldrich), Cyclohexanol (99.0 %,
Sigma-Aldrich), Cyclohexanone (99.0 %,Sigma-Aldrich), 1,4-Dimethoxybenzene
(99.0 %, Sigma-Aldrich), D0 (99.9 atom % D, Sigma-Aldrich), Chloroform-d (99.8 atom %
D, Sigma-Aldrich), Ethyl acetate (99.9 %, Sigma-Aldrich), Nitrogen (99.999 %,
Westfalen), Hydrogen (99.999 %, Westfalen) and Oxygen (99.9999 %, Westfalen).

4.2.2. Preparation and characterizations of Pt/MFI catalysts.

Five Pt/MFI samples with varying BAS concentrations, i.e. PttHMFI-24, Pt/HMFI-40,
Pt/HMFI-120, Pt/HMFI-430, Pt/Silicalite-1, were used in this chapter. The preparation
procedures of these catalysts have been reported in Chapter 2 (Part 2.2. Experimental),

thereby no future descriptions herein.

Most of the characterization measurements of these catalysts, such as AAS, STEM, H>
chemisorption, IR, etc., were also introduced in Chapter 2. While the measurement of

phenol adsorption on the catalysts in the aqueous phase was described below:

The adsorption isotherms of phenol from aqueous solutions on Pt/HMFI-24 and
Pt/Silicalite-1 were determined at room temperature and fitted with Langmuir-type
isotherm to obtain phenol adsorption constants for both samples. Specifically, 20 mg of
catalyst (m) was immersed in 2 mL (V) of a phenol solution at a given concentration (co).
The equilibrium concentration (ce) was measured after 24 h using UV-VIS (Hitachi
Spectrophotometer U-3000 series, Amax = 264 nm, externally calibrated). The phenol uptake
(g) was determined by the change in the bulk concentration, the volume of the solution and

mass of the solid sample, as shown in Equation 4.1:

q=V-(co—ce)m?  (4.1)
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4.2.3. Catalytic measurements

The aqueous phase hydrogenation of phenol was performed in an autoclave (Parr
Instrument, 300 mL). Typically, 1.0 — 3.0 g phenol, 0.01 g Pt-based catalyst, and 100 mL
distilled H.O were charged into the autoclave followed by pressurizing H.. Subsequently,
it was heated to the desired reaction temperature. After a certain time, the autoclave was
quenched by fast cooling to 278 K in an ice bath. The organic products were extracted from
the aqueous phase with 20 mL ethyl acetate for three times. To enhance the extraction
efficiency, sodium chloride was added to the reaction mixture. The organic phase was dried
over sodium sulfate. 1,4-dimethoxybenzene was added in the extracted solution as internal
standard. Products were qualitatively and quantitatively analyzed by a GC-MS (Agilent
7890 B-Agilent 5975C MS) equipped with an HP-5 capillary column (30 m x 250 pm x
0.25 um).

H/D substitution reaction of phenol with catalysts in D>O was carried out in a 100 mL of
autoclave (Parr Instrument). Typically, 5 mg catalyst and 0.3 g phenol were mixed with
the 30 mL D20. Hydrogen or nitrogen was charged in the autoclave (ambient temperature).
Then, after the required temperature was reached, the stirring was initiated and the reaction
time was recorded from that point. After the reaction, the organic products were extracted
with ethyl acetate and analyzed by MS (Agilent 5975C) or with chloroform-d for *H MAS
NMR analysis (using an Avance I11 500 System from Bruker Biospin with an Ultra Shield
500 MHz magnet and a SEI 500 S2 probe head).

4.3. Results and Discussion

4.3.1. Catalysts characterization

The main physicochemical properties of five Pt/MFI samples were shown in details in
Chapter 2. Here they are also compiled in Table 4.1. The Pt contents of five samples are
at around 1wt. %. The textural properties and Pt particle size of these catalysts are all
comparable. Notably, the concentration of BAS expectedly decrease from 658 to O umol-g~
1 with the growing framework Si/Al ratio of the support from 24 to infinite. LAS

concentrations are less than 54 umol-g™* for all five samples.
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Table 4.1. Physical and chemical properties of Pt/MFI samples.

Si/Al BET ptlal  ptsizell! Dispersionl®  Acid sitel (umol- g-1)

Catalyst

ratiol (m2 gl wt% nm (%) BAS LAS
PYHMFI-24 24 450 0.99 1.1 99.8 658 54
Pt/HMFI-40 40 453 0.93 1.2 98.3 414 40
PYHMFI-120 120 444 0.95 2.0 50.2 112 34
PUHMFI-430 430 422 1.01 1.9 37.1 48 2.6
Pt/Silicalite-1 o0 362 1.00 1.0 100 0 0

[l Element composition determined with AAS.
bl Particle size measured by TEM.
[°] Pt dispersion Determined by H2 chemisorption.

[dlthe acidic properties probed by IR spectra of adsorbed pyridine (Py-IR).

