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Chapter 1

General introduction

Diesel powered vehicles become increasingly more common in the world market,
especially in Europe. For environmental protection, many efforts have been paid
to limit the emission from diesel fuel and to reduce diesel engine exhausted
gases. The improvement of diesel fuel quality by lowering the concentration of
aromatic and nitrogen/sulfur compounds enhances the efficiency of fuel
combustion and thus decreases diesel exhaust emissions such as NOy, SO, and
particulate matter. Supported noble metal catalysts reveal excellent activity in
aromatics hydrogenation; unfortunately those catalysts can be easily poisoned by
nitrogen or sulfur containing molecules. Acidic supports and alloying of different
noble metals (e.g. Pt and Pd) enhances the resistance ability of noble metal
catalysts towards poisons. In the end of this chapter, the scope of this doctoral

thesis is highlighted.
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1. Motivation

1.1. Background

The segment of diesel powered vehicles is growing fast worldwide (Figure 1).
Due to better fuel efficiency, more power, and more durability than gasoline
powered vehicles, diesel cars become more common in the market. Now over 50%
of new passenger cars in Europe have diesel engines compared with less than
25% in early 1990s.

75

50 1 PR 4

25 TIPSR JPS

Diesel cars in new passenger cars [%0]
*

1994 1996 1998 2000 2002 2004 2006 2008
Year
Figure 1. Diesel penetration in new passenger cars in Europe [1].

With the increasing amount of diesel vehicles, the demand of diesel fuel has
grown up steadily in the past decades, making diesel the fastest growing
segment of the refined products. Figure 2 shows the distillates share of oil
consumption in EU in the passed 20 years [2]. The middle distillate, which

contains diesel fuel, has the fastest growth compared to other products.
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Figure 2. Distillates share of oil consumption in European Union (Source: BP

Statistical review of world energy, 2011)

1.2. Emission from diesel fuel

Diesel fuel is a complex mixture of alkanes (C9 to C30 of normal, branched, and
cyclic homologues, 60 to 90 vol. %), aromatics (e.g., alkylbenzenes; 5 to 40
vol. %), and small amounts of alkenes (0 to 10 vol. %) obtained from the middle
distillates of refinery [3]. Ideally when fuel is burned with the correct amount of air
in a diesel engine, only water vapor, carbon dioxide and nitrogen are released.
All the gases are environmentally benign except carbon dioxide, which is the
main cause of greenhouse-effect. However, this ideal combustion of diesel can
not be achieved in reality. In respect to the excess oxygen design of diesel
engines, they do not emit much CO or unburned hydrocarbon, but the high
emissions of particulate matter (PM) and NOy is the main problem [4,5].

PM emission is mainly the result of incomplete diesel combustion. Most diesel
exhaust particles have aerodynamic diameters with a size of 0.1 to 0.25 um [6-8].
The particle size distribution of diesel exhaust is bimodal, with a nuclei mode of
0.0075 to 0.042 pm (particles formed by nucleation) and an accumulation mode

of 0.042 to 1.0 um (particles formed by agglomeration of nuclei particles). Most of
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the particles emitted from diesel engines are less than 1.0 ym in diameter. Due to
the small size of those fine particles, they can easily penetrate into the lungs and
cause health problems. SOy, produced by combustion of S-containing molecules
in the fuel, is the main reason for acid rain. Another major emission component,
NO,, is a key ingredient in the formation of urban smog, and also can contribute

to the formation of acid rain.

1.3. Relation of diesel properties and emission

The emission of diesel engines can be minimized from mainly two sides: (1)
improve the diesel engine and apply exhaust after-treatment system, such as
catalytic converter for exhaust gases and patrticle filter; (2) improve the quality of
diesel fuel. The main variables to evaluate diesel fuel quality are cetane number,
aromatic, nitrogen and sulfur content.

- Cetane number and aromatic content

Cetane number is a measure of a fuel's ignition delay, namely the time period
between the start of injection and the first identifiable pressure increase during
combustion of the fuel. In a particular diesel engine, higher cetane number fuels
will have shorter ignition delay periods than lower cetane number fuels. Thus,
high cetane-number diesel provides more time for the fuel combustion process to
be completed, thus produces less PM and NOy emission than low cetane number
fuels. Several studies have been conducted to establish a link between diesel
fuel properties and the emission of PM [9,10]. It was found that the amount of PM
produced in a diesel engine can be reduced by increasing the cetane number
(Figure 3). Increasing the cetane number can also result in a reduction of NOy in

exhaust gases [11].
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Figure 3. Cetane number and emission of particulate matter (without sulfates)

[10]. Delta PM is the amount of particular matter emission (g/KWh) at different

cetane number compared to the particular matter from the standard.

Aromatic compounds in diesel fuel are precursors of PM in the diesel engine
exhaust, which is also related to cetane number of diesel fuel. Figure 4 shows

that reducing the aromatic content of diesel can drastically increase the cetane
number.
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% |
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Cetane number
Figure 4. Relation between aromatic content and cetane number (data: [12]).



Chapter 1

- Nitrogen content

Nitrogen-containing molecules (Figure 5) in the feedstocks are normally
heterocyclic and difficult to remove. Those nitrogen-containing heterocycles are
further divided into basic and nonbasic compounds. Basic compounds include
six-membered ring heterocycles such as pyridine, quinoline and acridine.
Nonbasic nitrogen compounds include five-membered ring heterocycles such as
pyrrole, indole and carbazole. After the N-containing compounds are combusted

in the engines, the environmental deleterious gas NOy is produced.

NH,
- DS
= =
N N N
H
Aniline Pyridine Quinoline Pyrrole
X
_ \
N N N
H H
Acridine Indole Carbazole

Figure 5. Nitrogen-containing compounds in diesel fuel.

- Sulfur content

Sulfur-containing molecules (Figure 6) present in diesel fuel are non-heterocyclic
or heterocyclic. The former group comprises thiols, sulfides and disulfides; the
latter group is mainly composed of thiophenes with one to several aromatic rings
and their alkyl or aryl substituents.

The sulfur-containing compounds are converted into SOy during combustion,
which is the main cause of acid rain. On the other hand, the sulfur-containing
compounds also affect PM emissions because some of the sulfur in the fuel is

converted to sulfate particles in the exhaust.
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P S
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Figure 6. Sulfur-containing compounds in diesel fuel.

1.4. Legislation of diesel fuel

Emission from passenger cars (Table 1) becomes stricter limited in order to

reduce the impact of exhaust gases on the environment.

Table 1. European emission standards for passenger cars (Source data from [13])

Emission Vear Emission (g/km)
standard CcoO NOy HC+ NOy PM
Euro 1 1992 2.72 - 0.97 0.14
Euro 2 1996 1.00 - 0.70 0.08
Euro 3 2000 0.64 0.50 0.56 0.05
Euro 4 2005 0.50 0.25 0.30 0.025
Euro 5 2009 0.50 0.18 0.23 0.005
Euro 6 (future) | 2014 0.50 0.08 0.17 0.005
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Therefore, stricter regulations are required in diesel production. In 1994 a
maximum sulfur level of 2000 ppm was introduced in Europe for all gas oils. The
minimum cetane number was assigned to 49. The maximum sulfur content in
diesel fuel was further decreased in 1996 and 2000 to 500 ppm and 350 ppm,
respectively. Furthermore, in the year 2000 the maximum polyaromatics level of
11 % and a minimum cetane number of 51 started to become effective. Since
2005 the maximum sulfur level in diesel fuel in the EU is 50 ppm for highway
vehicles. 2009 is the starting year for ultra clean diesel (10 ppm S, 8 %

polyaromatics) for highway and nonroad vehicles.

2.  Diesel production and hydrotreating

2.1. Diesel production

Typically, crude oil is initially separated into different fractions by atmospheric
distillation, including straight-run diesel and atmosphere gas oil (AGO). The AGO
is hydrocracked to obtain hydrocracked gas oil. The atmospheric residue is then
further separated by vacuum distillation into vacuum gas oil (VGO) and vacuum
residue. The VGO is hydrotreated to reduce sulfur and nitrogen contents before
fluid catalytic cracking (FCC) to get light cycle oil (LCO) [14]. Diesel fuel
produced by a refinery is a blend of all the appropriate available streams:

straight-run diesel, FCC light cycle oil and hydrocracked gas oil.
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Figure 7. Diesel productions in modern refinery.

2.2. Deep hydrotreating

Deep hydrotreating process must be involved in diesel production in order to
meet the strict requirements. Hydrotreating is defined as using hydrogen to
remove heteroatoms in gas-oil upgrading. It is normally classified into
hydrodearomatization (HDA), hydrodeoxygenation (HDO), hydrodesulfurization
(HDS), and hydrodenitrogenation (HDN) processes. A two-stage hydrotreating
process is widely used in industry [15,16]. As shown in Figure 8, in the first stage,
transition metal sulfides such as CoMoS or NiMoS are used for HDS and HDN to
minimize the sulfur and nitrogen contents to an acceptable level for the second
step, where deep hydrogenation of aromatics is conducted on noble metal

catalysts, such as Pt or Pd on different supports.
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Figure 8. Topsge’s two-stage hydrotreating process [17].

3.  Conventional hydrotreating catalysts
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Transition metal sulfides (TMS) supported on y-Al,O3; and promoted with Ni or Co

are conventional hydrotreating catalysts [18]. On those catalysts, only moderate

levels of aromatic saturation can be achieved under typical hydrotreating

conditions. Further increase of operation conditions (higher temperature or H,

pressure) can not help in a deeper level of aromatic saturation due to the

thermodynamic limitations in hydrogenation (see Figure 9).

10
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Figure 9. Thermodynamic equilibrium between tetralin, cis- and trans-decalin,

naphthalene in temperature of 150 to 500 at 50 ba r hydrogen pressure [19].

4. Noble metal hydrotreating catalysts

Noble metal catalysts have excellent hydrogenation activity at relative low
temperatures, making them a good choice for deep hydrogenation reactions.
However, noble metals can be easily poisoned by sulfur and nitrogen compounds
which are present in industrial feeds [20]. Therefore, developing a noble metal
catalyst with high hydrogenation activity and good resistance towards poisoning
is required.

11
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4.1. Effect of supports

Numerous studies have been done to improve the sulfur resistance of noble
metal catalysts, and it has been found than the catalytic activity and sulfur
tolerance can be improved by using acid support, such as HY[21-23] and Beta
[24] zeolites. This observation can be explained by the partial electron transfer
from noble metal nanoparticles to the acid sites of the support [25]. The electron
deficient metal nanoparticles are more resistant towards sulfur poisoning due to a
weaker metal-sulfur bond [16]. Another explanation is the alternative
hydrogenation pathway on the acid sites in the perimeter of noble metal
nanoclusters. The aromatic molecules adsorb on the acid sites and hydrogenate
by the spillovered hydrogen disassociated in the sulfur-covered metal sites
[26,27]. Besides zeolites, amorphous silica-alumina is also applied as acid carrier
for supported noble metal catalysts. Vannice et al. [28-30] reported that Pt or Pd
supported on amorphous silica-alumina is much active than the -catalysts
supported on alumina in benzene and toluene hydrogenation. Moreover, due to
its mesoporous property, ASA allows bulky molecules pass through the pores

without diffusion limitations.

4.2. Effect of alloying noble metals

It is also reported that the sulfur resistance is improved by alloying two different
noble metals, e.g. Pt and Pd [31-33]. However, the sulfur tolerance of the
bimetallic Pt-Pd catalysts is influenced by many factors, such as the preparation
procedures, degree of Pt-Pd alloy formation, morphology and surface
composition of Pt-Pd particles, Pt-Pd nanocluster sizes and interactions between
the bimetallic particles and support [16].

The two highly dispersed active metals, Pt and Pd, are thought to exist as an
alloy, which contributes to the high sulfur tolerance because of its structural and
electronic effects rather than the degree of metal dispersion in bimetallic Pt-Pd
catalysts [34]. The Pt-Pd bimetallic interaction leads to the increase in the
amount of electron deficient metal sites, which improves the sulfur tolerance by

reducing the electrophilic sulfur adsorption [35]. On the other hand, the structure

12
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changes in Pt-Pd bimetallic catalysts give rise to different active sites that make

the adsorption of H, more competitive [32].

5.  Scope of thesis

In our previous study [27,36,37] on amorphous silica-alumina (ASA) supported Pt
catalysts, the effect of the supports (with different silica/alumina ratios) and the
important role of Bregnsted acid sites is stated: when sulfur-containing
compounds are present in the feed, the cleaved S from sulfur-containing
molecules absorbs strongly on Pt particle surfaces and blocked the active metal
sites, thus the hydrogenation of aromatic molecules on the metal surfaces is
hindered. However, hydrogen molecules are still able to penetrate into the S-
poisoned metal surfaces and disassociate. On the other hand, aromatic
molecules can adsorb on the Brgnsted acid sites at the perimeter of the poisoned
metal clusters and hydrogenated by the spillovered hydrogen dissociated from
poisoned metal clusters.

In this thesis, we focus on Pt-Pd systems. Bimetallic Pt-Pd catalysts (with a Pd:Pt
molar ratio of 3) supported on amorphous silica-alumina with different Si/Al ratios
and on silica were synthesized. In chapter 2, the characterization of the Pt-Pd
catalysts is presented. The Pt-Pd nanoclusters in the catalysts were studied in
detail using X-ray absorption spectroscopy and CO adsorption infrared
spectroscopy. Chapter 3 summarizes the results of tetralin hydrogenation on the
bimetallic Pt-Pd catalysts in the absence and presence of quinoline and
dibenzothiophene, and the hydrogenation activity and resistance towards
poisons are further correlated with the structure of the Pt-Pd nanoclusters.

From the study in chapter 2 and 3, it is found that the morphology and surface
composition of the Pt-Pd nanoparticles are very important in tetralin
hydrogenation activity and resistance towards poisoning. Therefore, in chapter 4
Pt-Pd nanopatrticles with different structure and morphology are prepared using
different metal precursors and changing the pH value of precursor solutions. The
different Pt-Pd nanoclusters are physicochemically and kinetically characterized.

The correlation between the Pt-Pd nanocluster morphology, hydrogenation

13
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activity and poison resistance is described.
In chapter 5, all main results and conclusions are summarized and a schematic
representation of hydrogenation pathways on supported Pt-Pd catalysts is

proposed.
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Chapter 2

Bimetallic Pt-Pd catalysts: Physicochemical

characterization

Bimetallic Pt-Pd catalysts (with a Pd:Pt molar ratio of 3) supported on amorphous
silica-alumina with different Al,O3/SiO, ratios and on silica were synthesized and
characterized. The concentration of Lewis acid sites increased with the alumina
content of support, whereas the concentration of Brgnsted acid sites reached a
maximum at 20 wt.% of alumina. The impregnation with Pt and Pd led to the
formation of bimetallic particles of 1.4 - 1.8 nm diameter. Infrared spectroscopy of
adsorbed CO and the analysis of the extended X-ray absorption fine structure
indicated the formation of core-shell Pt-Pd bimetallic particles with a Pd enriched
surface and a Pt rich core. In addition a small fraction of monometallic Pd
clusters was formed regardless of the support composition. The morphology and
composition of the bimetallic clusters strongly depended on the support
composition. The molar Pd/Pt ratio in the bimetallic clusters decreased, while the
proportion of surface Pt increased with increasing alumina content in the support.
The varying surface metal composition is attributed to different interaction
strengths between the metal precursors and supports during the preparation
steps. X-ray absorption near edge structure provided evidence of electron
deficiency of Pt atoms in the bimetallic Pt-Pd particles.
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1. Introduction

Bimetallic Pt-Pd catalysts have received considerable attention, because they
show high activity in a variety of catalytic applications [1]. The interest in studying
Pt-Pd catalysts originates from its superior activity, selectivity and stability
compared with monometallic Pt or Pd catalysts. For instance, the bimetallic Pt-Pd
catalysts have been shown to have higher resistance towards poisons compared
to Pt catalysts [2-4]. From a fundamental point of view, exploring bimetallic
catalysts also allows a better understanding of mechanisms and variables
involved in the catalyzed reactions. Therefore, extensive efforts has been
undertaken to elucidate the morphology of metallic clusters and to draw
structure-activity relationships [5-7].

For supported bimetallic clusters, the surface and bulk composition strongly
depend on a series of parameters, e.g., preparation procedures, metal-metal and
metal-support interactions. Thus, it is not surprising that diverse and apparently
contradictory studies on the genesis and structure of Pt-Pd catalyst are found in
the literature. The formation of homogenous Pt-Pd particles on silica and NaY
zeolite has been reported [8,9]. However, experimental and theoretical evidence
for the segregation of Pd to the surface of bimetallic Pt-Pd clusters is more
abundant [10-15]. Pd is claimed to segregate to the surface during thermal
treatment, probably because of the different surface energy of Pt and Pd [16].
Many other factors, however, may also affect Pd migration. For example, studies
of alumina- and carbon-supported Pt-Pd catalysts show that the migration of Pd
atoms to the surface is enhanced by thermal treatment in H, or O, but
suppressed by high metal dispersion [17]. Furthermore, not only the variables
involved in the reduction step can influence the characteristics of Pt-Pd catalysts.
For instance, the particle size and composition of bimetallic clusters on alumina
are notably affected by replacing nitrate precursors with acetylacetonate during
the preparation procedure [18]. The thermal treatment applied to the catalyst
precursor may also affect the oxidation state of the metal before the reduction

step as shown in ref. [8].
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The large number of variables determining the nature of supported bimetallic
particles makes it difficult to deduce general models for the metal phase in the
Pt-Pd catalysts without characterizing a sizable number of different bimetallic
catalysts to deduce structure-activity correlations. In this study, we aim to
investigate the characteristics of Pt-Pd clusters supported on amorphous silica
alumina (ASA) as a function of the silica to alumina ratio, which induces a
change in the concentration of Brgnsted and Lewis acid sites of the support.
Nuclear magnetic resonance spectroscopy (NMR), infrared spectroscopy using
CO and pyridine as probe molecules, transmission electron microscopy (TEM),
and X-ray absorption spectroscopy using EXAFS analysis are utilized to derive a
structural model for the Pt-Pd catalysts.

The features of the catalysts here studied, are going to be correlated to their
catalytic performance in the hydrogenation of tetralin in the absence and
presence of dibenzothiophene and quinoline in the second part of this work [19].
The final goal is to propose a mechanistic model of the tetralin hydrogenation on
the Pt-Pd/ASA catalysts that includes the metal phase and Brgnsted acid sites in
the support. To better address the effect of acidity, a monometallic Pt catalyst

and its Cs-exchanged form were also prepared and characterized.

2.  Experimental

2.1. Preparation of supported Pt-Pd catalysts

A series of Pt-Pd based catalysts (with a molar ratio of Pd:Pt = 3) supported on
amorphous silica-alumina (ASA) with Al,O3/SiO; ratios of 5/95, 20/80 and 55/45
and pure silica were prepared by incipient wetness impregnation. The ASA
supports were synthesized by mixing aqueous solutions of AICl3-6H,0 in acetic
acid (pH = 1.5) and sodium silicate in NHsOH (pH = 12). The pH of the mixture
was 7.5. The resulting gel was washed with a diluted solution of ammonium
acetate to eliminate sodium cations. Subsequently, the gel was dried at 400 K

and treated in air at 783 K for 2 h and at 949 K for 2 h. The pure silica support
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was provided by Shell and thermally treated in air at 783 K for 2 h and at 949 K
for 2 h.

The supports were impregnated with an aqueous solution of [Pt(NHz)4](NO3):
and [Pd(NH3)4](NO3), using the incipient wetness impregnation technique. The
pH of the solution was 7.7. Subsequently, the catalysts were equilibrated for 0.5
h on a mini rolling-road, and dried (453 K, 10 min) and calcined (563 K, 10 min)
in a rotating-tube oven. Finally, the catalysts were reduced at 623 K in hydrogen
for 2 h.