4.3.2. Catalytic hydrogenation of phenol over Pt/MFI catalysts

In order to explore the roles of acid and metal sites in the bifunctional Pt/HMFI catalysts,
the hydrodeoxygenation reactions of phenol were performed in the aqueous phase. Based
on the mechanism proposed by Zhao et al., 1% 11 the phenol hydrodeoxygenation reaction
in aqueous phase proceeded in the following pathway (Scheme 4.1): phenol was firstly
hydrogenated on Pt into cyclohexanone as the primary product, which was subsequently
hydrogenated to cyclohexanol. In the presence of hydronium ion, cyclohexanol was
dehydrated to cyclohexene, which was finally hydrogenated to cyclohexane. The overall
reaction pathway required two functions of Pt/HMFI samples, with Pt catalyzing the
hydrogenation of aromatic ring and alkene, and acid sites mediating the dehydration of

cyclohexanol intermediate.

OH
_PtAH, Pt, +H, H(H20)" _ Pty
hydrogenatlon hydrogenat|on dehydratlon hydrogenation

Scheme 4.1. Reaction pathway for phenol hydrodeoxygenation over Pt/HMFI in the aqueous
phase.l11

The apparent rate for phenol hydrogenation on Pt was expressed as
r= k'CPhenoIm'szn, 4.2)
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where Kk is rate constant, m and n denote the reaction orders of phenol and Hz. The
conversion in phenol hydrogenation described the decline in phenol concentration in the

aqueous phase.

As shown in Figure 4.1, the turnover frequencies of phenol hydrogenation (TOFs,
normalized to surface Pt atoms) measured at the temperature of 433 — 493 K, followed the
sequence of Pt/HMFI-24 > Pt/HMFI-40 > Pt/HMFI-120 > Pt/HMFI1-430 > Pt/Silicalite-1,
which was in agreement with the increasing Brgnsted acid site concentrations of the
respective supports (TOF values are listed in Table A4.1 in Appendix). For example, at
453 K, the TOF on PtYHMFI-24 was 4.3 h™, which was more 10 times higher than that on
Pt/Silicalite-1 (0.4 h). In addition, the apparent activation enthalpies of each catalyst
decreased from 94 to 63 kJ-mol™? with the increasing of support BAS concentration from
0 to 658 umol- gt (Table A4.1). Both apparent TOFs and apparent activation enthalpies
suggested that the presence of support acidity not only catalyze dehydration of
cyclohexanol but also promote the rate of the phenol hydrogenation over Pt.

30
¢ 493 K
o5 | © 473K
e 453 K
°
20 A e 433 K
5
w 15
9 .
10 A
5 A
[
'.:.:—.///
o T T T

0 20 600 800

0 400
BAS (umol-g?)

Figure 4.1. Turnover frequencies as a function of support acidity. Reaction conditions: 1.0 g phenol,
0.01 g catalyst, 40 bar Hz, 433 — 493 K, stirring at 700 rpm.

In the previous study, the higher hydrogenation activity of phenol over Ni/HMFI with more

BAS concentration was attributed to the enhanced adsorption of phenol, based on IR
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measurement in the gas phase.!™ In this study, the adsorption isotherm of phenol in the
aqueous phase under reaction conditions was obtained, in which the phenol uptake on
Pt/HMFI-24 was actually lower than that on Pt/Silicalite-1 (Figure. 4.2). The different
result of phenol adsorption in the gas phase and in the water phase could be attributed to
the polar selectivity of zeolite micropores. In the micropores of H-MFI-24, the Brgnsted
acid sites inside led to a high polarity of the pore system, which preferred to adsorbing
more water than phenol molecules. In contrast, the micropores of Silicalite-1 favored
adsorbing phenol over water, due to the hydrophobicity and organophilicity of this pure
siliceous zeolite. The phenol adsorption result under reaction conditions indicate that the
rate enhancement of phenol hydrogenation by the hydronium ions is not from the changes
in the phenol adsorption. In addition, the adsorption heat of hydrogen on Pt/HMFI-24 (41
+ 3 kJ-mol ) was lower than on Pt/Silicalite-1 (50 * 3 kJ-mol ™), which indicates the H2

adsorption on Pt surface becomes weak in the presence of hydronium ions as well.

0.6

PUHMFI-24 ® Pt/Silicalite-1

o
N

o
(N}

Phenol uptake (mmolp,-g')

0

0 0.2 0.4 0.6 0.8 1 1.2
Aqueous phase concentration of phenol (mol-L-)

Figure 4.2. Adsorption isotherm of phenol from aqueous phase onto Pt/HMFI-24 and Pt/Silicalite-
lat473 K.

To figure out the positive influence and essential role of hydronium ions on Pt-catalyzed
phenol hydrogenation, kinetic studies on the most acidic Pt/HMFI-24 and the non-acidic
Pt/Silicalite-1 were performed. Firstly, aqueous phenol solutions of 0.11-0.44 M was used

to determine the reaction order of phenol over Pt/Silicalite-1 and Pt/HMFI-24. As seen in

-87-



Chapter 4 — Influence of support acidity on the Pt-catalyzed hydrogenation of phenol in
the aqueous phase

Figure 4.3a, zero order with respect to phenol concentration on both Pt/HMFI-24 and
Pt/Silicalite-1 was observed. The 0" order on phenol indicates a saturated adsorption of
phenol on the Pt surface, regardless of the presence of hydronium ions. The isotherms of
phenol adsorption in the aqueous phase over Pt/HMFI-24 and Pt/Silicalite-1 were in
agreement with the 0™ reaction order of phenol. As shown in Figure 4.2, the uptake of

phenol is saturated under chosen reaction conditions (> 0.11M).