Two additional monometallic Pt catalysts were synthesized to study the role of
the Brgnsted acidity in tetralin hydrogenation in the absence and presence of
poisons. One of the catalysts was 0.8 wt.% Pt supported on ASA with an alumina
to silica mass ratio of 38/62 (Pt/ASA(38/62)). In the other catalyst (Cs-
Pt/ASA(38/62)) the Brgnsted acid sites were ion-exchanged by cesium ions, to
suppress the support acidity. The parent Pt/ASA(38/62) catalyst was prepared by
the same method as described for Pt/ASA samples in ref [20]. In order to
exchange this catalyst with Cs the sample was first reduced in flowing H;, at 623
K and then cooled to room temperature in He. After passivation at room
temperature (1 vol.% O, in He) the sample was impregnated with an aqueous
solution of CsNOj in excess (30 mg Cs per gram of catalyst) followed by
equilibration on a mini rolling road for 1 h. Subsequently, the catalyst was dried
for 2 h at 393 K, treated in synthetic air for 2 h at 573 K and finally reduced in H,
for 2 h at 623 K.

2.2. Elemental analysis, specific surface area and  porosity

The chemical compositions of the supported catalysts were determined by
atomic absorption spectroscopy (AAS) using an UNICAM 939 spectrometer. The
specific surface area and average pore diameter of the catalysts were derived
from N, adsorption-desorption measurements carried out at liquid nitrogen
temperature using a PMI automated BET sorptometer. Prior to the

measurements, all samples were outgassed at 523 K for 20 h. The specific
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surface areas and the micropore and mesopore distributions were calculated

applying the BET and BJH models, respectively.

2.3. MAS-NMR spectroscopy

The catalyst samples were packed at ambient conditions into 4 mm ZrO, rotors
for the 2’Al NMR experiments. The spectra were obtained with a Bruker Avance
AMX 400 NMR spectrometer operating at 104.263 MHz for aluminium. Solid
(NH2)AI(SO4)2 (0a1 = -0.59 ppm) was used as standard for the chemical shifts [20].

2.4. IR spectroscopy

IR spectra of adsorbed pyridine were used to characterize acid sites, while the
spectra of adsorbed CO were used to characterize the properties of the metal
surface. The adsorption of pyridine was studied with a Perkin Elmer 2000
spectrometer operating at a resolution of 4 cm™. Prior to the sorption experiments,
the catalyst samples were activated in vacuum (p = 10°® mbar) at 673 K for 1 h.
The activated samples were exposed to pyridine (pey) = 102 mbar) at 423 K for
0.5 h and after outgassing at 423 K for 1 h the IR spectra were recorded. The
concentration of Lewis (LAS) and Brgnsted (BAS) acid sites were quantified
using the molar extinction coefficients of 0.965 cm-pmol™* for LAS and 0.726
cm-pmol™ for BAS.

The CO adsorption experiments were performed using a Bruker ISF88
spectrometer using a resolution of 4 cm™. Samples of the catalysts were reduced
in Hyat 623 K for 1 h at a pressure 1 bar followed by outgassing in vacuum (p =
10® mbar) for 1 h to remove the adsorbed hydrogen. The samples were cooled
to 313 K and CO was adsorbed at 0.5 mbar. Subsequently, the sample was

evacuated for 15 minutes at 10° mbar and an additional spectrum was recorded.

2.5. Transmission electron microscopy

The catalyst samples treated in H, (623 K for 2 h) were ground, suspended in

ethanol and ultrasonically dispersed. Drops of the dispersions were applied on a
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copper grid-supported carbon film. A JEM-2010 Jeol transmission electron

microscope operating at 120 kV was used to perform the measurements.

2.6. X-ray absorption spectroscopy

X-ray absorption spectra were collected at the beamlines X1 and C at HASYLAB,
DESY, Hamburg, Germany. The storage ring was operated at 4.5 GeV at an
average current of 100 mA. The Si (311) double crystal monochromator was
detuned to 60% of the maximum intensity to minimize the intensity of higher
harmonics in the X-ray beam. The samples were prepared as self-supporting
wafers and reduced in situ with H, at 588 K for 1 h and then flushed with He at
588 K for 0.5 h to remove adsorbed H,. The X-ray absorption spectra were
collected at the Pt L, edge (11564 eV) and the Pd K edge (24365 eV) at 77 K.
The position of the edge was calibrated using the spectra of a simultaneously
measured Pt or Pd foil. For the EXAFS and XANES analysis, the scattering
background was subtracted using a polynomial function and all spectra were
normalized to unity. The VIPER and XANDA programs were used for analyzing
the datasets [21].

For EXAFS analysis the oscillations were weighted with k?* and Fourier
transformed within the limits k = 2.0 — 11.0 A, Using multiple-edge fitting with
equal distances for Pt-Pd and Pd-Pt neighbors the local environments of the Pt
and Pd atoms were determined from the oscillation (in k space) using phase-shift
and amplitude function for Pt-Pt, Pd-Pd, Pt-Pd and Pd-Pt calculated assuming
multiple scattering processes (FEFF Version 8.30) [22,23].

3. Results
3.1. Textural properties and chemical composition o f the oxide supported
Pt-Pd bimetallic catalysts

The chemical compositions of the Pt-Pd catalysts obtained from AAS are
summarized in Table 1. The metal content was approximately 0.8 wt.% in all

samples with a Pd/Pt molar ratio of 3. The overall metal loading of the samples
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corresponds to the Pt content on the ASA supported monometallic catalysts
studied in a previous work [20]. The specific surface areas were 313, 308 and
452 m>g*’ for the Pt-Pd catalysts supported on ASA(55/45), ASA(20/80) and
ASA(5/95), respectively. The catalyst supported on pure silica had a specific
surface area of 167 m?g™. The average pore diameters did not exhibit any trend

depending on the silica content.

Table 1. Textural properties, chemical composition and mean metal particle size
of Pt-Pd catalysts.

Concentration (wt.%) SBIfET Pore  Pparticle
Catalyst ;::;e diameter  gjze!
Pt Pd AO; SiO: (m?g? (nm) (nm)
Pt-Pd/ASA(55/45) 0.30 0.55 55.2 44.0 313 4.0 1.4
Pt-Pd/ASA(20/80) 0.30 0.52 20.2 79.0 308 13.9 1.8
Pt-Pd/ASA(5/95) 0.29 050 54 93.8 452 6.1 1.6
Pt-Pd/SiO, 030 052 0.0 99.2 167 24.8 1.4

! Mean metal particle size determined by TEM.

3.2. Acid properties of the Pt-Pd bimetallic cataly  sts

The acid properties of the catalysts were characterized by pyridine
adsorption/desorption followed by IR spectroscopy. The concentrations of
Brgnsted (BAS) and Lewis (LAS) acid sites were estimated from the quantitative
evaluation of the spectra and are summarized in Table 2. The catalysts
supported on pure SiO; did not show any acidity, indicating that the presence of
the metal does not induce Lewis acidity. The concentration of LAS increased with
the alumina concentration in the samples, i.e., Pt-Pd/ASA(5/95) < Pt-
Pd/ASA(20/80) < Pt-Pd/ASA(55/45). In contrast, the total concentration of
Brognsted acid sites increased according in the following sequence: Pt-
Pd/ASA(55/45) < Pt-Pd/ASA(5/95) < Pt-Pd/ASA(20/80).
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Table 2. Brgnsted acid sites (BAS) and Lewis acid sites (LAS) concentrations

calculated from pyridine adsorption IR spectroscopy for Pt-Pd catalysts.

Acid site concentration (umol-g™)

Catalyst
BAS LAS
Pt-Pd/ASA(55/45) 22 192
Pt-Pd/ASA(20/80) 58 183
Pt-Pd/ASA(5/95) 45 156
Pt-Pd/SiO- 0 0

3.3. 2’Al NMR - Chemical environment of aluminum in Pt-Pd bimetallic
catalysts

The chemical environment of the aluminum species was investigated for the two
samples with the highest alumina contents, i.e., Pt-Pd/ASA(55/45) and Pt-
Pd/ASA(20/80). The results are shown in Fig. 1 and compared to monometallic
Pt/ASA samples [20]. The known spectrum of pure Al,O3 exhibited two signals at
67 and 9 ppm, corresponding to tetrahedral and octahedral aluminum,
respectively [24]. With ASA(55/45), the position of the signals shifted to 57 and 4
ppm and a new resonance at approximately 29 ppm was observed. The upfield
shifts of the signals at 4 and 57 are assigned to a significant dilution of aluminum
in the neighborhood of a central Al-atom. The peak at 29 ppm has been assigned
to strongly distorted tetrahedral [25,26] or pentavalent aluminum species [27-30].
The samples with less alumina, PYASA(20/80) and Pt-Pd/ASA(20/80), showed a
remarkable upfield shift of the peak attributed to tetragonal coordinated aluminum
from 67 (pure Al;O3) to 51 ppm. Some geometric factors, e.g., disordered Al-O-Si
angles [31] and the composition of the further coordination shells could also
influence the resonance of tetrahedral Al [32]. The other aluminum species were
found in six- and five-fold coordination states as can be seen from the resonance
signals at 2 and 27 ppm, respectively. Generally, for both bimetallic samples the

shifts in the NMR spectra were similar to the shifts observed for the Pt/ASA
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samples [20]. As the supported Pt and Pd-Pt clusters influence the chemical
environment of aluminum in a similar way, we would like to refer to ref. [20] for a

detailed description of the surface properties of the ASA supports.

Pt-Pd/ASA(55/45)
(dashed line)

PUASA(55/45)

150 100 50 0 50 -100
6 [ppm]

2
51 27

Pt-Pd/ASA(20/80)
(dashed line)

. PUASA(20/80)

150 100 50 0 .50  -100
3 [ppm]
Figure 1. ?’Al NMR of Pt-Pd/ASA(55/45) and Pt-Pd/ASA(20/80) (data are

compared to monometallic Pt samples [20]).

3.4. Characterization of the Pt-Pd nanoclusters

The supported Pt-Pd metal nanoparticles were characterized by TEM, EXAFS,
XANES and CO adsorption IR spectroscopy. Representative TEM pictures are
shown in Fig. 2, the grey areas represent the oxide supports and the small darker
dots represent the noble metal particles. Particle size histograms (compiled in Fig.
3) were derived from the TEM images by analyzing about 300 metal particles per
catalyst. The mean metal particle sizes for Pt-Pd/SiO,, Pt-Pd/ASA(5/95), Pt-
Pd/ASA(20/80) and Pt-Pd/ASA(55/45) were 1.4, 1.6, 1.8 and 1.4 nm, respectively

(see Table 1). In comparison to the catalysts containing only Pt [20], the mean
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metal particle sizes on the ASA supports increased from an average of 0.8 nm
for the Pt/ASA catalysts to 1.4 - 1.8 nm for the Pt-Pd/ASA catalysts. The particle
size distributions were also broader for the bimetallic catalysts (with sizes ranging
from 0.8 to 3.0 nm) showing that the bimetallic Pt-Pd particles are not as

uniformly dispersed on the ASA surface as monometallic Pt.

Mag (k) = 200. Mag (%) = 20(

Tension Tension

Mag (k) = 200.0 Mag (k) 200. 0
Tension = 120 Tension 120

Figure 2. Representative TEM images of Pt-Pd/ASA(55/45), Pt-Pd/ASA(20/80),
Pt-Pd/ASA(5/95) and Pt-Pd/SiO,.
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O Pt-Pd/ASA(55/45)
161 B Pt-Pd/ASA(20/80)
O Pt-Pd/ASA(5/95)
B Pt-Pd/SiO,

Particle size distribution [%]

0’ T T T T

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

Particle size [nm]

Figure 3. Size histograms derived from TEM for Pt-Pd/ASA(55/45), Pt-
Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/SiO, catalysts.

EXAFS was used to further characterize the morphology of Pt-Pd clusters. The
Fourier transforms of the EXAFS at the Pt L, edge and at the Pd K edge for the
reduced Pt-Pd materials are shown in Figs. 4 and 5. Table 3 summarizes the
structural parameters, i.e., the coordination numbers (CN) and the interatomic
distances (r) calculated from the analysis of the EXAFS oscillations in k space.
The interatomic distances for the Pt-Pt, Pt-Pd, Pd-Pd and Pd-Pt bonds showed
generally a slight contraction (max. 2.5%) typical for small metal particles [33].
Regardless of the composition of the support, the total coordination of Pt, i.e.,
sum of coordination numbers (CNpi.pt + CNpr.pg) is around 11, whereas the total
coordination of Pd (CNpg.pg + CNpg.pi) IS nearly 6. In cubooctahedral particles
(both metals have face-centered cubic lattices) [34-36], the total coordination

number for the atoms on the surface is around 6, whereas the coordination
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numbers for the inner atoms is 12. Thus, the high values for the sum of the
coordination numbers of Pt (CNp.pt + CNpipg) Suggest that the Pt atoms are
preferably inside the core of the bimetallic particle, surrounded by Pd, for which
the total coordination numbers (CNpg.pq + CNpg.p) around 6 indicate that the
main fraction of Pd is on the surface of the bimetallic particles. The similar
coordination numbers for all catalysts indicate that the general structural features
of the bimetallic Pt-Pd clusters do not depend on the support. It must be pointed
out, that Pt-Pd/ASA(55/45) has the highest CNpi.pg, CNpg.pt and lowest CNpy.py,
CNpg-pg.

Pt-Pd/ASA(20/80) ' Pt-Pd/SiO,

o 1 2 3 4 5 0 1 2 3 4 5
RIA] RA]

Figure 4. Fourier transforms (k? —weighted, Ak 2-11 A™) of Pt-Pd/ASA(55/45), Pt-
Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/SIO, (solid lines) at Pt L, edge
(11564 eV) and their Pt-Pt and Pt-Pd fitted contributions (dashed lines) after in

situ treatment in H, at 588 K.
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) Pt-Pd/SiO,
) 1 2 3 4 5 0 1 2 3 4 5
RA] RA]

Figure 5. Fourier transforms (k> —weighted, Ak 2-11 A™%) of Pt-Pd/ASA(55/45), Pt-

Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/SiO, (solid lines) at the Pd K edge
(24365 eV) and their Pd-Pd and Pd-Pt fitted contributions (dashed lines) after in

situ treatment in H, at 588K.

Table 3. Fitted values from the EXAFS spectra for Pt-Pd catalysts: coordination

number (CN), radial distance (r) and Pd:Pt ratio in the bimetallic clusters®.

Pt-Pt Pt-Pd Pd-Pt Pd-Pd Pd:Pt
Catalyst Edge

CN r[A] CN r[A] CN r[A] CN r[A] ratio'

PtLy 7.38 275 3.74 271

Pt-Pd 1.17
IASA(55/45) PdK 3.21 271 3.05 272

Pt-Pd PtLy 7.99 273 321 273 Lo
IASA(20/80) Pd K 259 273 433 274

Pt-Pd pPtL, 8.02 275 330 271 a1
IASA(5/95) PdK 234 271 422 276

Pt-Pd PtLy 8.02 271 3.60 2.72 169

/SiO; Pd K 213 272 395 276

! Pd:Pt ratio determined as CNp.pd:CNpy.pt. These values correspond to the composition of the
bimetallic cluster not to the overall Pd:Pt ratio of 3 as determined by atomic absorption
spectroscopy.
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Since both, the 2ps», to 5dz, and the 2pz, to 5ds; electronic transitions, are
observed at the Pt L, edge, the hole density in the 5ds, and 5ds, state is
reflected in the white line intensity of the Pt L, edge. Thus, further electronic
effects of intermixing Pt and Pd are evident in the X-ray absorption near edge
structure (XANES) at the Pt L, edge as shown in Fig. 6. The increase of the
white line height in the XANES indicates a lower electron density of Pt in the
bimetallic nanoclusters compared to metallic (bulk) Pt [37]. Moreover, the
composition of the ASA supports did not affect the electronic states of Pt atoms
in Pt-Pd clusters, since the white line intensities above Pt L, edges for Pt-Pd
catalysts seemed to be constant. A more in-depth analysis is given in the

discussion section of this contribution.

14
Pt foil
1] — Pt-Pd/ASA(55/45)
o A e U Pt-Pd/ASA(20/80)
A ~ | Pt-P/ASA(5/95)
_ 10 N —
:l T
o]
> 081 N T~
o S,
c
38
S 0.6
n
Q
<
0.4 -
0.2 -
O == T T T T T

11520 11540 11560 11580 11600 11620 11640 11660 11680 11700
Energy [eV]

Figure 6. Normalized XANES at the Pt L, edge in He at 588 K of Pt foil and Pt-
Pd/ASAs after in situ reduced in H; at 588 K.
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Metal nanoparticles were also characterized by CO adsorption on the reduced
samples as presented in Fig. 7. Bands were observed at 2099, 2101, 2099 and
2095 for Pt-Pd/ASA(55/45), Pt-Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/SiO,,
respectively, corresponding to linearly adsorbed CO on Pt and Pd [10]. In these
bands, the contributions of CO linearly bound to Pt and to Pd overlap. After
evacuation, the intensity of the bands decreased and its position shifted to lower
wavenumbers i.e., to 2078, 2084, 2083, and 2074 cm™ for Pt-Pd/ASA(55/45), Pt-
Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/SiO,, respectively. Both
observations are attributed to a decrease of the CO surface coverage due to
desorption of CO from Pd [38]. To differentiate between Pd-CO and Pt-CO
complexes, CO was adsorbed on monometallic Pd/ASA(30/70) and
Pt/ASA(30/70) samples (not shown here) and the stepwise CO
adsorption/desorption experiment described before led to the total removal of
linearly adsorbed CO on Pd. In consequence, for the bimetallic materials (Figure
7, dashed lines), the decrease in intensity and position shift of the bands of CO
linearly adsorbed after evacuation is assigned to the removal of CO from Pd.
Even though the surface of bimetallic clusters is Pd enriched, the concentration
of surface Pt is not negligible, because the intensity of bands corresponding to
CO linearly adsorbed on Pt remains important in all cases.

Further broad bands in the spectra of the Pt-Pd materials were observed below
2000 cm™, which are assigned to CO adsorbed in a bridged form on Pd atoms
(the exact band position is shown in Figure 7) [39]. The bands at 1860-1920 cm™
were assigned to Pd,-CO complexes or CO adsorbed on a defect-rich terraces
[10,40], whereas bands at frequencies between 1950 and 1990 cm™ are
attributed to dimeric [Pd,-CO]J, species or CO adsorbed on the edges of
aggregates [10,38]. The bands assigned to dimeric [Pd,-CO], species,
decreased in intensity with increasing alumina concentrations in the supports and
for Pt-Pd/ASA(55/45) the band almost completely disappeared upon evacuation.
Note that dimeric [Pd»-CO], complexes can only be present, if there are at least
four adjacent Pd atoms on the particle surface. Therefore, we conclude that the
proportion of surface Pd is the lowest in Pt-Pd/ASA(55/45). The bands at 1860-
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1920 cm™ remained almost unchanged on evacuation, which was tentatively
attributed to the conversion of [Pd»-COJ, to monomeric Pd,-CO during the CO
desorption. While a further possibility could be that CO is adsorbed in a bridged
form on Pt-Pd pairs, however, this structure cannot be identified unequivocally

using the present results.