14 12 ——
» Pt/Silicalite-1 * Pt/Silicalite-1
(a) (b)
* P/HMFI-24 * Pt/HMFI-24
= Reaction order =0 < Reaction order = 10’
] n P
[ ] — ] — T
h .- ro| e
O 10 7 8 10
- Reaction order =0 —
c . » . c
Reaction order = 0.5
o/
&} T T 8 T T T
25 2 -1.5 -1 1 12 14 16 18
In (Cphenol / mol-L-) In (Cphenor / Mol-L-")

Figure 4.3. Hydrogenation of phenol over Pt/HMFI-24 and Pt/Silicalite-1 with (a) varying phenol
concentration (0.11 — 0.44 M phenol; 4MPa H) and (b) varying hydrogen pressures (3 -5 MPa; 1
g phenol). Reaction conditions: H.0 (100 mL), Pt/HMFI-24 and Pt-Silicalite-1 (0.01 g), at 473 K,
stirring at 700 rpm.

Table 4.2. Kinetic parameters in phenol hydrogenation on Pt/HMFI-24 and Pt/Silicalite-1.

Reaction Order AHE ASt
Catalyst (kJ'mol ) (Jmol K1)
H> Phenol
Pt/HMFI-24 1 0 63+4 -94+9
Pt/Silicalite-1 0.5 0 94+3 A7 +7

For the reaction order in Hz pressure, it was determined to be 0.5 order for Pt/Silicalite-1,
but 1% order for Pt/HMFI-24 (Figure 4.3b). The different H2 reaction order implied

different reaction pathways in the presence or absence of hydronium ion adjacent to Pt.

In general, H dissociative adsorbs on Pt surface,[*?l while phenol favors molecularly
adsorption on Pt surface through a mixed o—n interaction. [**l Therefore, the Hz and phenol

(Ph) competitive adsorption on active Pt site (*) can be described as Equations 4.3 and 4.4,
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where the * represents active Pt site and Ph refers to phenol. In addition, Ken and K,

represent the equilibrium constants for H2 and phenol adsorption, while ks refers to the

rate constant of the rate-determining step.

KH2

Hy, + 2 x =6= 24" (4.3)
Kpn *

Ph+ % +=&— Ph (4.4)

Ph* + H" - 5 Hph*+ * (RDS)  (4.5)

Since it was 0.5™ order in H for phenol hydrogenation over Pt/Silicalite-1, the rate-
determining step (RDS) of first H-addition was assumed (Equation 4.5) to fit the kinetic
model. Therefore, the rate equation for phenol hydrogenation over Pt/Silicalite-1 is

expressed as Equation 4.6.
Rate (Pt/Silicalite-1) = k,.456pn-0y+ (4.6)

H> and phenol adsorption is proposed to be sufficiently fast and quasi-equilibrated. The
site balance equation for accessible Pt sites is straightforward, only involving H* and
phenol molecule. Therefore, the surface coverage of adsorbed H atom (6y-+) and phenol

(Opy+) is expressed in Equation 4.7 and 4.8,

0.5 _.0.5

Ky, 'PH

— 2 2

HH* ~ 1+ KO5.,05, g - (4-7)
H, PH, T KPh'Cph

Kph'Cph
th* = 48
1+ Kiy> D5+ Kph'Cph (4.8)

in which the concentration of phenol and pressure of H» in aqueous solution is simplified
as Cpn and pus, respectively. Eventually, the rate equation can be derived by substituting

Equation 4.7 and 4.8 into rate expression (Equation 4.6), which gives:

0.5_..0.5
rds'KH, ‘PH,.KPh'CpPh
Z 2 4.9

Rate (Pt/Silicalite-1) = ("

0.5.,,0.5)2
1+Kpp'Cph+ K5 PRi3)

The Equation 4.9 shows that the reaction order with respect to phenol varies from -1 to 1
and the reaction order on Hy is 0.5" when the coverages for phenol and empty sites are
larger than other species.
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Table 4.3. Elementary steps of phenol hydrogenation over Pt/Silicalite-1 and Pt/HMFI-24.

Elementary steps

Description
Pt/Silicalite-1 Pt/HMFI-24
. KHz Kh,
H2 adsorption Hy + 2 % —=6== 24" (43)  Hy+2x == 24" (4.3)
; Kpn ¥ Kpn .
Phenol adsorption Ph+ * <—&= Ph (4.4) Ph+ %= == Ph (4.4)
* * rds * k
1st H addition Ph*+ H" —S 5 ppp* + * (45)  Ph® + H <=6 HPh" + * (4.10)
2" H addition fast HPh® + H* —us, H,Ph" + (4.11)

* represents accessible Pt sites.
Pu, refers to Hz pressure.