Pt-Pd/ASA(55/45)

Pt-Pd/ASA(20/80)

1910

1980

Pt-Pd/ASA(5/95)

Pt-Pd/SiO,

------ ’ “--(1961)

2200 2100 2000 1900 1800 1700
Wavenumber [cm™]

Figure 7. IR spectra of CO adsorbed on Pt-Pd/ASA(55/45), Pt-Pd/ASA(20/80),
Pt-Pd/ASA(5/95), Pt-Pd/SiO, and Pd/ASA(20/80) catalysts at T = 40 °C, p(co) =
5.-10" mbar (continuous lines) and after evacuation for 15 min (dashed lines,

band values in brackets).
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The normalized integrated peak areas of linearly and bridged adsorbed CO at 0.5
mbar and after evacuation for 15 minutes are summarized in Table 4. The Pt-
Pd/ASA(55/45) sample had the highest ratio of linear to bridged adsorbed CO
(.21 and 1.12 before and after evacuation, respectively) and the highest
intensity of linearly adsorbed CO (2060-2110 cm™) before and after evacuation.
Both observations indicate the lowest concentration of surface Pd atoms, and
consequently the highest concentration of Pt atoms on the surface of this sample.
The Pt-Pd/SiO,, Pt-Pd/ASA(5/95) and Pt-Pd/ASA(20/80) catalysts had very
similar values of linear to bridged adsorbed CO (1.02-1.08 after CO adsorption at
0.5 mbar and 0.86-0.91 after evacuation for 15 min), suggesting that the
bimetallic clusters in these materials had a very similar surface composition. It is
likely that the particular characteristics of the metallic clusters on ASA(55/45)
originate from the fact that the surface of this material is the least homogenous,

i.e., segregated alumina regions are formed as reported in ref. [20].

Table 4. Summary of weight normalized integrated peak areas of linearly and
bridged adsorbed CO on the Pt and Pt-Pd catalysts at 0.5 mbar and after

evacuation for 15 minutes at 5-10° mbar (in brackets).

Linearly adsorbed Bridged adsorbed Ratio of linearly to

Catalyst (6{0) (6{0) bridged adsorbed
(2060-2110 cm™)  (1840-1990 cm™) co
Pt-Pd/ASA(55/45) 865 (592) 714 (529) 1.21 (1.12)
Pt-Pd/ASA(20/80) 578 (416) 540 (485) 1.07 (0.86)
Pt-Pd/ASA(5/95) 642 (473) 628 (545) 1.02 (0.87)
Pt-Pd/SiO, 710 (490) 658 (541) 1.08 (0.91)

3.5. Characterization of the Pt/ASA(38/62) and Cs-P  t/ASA(38/62) catalysts

The Pt/ASA(38/62) and Cs-Pt/ASA(38/62) catalysts were prepared to test the
hypothesized role of Brgnsted acidity in tetralin hydrogenation in the absence

and presence of poisons. Impregnation of Pt/ASA(38/62) with Cs™ did neither

33



Chapter 2

influence the mean Pt cluster diameter (0.9 nm determined by TEM) nor the
concentration and wavenumber of linearly adsorbed CO (2075 cm™) upon
evacuation (Figure 8). On the other hand, pyridine adsorption showed that the
Cs” treatment led to almost complete removal of Brgnsted acid sites (from 54 to
only 7 pmol-g™?), whereas the concentration of Lewis acid sites remained

constant at 223 pmol-g™ (see Table 5).

Pt/ASA(38/62)

(1854)

Cs-PtASA(38/62)

2200 2100 2000 1900 1800 1700

Wavenumber [cmY]
Figure 8. IR spectra of CO adsorbed on Pt/ASA(38/62) and Cs-Pt/ASA(38/62)

catalysts at T = 40 °C, pco) = 5.10" mbar (continuous lines). Spectra recorded
after evacuation for 15 min were also included (dashed lines, band values in

brackets).
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Table 5. Summary of TEM, pyridine adsorption IR and CO adsorption IR data of
Pt/ASA(38/62) and Cs-Pt/ASA(38/62).

. Acid site Normalized peak ~ Normalized peak
Particle  concentration 4req of linear area of bridge
Catalyst oy (umolg adsorbed CO_ adsorbed CO
BAS LAS  (2060-2110cm™)  (1840-1990 cm™)
PUASA(38/62) 09 54 223 1609.3 157.6
Cs-PUASA(38/62) 0.9 7 221 1605.9 158.1

! Mean metal particle size determined by TEM.

4. Discussion

4.1. Characteristics of the ASA support

Let us compare briefly the characteristics of the supports in the Pt-Pd/ASA
catalysts reported here with the characteristics of the support in Pt/ASA reported
in ref. [20]. The results of ’Al NMR indicated that the chemical environment of
aluminum in the Pt-Pd/ASA catalysts is very similar to that observed for P/ASA.
Thus, the synthesis of bimetallic catalysts did not affect the distribution of silica,
alumina and aluminosilicate phases. Furthermore, the trends of the acidity were
preserved regardless the composition of the metallic clusters, i.e., the
concentration of LAS increased with the alumina concentration and the
concentration of BAS reached a maximum at 20 wt.% alumina. This observation
was in line with previously used material, for which it was found that the
concentration of LAS correlated with the alumina regions, whereas the BAS were

generated only on aluminosilicate domains [20].

4.2. Structure of the Pt-Pd clusters

The catalytic properties of bimetallic Pt-Pd/ASA depend not only on the nature of
the Pt-Pd particles, it is also known that the sulfur tolerance of bimetallic catalysts
is influenced by factors, such as particle size, there structure and the interactions

between metal particles and supports. The preparation of ASA supported Pt-Pd
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catalysts yielded particles with average diameters of 1.4 -1.8 nm (TEM), which
were larger than the average diameters of the monometallic Pt clusters (0.8 nm)
previously reported. Let us first analyze the local structure of Pd and Pt in ASA
and silica-supported catalysts by their EXAFS.

In a homogeneously distributed bimetallic nanoparticle consisting of atoms A and
B, (CNaa + CNag) should be equal to (CNgg + CNga), where CNaa, CNas, CNgs
and CNga are partial coordination numbers. If atoms of element A segregate to
the surface and those of element B to the core, (CNaa + CNag) < (CNgg + CNga)
should be observed. Moreover, regardless of the structure of the particle
containing atoms of type A and B, the simple conditions expressed in equations
(1) and (2) must be satisfied [41].

CNag - Xa = CNga - X8 1)

rag = fea 2)

In equation (1) and (2), Xa and xg are the molar factions of element A and B, rag
and rga are the interatomic distances between A-B and B-A, respectively. Thus,
in the EXAFS analysis of all bimetallic Pt-Pd catalysts, rp.pq = rpg-pt Was set as
constraint in the fitting program. All calculated structure parameters are listed in
Table 3. Substitution of xa= Na/(Na+Ng) and xg= Ng/(Na+Ng) into Equation (1)
leads to Equation (3) (making A=Pt and B=Pd) where Np; and Npy are the
numbers of Pt and Pd atoms in the bimetallic Pt-Pd clusters. By eliminating (Np; +
Npg) On both sides, Equation (4) is obtained.

CNptpd - Npt/(Npt + Npg) = CNpg.pt - Npa/(Npt + Npg) (3

CNptpd © Npt= CNpg.pt - Npg (4)

Note that the relation given in Equation (4) was not used as a constraint when
fitting the EXAFS data; therefore, it can be applied to identify the presence of
additional monometallic particles.

Let us consider Pt-Pd/SiO, as example for this discussion. Since CNpypg = 3.60
and CNpg.pt = 2.13 for Pt-Pd/SiO, (Table 3), the molar ratio of Pd:Pt = Npg:Np; =
1.69 in the bimetallic Pt-Pd nanoclusters are determined according to Equation
(4). However, the overall molar ratio of Pd:Pt is 3, so the difference to the

calculated value of 1.69 suggests that besides the bimetallic Pt-Pd nanoclusters,
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a fraction of monometallic Pd nanopatrticles has to be also present in the Pt-
Pd/SiO; catalyst. A schematic model of a Pt-Pd particle with a size of 1.4 nm and
Pd:Pt ratio of 1.69 is shown in Figure 9. According to the results of the EXAFS
analysis Pd is concluded to segregate to the surface and Pt atoms form the core.
The coordination numbers of the model in Fig. 9 match the values of the EXAFS
fitting in Table 3 except for CNpg.pq. The Pd:Pt ratios for the other Pt-Pd/ASA
catalysts were calculated in the same way and are also summarized in Table 3.
In all cases, the Pd:Pt ratios were smaller than 3, indicating that monometallic Pd

particles have to be additionally present in all bimetallic Pt-Pd catalysts.

O O O O O
NN /NN SN s
Si Si Si Sii Si
/N NN N /N
0O O O O O

Figure 9. Model of a Pt-Pd cluster (1.4 nm) with a Pd (orange spheres) to Pt
(blue spheres) ratio of 1.69.

The adsorption of CO followed by IR spectroscopy confirmed that the Pt-Pd
clusters supported on ASA(55/45) have the highest fraction of Pt at the surface.
The high intensity of the band of linearly bound CO allows concluding that all
catalysts have a fraction of accessible Pt. Let us now analyze this in more
guantitative terms. The total number of surface Pd or Pt atoms can be expressed
by Equations (5) and (6). (CO)pg.z and (CO)pq.. are the concentrations of CO
adsorbed on Pd in the bridging (each CO molecules binds to 2 metal atoms) and
linear mode, respectively. (CO)p.s and (CO)py.. represent the CO adsorbed on Pt
in the bridging and linear mode, respectively.

Pd = 2(CO)pq-p + (CO)pq-L )

Pt = 2(CO)ppg + (CO)py.y, i Pd = 2(CO)py + (CO)py,, (6)
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Given that the concentration of adsorbed CO can be calculated as A/k;, being A;
and k; the absorbance and molar extinction coefficient for a given CO species,

respectively, Equations (5) and (6) become:

2A A
Pd — Pd-B + Pd-L (7)
de-B de-L
_ 2APt-B APt-L
Pt ="+ (8)

Pt-B Pt-L
Defining the relation of the molar extinction coefficients on Pt and Pd as k- /ki.
=K, equations (9) and (10) are obtained.

2ApgpKpa A

Pd = 4 == 9
de-L de-L ( )
2A K A
Pt = —2— 4+ £ (10)
Pt-L Pt-L

Combining then Equations (5) and (6) to express the surface Pd/Pt ratio Equation
(11) is obtained.
Pd _ Kpep 2KpaApg.ptApg.L

Pt Kpg. 2KptAprgtApyy,

(11)

Equation (11) is a very general relation and can be simplified assuming that the
value of K is (in agreement with [10]) around 2.5. Furthermore, the concentration
of CO adsorbed on Pt in the bridging mode is negligible compared to the other
adsorbed species. Hence, Equation (11) is reduced to Equation (12).