C refers to the concentration of corresponding species.

0. is the coverage of accessible Pt sites.
6H, Ben, Bren+ and Bupn- are the coverage of H, phenol, protonated phenol and hydrogenated phenol.

krds refers rate constant of RDS.

K represents the equilibrium constant of the corresponding compound.

In the case of phenol hydrogenation over Pt/HMFI-24, one kinetic model with the 2" H-
addition step as the rate determining step was proposed to fit the phenol hydrogenation
data, since the reaction order on H> measured in this work was 1. The sequence of
elementary steps describing this model is listed in Table 4.3. Firstly, the H2 and phenol
competitively adsorbed on the accessible Pt sites as occurred on Pt/Silicalite-1 (Equation
4.3 and Eq.4.4). However, different from phenol hydrogenation on Pt/Silicalite-1, first H-
addition step of phenol on Pt/HMFI-24 is fast and quasi-equilibrated in the presence of
hydronium ion (Equation 4.10). The rate-determining step is second H addition to phenol
in the presence of hydronium ion (Equation 4.11).

. « kyen .
Ph* + H*<=6== HPh" + * (4.10)
HPh* + H' —Mos ph™ + (4.11)

The coverage of 1% H added phenol resulting from Equation 4.10 is written as:
Ouph: = KpnKg, pis Conf.  (4.12)

As the 2" H-addition step is RDS (, the rate of phenol hydrogenation over Pt/HMFI-24 is

expressed:
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Rate(Pt/HMFI-24‘) = deSHHPh*HH*(4'13)

The site balance for Pt sites on Pt/HMFI-24 involves adsorbed H, phenol and hydrogenated
phenol species resulting from Egs. (4.3, 4.4 and 4.10), thus can be written as Equation 4.14

1=6++ O+ Opn + Onpn (4.14)

If the surface coverages of hydrogenated phenol species are assumed to be low, given the

high activity of them, the site balance equation can be simplified as following:
1=6«+6H+ 6pn (4.15)

Based on the series of Egs. (4.3 and 4.4) , the 64 and 6ph are derived and substituted into
Equation 4.15, then it gives:

1 =0, + K3, Ph 6 + KpnCpnb.,
where 6, is derived to be Equation 4.16:
6.=1/+ KgJ piii + KenCen ) (4.16)

Thus, the corresponding rate (Equation 4.17) can be written by combining the Equation

4.16 with Equations (4.12 and 4.13), as shown below:

Rate (Pt/HMFI-24) = <xdsCHa PhXuphCrPr, (@.17)

(1+ Kij5 P +KpnCpn)?

When the coverage of phenol is much larger than the coverage of H on the surface, the
reaction order of phenol varies from —1 to 1 and the reaction order of Hz is 1, which is in

consistence with the measured results in this work.

4.3.2. Different pathways for the first H-addition to phenol Pt/Silicalite-
1 and Pt/HMFI-24 catalysts.

To figure out how the first H was added to phenol over Pt/Silicalite-1 and Pt/HMFI-24,
hydrogenation reaction of phenol was performed in D,O over the two catalysts, where
deuterium products, i.e. D-cyclohexanol, D-cyclohexanone, as well as D-phenol were
obtained. The position of D in D-phenol provided information of the first D/H addition
pathways onto phenol. For the reaction over Pt/Silicalite-1, the hydrogenation selectively

occurred at the ortho carbon of phenol ring, as depicted in Scheme 4.2a. Whereas both

-91 -



Chapter 4 — Influence of support acidity on the Pt-catalyzed hydrogenation of phenol in
the aqueous phase

ortho-C and para-C in phenol ring were favorable to be hydrogenated in the presence of
hydronium ions (actually is D(D20)n" ) over Pt/HMFI-24, as shown in Scheme 4.2b. The
different hydrogenation position selectivity on the phenol aromatic ring indicates a
different H addition route in the presence or absence of hydronium ion. The protonation of
phenol aromatic ring is speculated to participate in the H-addition step in the presence of

hydronium ions.

oD oD

oD oD
H H
L —
+
H H
Electron H
transfer

D*+n(D,0) === D(D,0)," * e(Pt)

Scheme 4.2. Pathways of (a) substitution over Pt/Silicalite-1 and (b) protonation and substitution
over Pt/HMFI-24.

The MS spectra of phenol after DoO-phase hydrogenation reaction are shown in the Figure
4.4a. The MS spectrum gave m/z of 95.1 as the molecular ion peak reference of CsHsOD.
The second D substituting the H on the aromatic ring yielded the ion with m/z of 96.1. The
m/z of 97.1 and 98.1 ions in the MS spectrum came from further D-substituted phenol at
the aromatic ring. The concentration of D-substituted phenol (m/z 95.1—96.1 and m/z
96.1—97.1) after reaction over Pt/HMFI-24 was higher under Hz than that under N2. This
indicates H/D substitution of phenol could be promoted by the presence of Pt and Hz. The
MS results were in agreement with *H MAS NMR results, in which the concentration of H
atoms at both ortho and para position decreased after the H/D substitution reaction, as
shown in the Figure 4.4b. Therefore, both of them pointed to the possibility of phenol ring
protonation by the presence of hydronium ions under the reaction conditions.
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Figure 4.4. (a) Mass spectra of phenol H/D exchange reaction in D20 over Pt/HMFI-24 in the
presence (orange) and absence (blue) of Hz. Mass spectra of neat phenol in D20 (black) is given
as a reference. (b) *H MAS NMR spectra of phenol after H/D substitution reaction under H2 (blue)
and N2 (black). Reaction conditions: 1.0 g phenol, 0.01 g Pt/HMFI-24, 100ml D20; at 473 K, 40 bar

H2 or N2 (ambient temperature), stirring at 700 rpm.