Pd _ Kpi1, 5Apg.gtApy.L (12)

Pt Kk A

Pd-L Pt-L

It is reasonable to assume that the absorbance of CO linearly adsorbed on Pt
(Apt.L) corresponds to the integrated peak area determined in the range 2060-
2110 cm™ after evacuation. The absorbance of CO adsorbed in the bridge mode
on Pd (Ap.g) corresponds to the area of the bands in the 1840-1990 cm™ range.
Finally, the absorbance of linearly adsorbed CO on Pd (Apg..) is the difference of
the peak areas in the 2060-2110 cm™ range before and after evacuation. There
are some indications in literature that the values for kp.. and kpq.. are similar
[42,43], so we can assume that the (Kkp.../kpg.L) ratio is close to 1, which allows
estimation of the surface Pd/Pt ratios for the bimetallic catalysts. The resulting

Pd/Pt surface ratios are 4.9, 6.2, 6.1 and 5.9 for Pt-Pd/ASA(55/45), Pt-
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Pd/ASA(20/80), Pt-Pd/ASA(5/95) and Pt-Pd/ASA(SIO,), respectively. Hence the
IR characterization by CO adsorption suggests that (i) more than 80 % of the
metal at the surface is Pd, (ii) the fraction of surface Pt atoms is minor (about
15 %) but not negligible and (iii) the catalyst supported on ASA(55/45) has the
lowest concentration of surface Pd atoms, which is in good agreement with the

results of the EXAFS analysis.

4.3. Electronic effects of alloying

The XANES analysis at the Pt L, edge showed a lower electron density on the
metal nanoclusters compared with the bulk Pt foil. A more rigorous analysis of
the XANES can be done by comparing the relative intensity of empty states at
the Fermi level of the materials. This relative intensity of the peaks is determined
by subtracting the intensity of the absorption edge from the corresponding near-
edge X-ray absorption fine structure fitted with a sigmoidal function [44]. The
densities of empty states are plotted in Figure 10 as a function of the composition
of the support. The data corresponding to the Pt catalysts reported in ref. [45] are
also shown. The intensities for the Pt-Pd nanoparticles are larger than those of
the corresponding monometallic Pt catalysts implying an increase of the electron
deficiency in the Pt d-band by alloying with Pd. Moreover, in contrast to the Pt
nanoparticles on various ASA supports, the support composition does not
influence the electronic state of Pt. This suggests that the electron deficiency of
Pt is mainly caused by the withdrawal of electrons by Pd. Thus, any electronic
effect caused by the support is compensated by the effects of alloying. The
electron deficiency of Pt after alloying with Pd has been documented by several
groups [2,46,47] and in ref. [47] even the formation of Pt*®*-xPd® ionic bonds has

been proposed.
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Figure 10. White line intensities above the Pt L, edge as a function of the
support silica content of the Pt/ASA and Pt-Pd/ASA catalysts.

The XANES at the Pd K edge were also measured (not shown here) and the
corresponding white line intensities above the Pd K edge are shown in Fig. 11. In
line with the proposed electron withdrawal from Pt to Pd, the white line intensities
of the Pd K edge of the catalysts were smaller than that of Pd foil and as
observed for the Pt L, XANES. Also for Pd the composition of the supports did
not affect the electronic states of Pd atoms.
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Figure 11. White line intensities above the Pd K edge as a function of the support
silica content of the Pt-Pd/ASA catalysts.

4.4. On the synthesis of the Pt-Pd clusters and seg  regation of Pd to the

surface

It is clear that the support composition determines the morphology of the Pt-Pd
clusters. At the moment, the origin of this dependence is uncertain, but let us
tentatively propose that the interactions between the precursor ions and the
surface play a key role. On negatively charged surfaces, the adsorption of
cations, [Pt(NH3).** [Pd(NHs)s?* in our case, is driven by electrostatic
interactions [48]. On positively charged (protonated) surfaces, the cations are
adsorbed by ion exchange [49]. At the impregnation conditions used in this study
(pH=7.7), the silica surface is negative (PZC=2-3.5) [50]. Thus, the deposition of

Pt and Pd cationic species on silica is driven by electrostatic interactions. The
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picture is more complicated for the case of mixed oxides. The surface of ASA
has three different domains, i.e., silica, alumina and aluminosilicate regions
(Al,03 and SiO, homogeneously mixed), the proportion of these domains depend
on the alumina to silica ratio. As alumina is added aluminosilicate domains exist,
whereas pure Al,O; appears above a critical alumina concentration. These
domains of the solid have very different point of zero charge (PZC), i.e., 2-3.5, 8-
9 and intermediate values for SiO,, Al,O3 and aluminosilicate, respectively [50,
51]. Thus, the surface charge of ASA is not homogenous during the impregnation
of the metal precursor solution and it is likely that the both kinds of interactions,
electrostatic and ion exchange compete. The alumina and probably also the
aluminosilicate region are positively charged. Therefore, the contribution of the
ion exchange mechanism has to increase with increasing alumina content in the
support. Considering that the electrostatic interaction is weaker than the
adsorption via ion exchange, we suggest that the mobility of metal-containing
species decreases with the content of alumina. Following the same rationale, the
interactions between carrier and supported species increase in strength with
increasing alumina content. This agrees with the fact that alumina interacts
stronger with supported species than silica.

The segregation of Pd to the surface of Pt-Pd clusters is thermodynamically
favored because Pd has lower surface energy than Pt [52]. Accordingly, Monte
Carlo simulations predict the formation of Pd-enriched topmost surfaces [14].
Reaching that equilibrated morphology, however, depends strongly on synthesis
factors such as the thermal treatment (temperature and atmosphere) and particle
size [17]. We propose that the metal-containing species supported on alumina or
aluminosilicate regions are more stable (less mobile) than those supported on
silica. Hence, during the thermal treatments following impregnation and drying
the segregation of Pd is reduced.

Another factor that may hinder the segregation of Pd is the local enrichment of Pt
in certain domains of the supports, as suggested by the EXAFS characterization.
The analysis derived from the fitting procedure shows that the Pd:Pt ratio of the

bimetallic particles decreases from 1.69 to 1.17 by increasing the alumina
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content up to 55 wt.% in the support. In accordance with ref. [17] the relatively
limited supply of Pd atoms in those Pt-rich regions suppresses the segregation.
The regions with relatively high concentration of Pt atoms are assumed to form
because of the preferential anchoring of PtO species onto pentacoordinated AI**
aluminum sites as reported in ref. [53]. Considering that the concentration of
those preferential anchoring sites has to be proportional to the alumina
concentration and the Lewis acidity, it is highly possible that the ASA(55/45)
material, with the highest concentration of alumina and the highest acidity has
also the highest concentration of Pt-enriched regions.

Thus, overall the results of this work demonstrate that the interactions between
the metal precursors and the support critically influence the structure of the Pt-Pd

bimetallic particles.

5. Conclusions

For the present series of amorphous silica-alumina and silica supported
bimetallic Pt-Pd catalysts the preparation of Pt-Pd catalysts did not affect the
properties of the supports. The concentration of the support Lewis acid sites
increased with the alumina concentration, whereas the concentration of Brgnsted
acid sites reached a maximum at 20 wt.% of alumina. The synthesis procedure
led to metal particles with average diameters between 1.4 and 1.8 nm and a
relatively broad size distribution. By means of CO adsorption, IR spectroscopy
and EXAFS, the surface composition of the materials was identified to be Pd
enriched. Fitting the EXAFS spectra strongly suggests that bimetallic particles
with a Pt rich core and a Pd rich shell, coexist with monometallic Pd particles in
the catalysts. The composition of the support influences the Pd/Pt ratio in the
bimetallic clusters by increasing the proportion of surface Pt with increasing
concentration of alumina. Hence, the Pt-Pd catalyst supported on ASA containing
55 wt.% of alumina showed the highest proportion of Pt on the surface. The
formation of joint Pt-Pd particles led to electron transfer from Pd to Pt as
indicated by XANES.
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Chapter 3

Bimetallic Pt-Pd catalysts: Structure-activity

correlations in the hydrogenation of tetralin

The catalytic hydrogenation of tetralin in the absence and presence of quinoline
and dibenzothiophene was studied on bimetallic Pt-Pd catalysts supported on
silica and amorphous silica-alumina (ASA). The proportion of Pt on the surface
determined the activity given that the Pt-Pd catalyst with the highest proportion of
surface Pt was the most active. In the absence of poisons the electronegativity of
the support correlated with the hydrogenation. In the presence of quinoline the
activity of the catalysts increased with the dispersion of the metal particles,
whereas in the presence of dibenzothiophene, the acidity of the support
determined the activity. The observed effects of the poisons indicated the
presence of two kinds of adsorption sites, i.e., metal particles and Brgnsted acid
sites at the perimeter. The key contribution of acid sites for hydrogenation was
confirmed by removing the Brgnsted acid sites of the support. Reference Pt
catalysts were more active than the Pt-Pd counterparts in poison-free feed. In the
presence of poisons, the Pt catalysts were also more active than the bimetallic
formulations with the remarkably exception of the bimetallic catalyst with the
higher proportion of Pt on the surface. The bimetallic catalysts were more
resistant to sulfur and nitrogen poisoning as well as to sintering. The poison
resistance of bimetallic catalysts originates from the electron transference from

Pt to Pd that yields weak adsorption of poisons on electron deficient Pt atoms.
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1. Introduction

The growing need to convert heavier crude oils that are richer in heteroatoms
than traditional crudes requires improved hydrotreating processes to meet the
current and future fuel specifications. In this context, aromatic molecules have to
be saturated to increase the quality of diesel fuels. However, the presence of
sulfur and nitrogen containing compounds poisons the catalysts best suited for
this task [1-3]. Therefore, multi-stage hydrotreating processes are typically
applied for upgrading of diesel fuels [4,5]. In the first stage the concentration of
nitrogen and sulfur containing species is lowered over transition metal sulfide
catalysts, while in the second stage aromatic compounds are hydrogenated on
noble metal based catalysts. However, the activity of the noble metal catalysts is
drastically reduced by the presence of residual S- and N-containing compounds.