Notably, the H/D substitution reaction of phenol showed the position selectivity. The H
atoms at both para and ortho position were selectively replaced by D atoms, while the meta-
H atoms remained almost constant, in consistency with a reported computational study.[*4l
However, the position selectivity was different in the reactions over Pt/Silicalite-1 or
Pt/HMF-24. Specifically, the ortho-H atoms were more preferred to being substituted by
D atom over Pt/Silicalite-1 (Figure. 4.5a), whereas the H atoms at both ortho and para
position were selectively substituted by D atoms over Pt/HMFI-24, as shown in Figure 4.5
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b. The different H-substitution preference affected by the presence of hydronium ions from
MFI zeolite was depicted in Scheme 4.3. In terms of reaction over Pt/Silicalite-1 (Scheme
4.3a), H> firstly adsorbed and reacted with D,O into adsorbed D atom (D*) on Pt sites.
Then D* substitute the ortho-H at the aromatic ring of phenol. For Pt/HMFI-24, the
reaction in the presence of hydronium ions on acid support underwent electrophilic
substitution of H atom at both ortho and para position by the D(D20),", as shown in
Scheme 4.3b. As the transition state of phenol substitution and hydrogenation was same,
the difference of H/D substitution pathways on Pt/Silicalite-1 and Pt/HMFI-24 indicated a
different H addition route of phenol hydrogenation in the absence or presence of hydronium
ion. Therefore, it was proposed that the protonation of phenol via electrophilic attack by

hydronium ions participated in the first H-addition step of phenol over PYHMFI-24.

(a) CHCl; OD OD (b) Meta-C [elo] oD
H H D D
H H H H H H H
H CHClIy u 5
Para-C

Ortho-C
Ortho-C

Para-C

Meta : Para:Ortho = 2:0.92 1. 36 Meta : Para: Ortho =2:0.06: 0.54
7.30 7.20 7.10 7.00 6.90 6.80 . 4 7.2
Chemical shift (ppm) Chemlcal Shlﬂ (ppm)

Figure 4.5. 'H NMR spectra of D-substituted phenol after reaction over Pt/Silicalite-1(a) and
Pt/HMFI-24 (b). Reaction conditions: 0.3 g phenol, 0.005 g Pt-based catalyst, 30ml of D,0O, 40bar

Hz, at 473 K for 0.5 h, stirring speed of 700 rpm.

(a) (b)
Hy +2% — 2H* H(D,0),* + D,O — D(D,0),* + HDO
H* + D,O —»D* + HDO

Seodgady Gumd #”;?;%@ o

Scheme 4.3. H/D substitution pathways of phenol on Pt in the absence (a) and in the presence (b)
of hydronium ion.

4.3.3. Phenol hydrogenation pathways over Pt/HMFI-24 catalyst.
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The hydrogenation pathways of phenol in the presence or absence of hydronium ion are
proposed in Scheme 4.4. In terms of phenol hydrogenation in the absence of hydronium
ion, i.e. over Pt/Silicalite-1 (Scheme 4.4a), the first H was added at the ortho-position of
the aromatic ring to form HPh*, which was the rate-determining step. The second H-
addition step occurred to generated HoPh*. The energy diagram of this process is depicted
in Figure 4.6. The starting state of phenol hydrogenation involved adsorbed phenol and
gas-phase H, because the reaction orders on phenol and H> were 0 and 0.5. The
dissociative chemisorption of H> into two adsorbed H atoms occurred on Pt surface and
gave an adsorption heat of ~50 kJ-mol™* (Chapter 3). Afterward, the first H-addition as
rate-determining step took place by adding adsorbed H atom into adsorbed phenol to
generate HPh*. The measured apparent activation enthalpy (94 kJ-mol™) reflected the
difference in the energy level between transition state of first H-addition and adsorbed state
of phenol and one H atom. Therefore, the intrinsic activation enthalpy of phenol
hydrogenation over Pt/Silicalite-1 should combine the adsorption heat of H atom (25

kJ-molt) and apparent activation enthalpy of 94 kJ-mol™, hence giving 119 kJ-mol™,

(a) OH OH OH
RDS H * H
+ H* - . H 4Hh H
1st H-Addition H  2nd H-Addition H
H
(b) H*+n(H,0) == H(H,0)," * e (Pt)
OH OH OH
OH Electron
H,0 % transfer H*
+ + _ | :, —_— T E——
(H20)n 19! HAddition ., 2" H-Addition H

H H H

Scheme 4.4. Phenol hydrogenation pathways on Pt site in the absence (a) or in the presence (b)
of hydronium ions.
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- - N @H-Ph, HHO)
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(H--Ph*)*, 2H*, nH,0

Ph*, H(H0)y'.

41 kJ-moI"i HoPh*, H(H,0),*

(HPh*)*, 2H*, nH,0 HPh*, H*, H(H;0),*,

Figure 4.6. Energy diagrams of phenol hydrogenation in the aqueous phase on Pt/Silicalite-1
(black), and on Pt/HMFI-24 (blue).

The hydrogenation of phenol in the presence of hydronium ions underwent a complex H
addition route, in which protonation of phenol aromatic ring and electron transfer from
adsorbed H to protonated phenol were involved (Scheme 4.4b). Firstly, the phenol
molecule saturatedly adsorbed on the Pt surface. Then the aromatic ring of the adsorbed
phenol got protonated by the hydronium ions from the zeolite support, followed by
accepting an electron via Pt surface from adsorbed H to generated 1% H-added phenol
(HPh*). While the adsorbed H-atom transformed into a hydronium ion upon interaction
with water after donating the electron to the aromatic ring of protonated phenol. The
processes of protonation and electron transfer decreased the activation enthalpy of first H-
addition step to a level lower than the second H-addition step. It was proved by the
determination of activation enthalpy of phenol ring protonation which gave 49 kJ-mol*
(Figure A4.7 in Appendix), lower than apparent activation enthalpy of phenol
hydrogenation (63 kJ-mol™?). The schematic energy diagram of this process was shown in
Scheme 4.4b. The adsorption heat of Hz over Pt/HMFI-24 was estimated to be 41 kJ-mol~
Lin the Chapter 3. Given the 1% reaction order of Hy, the intrinsic activation enthalpy of
phenol hydrogenation over PtHMFI-24 was the sum of H, adsorption heat (41 kJ-mol™)
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and the measured apparent activation enthalpy (63 kJ-mol™), giving 104 kJ-mol, which
was lower than that on Pt/Silicalit-1. Therefore, hydrogenation rate of phenol increased

with the growing concentration of hydronium ions from the MFI support.

4.4. Conclusions

Pt clusters encapsulated in MFI with varying Brgnsted acid site concentrations were tested
in phenol hydrogenation in the aqueous phase. Catalysts with higher hydronium ion
concentrations in MFI micropores showed weaker adsorption of phenol, but higher
hydrogenation activity. Different hydrogen addition pathways over acidic or non-acidic
Pt/MFI catalysts were proposed, based on the different reaction orders of H.. In the absence
of hydronium ions, molecular adsorption of phenol and dissociative adsorption of Ha firstly
occurred on the Pt surface, then the phenol hydrogenation proceeded through the first
addition of active H atom to the adsorbed phenol, the step of which was the rate-
determining step and gave an intrinsic activation enthalpy of 119 kJ-mol. In the presence
of hydronium ions from MFI support, as depicted in Figure 4.7, the adsorbed phenol
molecule firstly got protonated by the hydronium ion, instead of conventional addition of
H atom. Afterward, the protonated phenol accepted one electron from the adsorbed H via
the Pt surface to form first H-added phenol. In this step, the adsorbed H atom transformed
into hydronium ions by interaction with water after providing one electron. Then the
second H-addition step by the adsorbed H atom took place. The process of phenol
protonation coupled with electron transfer decreased the energy barrier to a level that even
lower than 2" H-addition step. Therefore, the rate-determining step was 2" H-addition
step, giving a lower intrinsic activation enthalpy of 104 kJ-mol than 119 kJ-mol in the
absence of hydronium ions. Consequentially, the protonation of phenol aromatic ring
coupled with electron transfer in the presence of hydronium ions, led to a higher rate than

the conventional addition of hydrogen atom.
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Figure 4.7. Proposed hydrogenation pathway of phenol in the presence of hydronium ions.
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4.5. Appendix

Calculations

Conversion, reaction rate, turnover frequency (TOF) and carbon balance were calculated

according to the following equations:

Conversion = (weight of converted reactant/weight of the starting reactant) x 100%.

TOF = mole of converted reactant / (mole of active metal site x reaction time).

The carbon balance = mole of carbon in starting reactant/mole of carbon in the product.

30
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Figure A4.1. Phenol hydrogenation reaction over Pt/HMFI-24 at 433 — 493 K under 40 mbar Ha.
(a) Conversion of phenol as a function of reaction time at 433 — 493 K; (b) Eyring plot to determine

the activation enthalpy and entropy.
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Figure A4.2. Phenol hydrogenation reaction over Pt/HMFI-40 at 433 — 493 K under 40 mbar Ha.
(a) Conversion of phenol as a function of reaction time at 433 — 493 K; (b) Eyring plot to determine
the activation enthalpy and entropy.
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Figure A4.3. Phenol hydrogenation reaction over Pt/HMFI-120 at 433 — 493 K under 40 mbar Ha.
(a) Conversion of phenol as a function of reaction time at 433 — 493 K; (b) Eyring plot to determine
the activation enthalpy and entropy.