Two strategies are followed to improve the sulfur and nitrogen tolerance of the
catalyst, i.e., using (i) acidic materials as supports [4,6-8] and (ii) noble metal
alloys as active catalyst component [5,6,9,10]. The use of acidic carriers
enhances the hydrogenation activity of the Pt or Pd catalysts in addition to
improving the sulfur resistance [11-13]. The strong acidity of zeolite supports
leads, however, to excessive cracking and to rapid deactivation by coke
formation [14,15]. Amorphous silica-alumina (ASA) is, in contrast, a more
promising support, because it possesses intermediate acidity, which can be
tuned further by varying the silica-alumina ratio [16,17]. Thus, ASA-supported Pt
catalysts have been systematically studied with the focus on the hydrogenation
of tetralin using dibenzothiophene (DBT) and quinoline as model substances for
S- and N-containing poisons [18-20]. Two types of active sites, i.e., metal sites
alone and metal sites in combination with Brgnsted acid sites at the perimeter of
the metal clusters, were identified to be active for the hydrogenation of tetralin on
Pt/ASA catalysts. Sulfur species, resulting from the hydrogenolysis of
dibenzothiophene, selectively poison the metal sites blocking so the main
hydrogenation pathway occurring on metal particles. However, the hydrogenation
of tetralin persists with a lower rate on an active site consisting of acid sites and

metal atoms at the perimeter of the metal particles. In this reaction route the
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hydrocarbon molecules adsorb on the acid sites and react with hydrogen
dissociated on the (partially) sulfur covered metal surface. Quinoline neutralizes
the acid sites, largely reducing the positive effect of the Brgnsted acid sites. Thus,
using acid supports to enhance the performance of Pt catalysts requires
materials with relatively weak acid sites, which allow competition between the
reacting substrates and sulfur and nitrogen components.

The strategy of alloying showed for instance, that Pt-Pd catalysts supported on
ASA (Si/Al=20) are more effective with regard to increasing the cetane number of
real diesel feedstock compared to an industrial reference catalyst [21]. Positive
effects of other bimetallic catalysts for hydrogenation reactions in the presence of
sulfur were observed for a variety of oxide supports [22-25]. The improved
tolerance of bimetallic Pt-Pd catalysts has been attributed to pronounced metal-
metal and metal-support interactions. The electronic effects were claimed to
originate from the formation of electron deficient Pt species in the bimetallic Pt-
Pd particles [17]. Alternatively, it has been suggested that Pd contributes to the
hydrogenation activity, while Pt catalyzes hydrogenolysis [24].

The general agreement is that the sulfur tolerance of bimetallic catalysts is
influenced by the composition and structure of the Pd-Pt clusters as well as by
the interaction of the bimetallic particles with the supports. However, the impact
of sulfur and nitrogen compounds on the hydrogenation activity on the metal and
the acid sites of Pt-Pd catalysts is not understood on a molecular level.

In the first part of this study, a series of Pt-Pd catalysts supported on ASA with
varying silica to alumina ratios were synthesized and characterized in detail with
respect to the bulk and surface characteristics of the metal clusters, i.e., metal
distribution and electronic effects of alloying. The aim of this second part is to
show how the hydrogenation of tetralin in the absence and the presence of S-
and N-containing poisons, i.e., DBT and quinolone, is influenced by the varying
acid site and metal surface concentrations. Combining the structural information
about the catalysts obtained in part one with the kinetic results presented here
allowed us to describe the roles of the metal and acid functionality as well as the

effect of alloying.

49



Chapter 3

2.  Experimental

2.1. Catalyst Preparation

A series of Pt-Pd based catalysts (with a molar ratio of Pd:Pt = 3) supported on
ASA and SiO; was prepared by the incipient wetness impregnation method. The
ASA materials are denoted as ASA(5/95), ASA(20/80) and ASA(55/45), the
numbers in brackets indicate the ratio of alumina/silica in weight percentage.
Additionally, a monometallic Pt catalyst (0.8 wt.% of Pt) was synthesized on ASA
with alumina to silica mass ratio of 38/62 to study the role of the Brgnsted acidity.
A portion of this catalyst was exchanged with Cs” to fully eliminate its Brgnsted
acidity. The detailed preparation procedure of ASA materials and of the bimetallic

Pt-Pd catalysts are described elsewhere [18,26].

2.2. Catalytic measurements

The hydrogenation of tetralin was carried out in a set of 4 parallel trickle-bed
reactors in continuous down-flow mode (Fig. 1). The catalyst samples (particle
size 250-500 pm) were diluted with SiC (particle size < 250 um) before loading
into the glass-coated reactors to ensure an isothermal environment during the
reaction. The catalysts were reduced in situ at 623 K in hydrogen for 2h before
the reaction. The activity of the catalysts was studied at 533-593 K and 50 bar of
hydrogen pressure. As the conversion of tetralin decreased in the presence of
poisons, different weight hourly space velocities (WHSV) were used to maintain
tetralin conversion levels in a comparable range, i.e., 539 h™ for the clean feed,
271 h for N-poisoned feed, 77 h™* for S-poisoned feed and 32 h™* for N- and S-
poisoned feed. The WHSV was defined as the weight of feed per hour and per
unit weight of catalyst. The change of the WHSV was achieved by varying the
amount of catalyst and/or the flow rate keeping a constant molar ratio between
H, and tetralin of 20. The poison-free feed consisted of 20 wt.% tetralin, 11.5
wt.% tetradecane as GC standard and 68.5 wt.% hexadecane as solvent. For the
catalytic experiments applying quinoline and DBT in separate 400 ppm N and

100 ppm S were used, whereas in the experiments with simultaneous quinoline
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and DBT addition, 20 ppm N and 100 ppm S were used. The activity of the
catalysts is reported as mol of tetralin converted per hour per gram of catalyst
(MOleyainh™gear!). Continuous deactivation was observed in all reactions in the
first 20 h time on stream (TOS). Thus, all catalytic activities reported in this paper

were measured at steady state after 24 h TOS.
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Figure 1. Schematic representation of the hydrogenation set-up; MFC=Mass flow

controller; TBR = trickle bed reactor; BPR = back pressure regulator.

In order to verify the alloying effect on the sulfur resistance, the hydrogenation of
tetralin was carried out on Pt/ASA(20/80) and Pt-Pd/ASA(20/80) in the presence
of 100 and 500 ppm S. The reactions were carried out in the range of 533 to 593
K with a hydrogen pressure of 50 bar and a WHSV of 77.3 h-1.
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The hydrogenation of toluene and isomerization of n-heptane were carried out on
Pt/ASA(38/62) and Cs-Pt/ASA(38/62) to investigate the impact of the Cs'-
exchange on the metal and acid functions of the catalysts. For the former
reaction, samples of 50 mg of the catalysts were loaded in the reactor and the
hydrogenation pressure was kept at 1 bar. The reaction temperature was varied
to obtain 40% conversion of toluene on the two catalysts. The isomerization of n-
heptane to iso-heptane was carried out at 30 bar H,, whereas the temperature
was varied to obtain 40% n-heptane conversion.

In order to study the role of acid sites, the monometallic Pt/ASA(38/62) and Cs-
Pt/ASA(38/62) catalysts were also tested in the hydrogenation of tetralin in the
absence and the presence of quinoline and DBT at the same conditions used
with the bimetallic catalysts.

2.3. Characterization of the catalysts after reacti on by transmission

electron microscopy

Transmission electron microscopy (TEM) was applied to investigate the metal
particle size after reaction. The catalysts were washed in hexane, separated from
the SiC by sieving and dried at 353 K. The samples were then ground and
ultrasonically dispersed in ethanol. Drops of the dispersions were applied on
copper grids with carbon film. A JEM-2010 Jeol transmission electron

microscope operating at 120 kV was used.

3. Results

3.1. Characterization of the catalysts

The synthesis and characterization of the Pt-Pd/ASA catalysts here studied was
described in detail in the first part of the work [26]. In order to complement the
discussion, the activity of the Pt-Pd/ASA catalysts was compared to that of the
Pt/ASA counterparts. The characterization of the series of Pt/ASA catalysts was
reported in [20]. For a description of the effect of the Al,O3and SiO, composition
on the properties of the ASA material see Ref. [18].
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3.2. Hydrogenation of tetralin on Pt-Pd catalystsi  n the absence of poisons

The catalytic hydrogenation of tetralin was studied between 533 and 593 K. The
catalytic activities at steady state after 24 h TOS for different temperatures are
compiled in Fig. 2a. The Pt-Pd/ASA(55/45) catalyst had the highest activity at all
temperatures followed by Pt-Pd/ASA(5/95), Pt-Pd/ASA(20/80) and Pt-Pd/SiO,.
Accordingly, the apparent activation energies determined in the hydrogenation of
tetralin in the absence of poisons were 54, 48, 46, and 36 kJ mol* for the
catalysts supported on SiO;, ASA(5/95), ASA(20/80), and ASA(55/45),
respectively. The conversion of tetralin to decalin proceeded with high selectivity,
side products from ring-opening or cracking reactions were not observed. The
ratios of cis- to trans-decalin observed with the bimetallic catalysts were below
0.4 (see Fig. 2b), which is significantly lower compared to the monometallic Pt
catalysts (higher than 1.0) and indicates a weaker adsorption of tetralin on the
bimetallic particles.
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Figure 2. Activities of Pt-Pd catalysts (a) and cis-/trans-decalin ratios (b)
observed at steady state for the hydrogenation of tetralin in the temperature
range 533-593 K.
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3.3. Hydrogenation of tetralin on Pt-Pd catalystsi  n the presence of
quinoline

The rates of tetralin hydrogenation and the cis-/trans-decalin ratios in the
presence of quinoline at steady-state are shown in Fig. 3. The Pt-Pd catalysts
showed a significantly lower activity compared to the reactions conducted in the
absence of quinoline. Pt-Pd/ASA(55/45) had the highest activity at all
temperatures followed by the Pt-Pd/SiO,, Pt-Pd/ASA(5/95) and Pt-Pd/ASA(20/80)
catalysts. The apparent activation energies determined in the hydrogenation of
tetralin in the presence of quinoline were 94, 84, 74, and 65 kJ mol™* for the
catalysts supported on SiO;, ASA(5/95), ASA(20/80), and ASA(55/45),
respectively. The cis-/trans-decalin ratios decreased with all catalysts with

increasing temperature.
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Figure 3. Activities of Pt-Pd catalysts (a) and cis-/trans-decalin ratios (b)
observed at steady state for the hydrogenation of tetralin in presence of quinoline
(400 ppm N) in the temperature range 533-593 K.