- 100 -



Chapter 4 — Influence of support acidity on the Pt-catalyzed hydrogenation of phenol in

the aqueous phase

6
(a) m 493 K
* 473K
—_ A 453K
(=]
S 44 » 433K
c
Ke]
e
[h)
>
-
8 2-
0 : : :
0 20 40 60 80
Time (min)

Ln[(TOF/T)(s 'K )]

]
(&)}

1
~l

-9

(b)

AH# = 92 kJ-mol 1

19

2 21 22
1000 x (1/7) (K

23

24

Figure A4.4. Phenol hydrogenation reaction over Pt/HMFI-430 at 433 — 493 K under 40 mbar Ha.
(a) Conversion of phenol as a function of reaction time at 433 — 493 K; (b) Eyring plot to determine

the activation enthalpy and entropy.
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Figure A4.5. Phenol hydrogenation reaction over Pt/Silicalite-1 at 433 — 493 K under 40 mbar Ho.
(a) Conversion of phenol as a function of reaction time at 433 — 493 K; (b) Eyring plot to determine

the activation enthalpy and entropy.
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Table A4.1. TOFs, activation enthalpies and entropies of phenol hydrogenation over the Pt/MFI
samples with different BAS concentrations.

BAS TOF (h}) AH* AS*
Catalyst
umol.g? 433K 453K 473K 493K  kJ-mol? J-mol-'K-!
Pt/HMFI-24 658 2.3 4.3 9.8 21.7 63 -94
Pt/HMFI-40 414 1.1 2.7 6.9 13.2 71 -83
Pt/HMFI-120 112 0.3 1.1 3.1 6.8 89 -52
Pt/HMFI-430 48 0.2 0.5 1.7 4.2 92 -51
Pt/Silicalite-1 0 0.1 04 15 3.8 94 -47
_100 —
‘T! }\ (a) Q -40 - (b)
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Figure A4.6. Activation enthalpies (a) and entropies (b) of phenol hydrogenation as a function of
support BAS concentrations.
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Figure A4.7. Eyring plot to determine the activation enthalpy (AH*) of H/D substitution reaction of
phenol on Pt/HMFI-24 in the presence of Hz. Reaction conditions: 0.3 g phenol, 0.05 g Pt/HMFI-24,
30mI D20; at 433; 453 and 473 K, under 40 bar H2 (ambient temperature), stirring at 700 rpm.
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4.6. Associated content

Publication
This chapter in combination with Chapter 2 is to be submitted for publishment. The content

and structure of Chapter 4 are different from the manuscript.
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The aim of this thesis is to synthesize small and uniform Pt nanoparticles encapsulated in
the micropores of MFI-type zeolite as bifunctional catalysts for the hydrogenation of
phenol. A novel kinetic method was developed for obtaining the detailed kinetics and
thermodynamics of H> adsorption on transition metal catalysts. The impact of support
acidity on Pt-catalyzed phenol hydrogenation was investigated, as it represented an
efficient H-addition pathway for improving hydrogenation reactions. The focuses are (1)
relating the superior performances of the sub-nanosized Pt clusters encapsulated in HMFI
support to the intrinsic properties of acid-promoted metal nanoparticles, (2) understanding
the individual and cooperative roles of metal and acid sites in the bifunctional catalyst, (3)
clarifying individual reaction steps in the integrated reaction network occurred during

phenol hydrogenation.

A series of Pt/MFI catalysts composed of the sub-nanosized Pt cluster encapsulated in MFI
zeolite were prepared and characterized. All the physical and chemical properties of these
samples were comparable, except different BAS concentrations of the MFI supports.
STEM images showed that Pt clusters (< 2 nm) were well-distributed and encapsulated in
the micropores of MFI zeolites for all the catalysts. Both of XANES and the IR spectra of
CO adsorption revealed an electron-deficient state of Pt clusters in adjacent to BAS. The
H/D exchange reaction between H, and D-form zeolite was performed to figure out the
interaction between the Pt and BAS, which suggested the dissociative adsorption of Hz on
Pt surface and the interaction of Pt clusters with proximal BAS in the micropores of MFI

zeolite.

Furthermore, a kinetic method was developed for determining the adsorption kinetics and
thermodynamics of Hz on Pt/MFI catalysts in the aqueous phase. Using the reaction of gas
H> with liquid D20 into liquid HDO, gas HD and D catalyzed by Pt, a correlation among
the reaction rate, Hx pressure and H» adsorption constant was established. By measuring
the HD and D» formation rates as well as their variations with pressure and temperature,

the H» adsorption constant and adsorption heat were determined.

The impact of zeolite support acidity on the Pt-catalyzed hydrogenation of phenol was

investigated in details. The hydrogenation rate of phenol exhibited a positive trend with the
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increasing of support acidity. The hydronium ions from MFI support promoted the H-
addition rate of phenol under reaction conditions. Catalysts with higher hydronium ion
concentrations in MFI micropores showed weaker adsorption phenol, but higher
hydrogenation activity. In the presence of hydronium ions, protonation of the aromatic ring
coupled with electron transfer led to a higher rate than the conventional addition of

hydrogen atom.

In conclusion, the comprehensive knowledge of various preparation methods and in-depth
understanding of individual reaction kinetics allow us to design bifunctional catalysts with
carefully adjusted active metal and acid sites which can improve catalytic reactions. This
would open new possibilities to design efficient and stable catalysts for highly selective
conversion of biomass feedstocks into green (free of sulfur, oxygen, and polyaromatics),

sustainable, and high-grade transportation fuels.
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Das Ziel dieser Thesis ist, kleine und gleichgroRe Pt Nanopartikel, welche sich in
Mikroporen von MFI artigen Zeoliten befinden, als bifunktionale Katalysatoren fur die
Phenolhydrierung zu synthetisieren. Eine neuartige kinetische Methode wurde entwickelt,
um die detaillierte Kinetik und Thermodynamik der Hz Adsorption auf
Ubergangsmetallkatalysatoren zu erhalten. Der Einfluss des aziden Tragers auf Pt
katalysierter Phenolhydrierung wurde untersucht, da sie einen effizienten H-
Additionsmechanismus fur die Verbesserung der Hydrierungsreaktionen zeigt. Die
Schwerpunkte liegen auf (1) der Beziehung zwischen den Uberragenden Leistungen der
sub-nanoskalierten Pt Clustern, welche sich in HMFI Mikroporen befinden, und der
intrinsischen Eigenschaften der sdureférdenden Metallnanopartikeln, (2) dem Verstandnis
der individuellen und kooperativen Rolle des Metalls und den aziden Stellen im
bifunktionalen Katalysator, (3) der Erlduterung der einzelnen Reaktionsschritte im

integrierten Reaktionsnetzwerk wahrend der Phenolhydrierung.

Es wurden eine Reihe von Pt/MFI Katalysatoren, die aus den sub-nanoskalierten Pt
Clustern bestehen und sich in MFI Zeolithen befinden, prapariert. Die physikalischen und
chemischen Eigenschaften dieser Proben sind mit Ausnahme der unterschiedlichen BAS
Konzentrationen des MFI Trégers vergleichbar. STEM Analysen zeigten, dass Pt Cluster
(< 2nm) gut verteilt sind und in den Mikroporen des MFI Zeoliths fir alle Katalysatoren
eingekapselt sind. Sowohl XANES als auch die IR Spektren der CO Adsorption ergaben
einen Elektronenmangelzustand der Pt Cluster in Angrenzung zu BAS. Die H/D
Austauschreaktion zwischen der Hz und der D-Art des Zeoliths wurde durchgefihrt, um
die Interaktion zwischen dem Pt und BAS, welche die dissoziative Adsorption von Hz auf
der Pt Oberfl&che beweist und die Existenz von Interaktionen des Pt Clusters mit Proximal
BAS in den Mikroporen des Zeoliths zeigt, herauszufinden.

Zuséatzlich wurde eine kinetische Methode entwickelt, die die Adsorptionskinetik und
Adsorptionsthermodynamik von H. auf Ubergangsmetallen in Wasser bestimmt. Ein
Zusammenhang zwischen der Reaktionsrate, des H> Drucks und der H:
Adsorptionskonstante wurde, unter Verwendung der durch Ubergangsmetall-katalysierten
Reaktion von gasformigen Hz mit flissigem D20 in flissigen HDO, gasformigen HD und

D2, hergestellt. Die H> Adsorptionskonstante und Adsorptionswérme wurde sowohl durch
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Messung der HD und D> Bildungsraten als auch durch Variation des Drucks und der

Temperatur bestimmt.

Der Einfluss von aziden Zeolithtragern auf die Kinetik der Pt katalysierte Hydrierung von
Phenol wird im Detail untersucht. Mit Erhohung der Trégeraziditdt zeigen die
Hydrierungsraten von Phenol einen positiven Trend. Unter Reaktionsbedingungen fordern
die Hydroniumionen des MFI Trégers die H-Additionsrate von Phenol. Katalysatoren mit
hoher Hydroniumionen Konzentrantion in MFI Mikroporen zeigten eine schwéchere
Adsorption von Phenol, aber eine hoéhere Hydrierungsaktivitat. In Gegenwart von
Hydroniumionen flihrte die Protonierung des aromatischen Rings, gepaart mit
Elektronentransfer, zu einer hoheren Rate als die herkdmmliche Addition des

Woasserstoffatoms.

Abschlielend kann gesagt werden, dass das umfassende Wissen uber verschiedene
Vorbereitungsmethoden und das tiefgehende Verstdndnis der individuellen
Reaktionskinetik es uns ermdglichen, bifunktionelle Katalysatoren mit sorgfaltig
eingestellten aktiven Metall- und S&urestellen zu entwickeln, die die katalytischen
Reaktionen verbessern kdnnen. Dies wirde neue Mdglichkeiten er6ffnen, um effiziente
und stabile Katalysatoren fur eine hoch selektive Umwandlung von Biomasse-Rohstoffen
in ,,griine* (frei von Schwefel, Sauerstoff und Polyaromaten), nachhaltige und hochwertige

Transportbrennstoffe zu entwerfen.
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