3.4. Hydrogenation of tetralin on Pt-Pd catalystsi  n the presence of DBT

The activities for the tetralin hydrogenation and the cis-/trans-decalin ratios in
presence of DBT at steady-state are summarized in Fig. 4. In these conditions,
the catalytic activities were drastically lower than in the absence of DBT. Pt-
Pd/ASA(55/45) showed the highest activity. The apparent activation energies
determined in the hydrogenation of tetralin in the presence of DBT were 70, 81,
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86, and 89 kJ mol™ for the catalysts supported on SiO,, ASA(5/95), ASA(20/80),
and ASA(55/45), respectively. The presence of sulfur induced a stronger
dependence of the hydrogenation reaction rates on the temperature compared to
the reactions performed in the presence of quinoline or in the absence of poisons,
leading to a remarkable increase in the reaction rate between 573 and 593 K is
(see Fig. 4a). The cis-/trans-decalin ratio (see Fig. 4b) decreased with
temperature as in the case of the reactions performed in the presence of
quinoline and were significantly lower compared with those obtained on

monometallic Pt samples [20].
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Figure 4. Activities of Pt-Pd catalysts (a) and cis-/trans-decalin ratios (b)
observed at steady state for the hydrogenation of tetralin in presence of DBT
(100 ppm S) in the temperature range 533-593 K.

3.5. Hydrogenation of tetralin on Pt-Pd catalysts i n the presence of

quinoline and DBT

The reaction rates of tetralin hydrogenation and cis-/trans-decalin ratios in the
presence of N- and S-poisons are shown in Fig. 5. The catalytic activity
drastically decreased compared to the reactions with poison-free, quinoline-, or
DBT-containing feeds. The apparent activation energies determined in the
hydrogenation of tetralin in the presence of DBT and quinoline were 75, 83, 81,
and 83 kJ mol™ for the catalysts supported on SiO,, ASA(5/95), ASA(20/80), and
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ASA(55/45), respectively. The observed cis-/trans-decalin ratios were generally

below 0.4 and decreased with temperature with all catalysts.
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Figure 5. Activities of Pt-Pd catalysts (a) and cis-/trans-decalin ratios (b)
observed at steady state for the hydrogenation of tetralin in presence of quinoline
(20 ppm N) and DBT (100 ppm S) in the temperature range 533-593 K.

3.6. Impact of alloying with Pd on the resistancet  owards S-poisoning and

metal particle sintering

The hydrogenation of tetralin in the presence of 100 and 500 ppm S on the
monometallic Pt/ASA(20/80) and bimetallic Pt-Pd/ASA(20/80) catalyst was
compared to evaluate the relative sulfur resistance of Pt and Pt-Pd catalysts.
Figure 6 shows that the monometallic Pt catalyst has a higher hydrogenation
activity than the bimetallic Pt-Pd/ASA(20/80) catalyst regardless of the sulfur
concentration in the feed. However, it is remarkable that the increase of sulfur
concentration influenced the activity of the bimetallic sample only slightly, while it

led to a strong activity reduction for the Pt catalyst.
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Figure 6. Comparison of different DBT poisoning levels on Pt/ASA(20/80) and
Pt-Pd/ASA(20/80) catalyst for tetralin hydrogenation.

Samples of fresh and used Pt-Pd/ASA(5/95) were analyzed by transmission
electron microscopy to explore sintering of metal particles during the reaction.
Representative images of the catalyst used for the hydrogenation of the poison
free, quinoline-, DBT- as well as the quinoline and DBT-containing feed are
compiled in Figure 7. The average particle size for all used catalysts was 1.6 nm,
which is the same average size determined for the as-synthesized catalyst. Note
that the high stability of the bimetallic catalyst contrasts the lower stability of
monometallic Pt catalysts, where the particle size increased from 0.8 to 1.3-1.6
nm during the reaction [20]. This is in line with the high stability found for
bimetallic Pd-Pt particles supported on Y zeolites [27]. Consequently, we can
conclude that the catalyst deactivation does not originate from sintering of the

metal particles, as proposed elsewhere [28,29].
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Figure 7. TEM micrographs of Pt-Pd/ASA(5/95) before and after the

hydrogenation of tetralin in the absence and presence of quinoline and/or DBT.

3.7. Role of Brgnsted acid sites

The role of Brgnsted acid sites in the hydrogenation of aromatic compounds was
studied by comparing the activity of monometallic Pt/ASA(38/62) and Cs-
Pt/ASA(38/62) catalysts. In order to verify that the Pt particles were not affected
by the ion exchange with Cs® the hydrogenation of toluene, a metal catalyzed
reaction and n-heptane isomerization, which takes place on acid sites and on the
metal were carried out on Pt/ASA(38/62) and on Cs-Pt/ASA(38/62). For the

hydrogenation of toluene the temperature required for reaching 40% conversion
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was almost the same, i.e., 337 K on Pt/ASA(38/62) and 332 K on Cs-
Pt/ASA(38/62). In contrast, the temperature required to reach 40% conversion in
the isomerization of n-heptane had to be increased from 626 K on Pt/ASA(38/62)
to 692 K on Cs-Pt/ASA(38/62). Therefore, it can be concluded that the Pt
particles were not affected by the ion exchange with Cs*, while the acid sites
were effectively removed and the activity remaining can be solely related to Pt.
The activity of Cs-Pt/ASA(38/62) and Pt/ASA(38/62) for hydrogenation of tetralin
in the absence and presence of quinoline and/or DBT is shown in Fig. 8. In all
cases, the activity of the Cs-modified catalyst was lower than that of the
unmodified material and the difference became larger at higher temperatures. In
the absence of poisons (Fig. 8a) the activity of Cs-Pt/ASA(38/62) was much
lower than that observed for Pt/ASA(38/62). In the presence of quinoline (Fig. 8b)
the activity decreased considerably compared to the poison-free feed, while the
activity of the Cs-Pt/ASA(38/62) catalyst differed only slightly from the activity
observed on Pt/ASA(38/62) at 533 and 553 K. In the presence of DBT (Fig. 8c)
the activity of both catalysts decreased strongly and the differences in activity of
both catalysts increased largely with temperature. In the presence of both
poisons (Fig. 8d) the activity of the catalysts is negligible at 533 K and 553 K and
at higher temperatures the activity of the Cs-exchanged catalyst remains much
lower than that of Pt/ASA(38/62).
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Figure 8. Comparison of the hydrogenation activities of Cs-Pt/ASA(38/62) and
Pt/ASA(38/62) catalysts: (a) in absence of quinoline or DBT, (b) in presence of
quinoline (20 ppm N), (c) in presence of DBT (100 ppm S) and (d) in presence of
quinoline (20 ppm N)+ DBT (100 ppm S) in the temperature range 533-593 K.

4, Discussion

4.1. On the role of Brgnsted acid sites in the hydr  ogenation of tetralin

Before commenting the results of the bimetallic Pt-Pd catalysts we would like to
discuss the results obtained on Pt/ASA(38/62) and Cs-Pt/ASA(38/62) in order to
emphasize the importance of Brgnsted acid sites for the hydrogenation of tetralin.
The differences observed in the catalytic behavior of both materials are attributed
to the replacement of Brgnsted acid sites by Cs® cations. This attribution
assumes that the metal function was not affected by the Cs-exchange as
concluded from the results of hydrogenation of toluene and isomerization of n-

heptane.

60



Chapter 3

In the absence of poisons, Cs-Pt/ASA(38/62) was less active than Pt/ASA(38/62)
increasing the difference from 20 to 33% with increasing temperature in the
range 533-593 K. The higher activity of Pt/ASA(38/62) is attributed to the
participation of Brgnsted acid sites in the reaction. The comparison of the rates
shows that up to one third of the overall hydrogenation activity is related to
molecules adsorbed on Brgnsted sites at the perimeter of the Pt clusters.

In the presence of quinoline the activity of both catalysts decreases. However,
the difference in activity between Pt/ASA(38/62) and Cs-Pt/ASA(38/62) is
marginal at 533 and 553 K, i.e., only 5-10%. This nearly equal activity allows us
to conclude that quinoline neutralizes the Brgnsted acid sites in PYASA(38/62),
while it affects the metal particles in both catalysts through the same mechanism.
In contrast, in the presence of DBT, Pt/ASA(38/62) was clearly more active than
Cs-Pt/ASA(38/62) showing a difference of around 70% over the whole
temperature range. Thus, the absence of Brgnsted acid sites in Cs-Pt/ASA(38/62)
led to an activity which was only a third of that of Pt/ASA(38/62).

In the mixed-poison experiment, quinoline (20 ppm N) was added to the sulfur-
containing feed. This small concentration of quinoline poisoned a surprisingly
small fraction of Brgnsted acid sites in Pt/ASA(38/62) decreasing the difference
in activity between both catalysts to 50%.

In general, the activity difference between Pt/ASA(38/62) and Cs-Pt/ASA(38/62)
increased with increasing temperature (the activity of the former catalyst was
always higher). This tendency is attributed to lower coverage with sulfur
compounds on metal particles as well as a lower concentration of basic nitrogen
containing compounds on the Brgnsted acid sites of Pt/ASA(38/62) as the

temperature increased.

4.2. Hydrogenation of tetralin in the absence of po  isons

The catalytic properties of monometallic Pt and Pd catalysts differ markedly. The
different adsorption strengths of aromatic molecules on the metals led to different
selectivities and causes the Pt-based catalysts to be more active than the Pd

containing catalysts for the hydrogenation of benzene, toluene and naphthalene
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[30-34]. All bimetallic Pt-Pd catalysts show intermediate activity and selectivity,
which is usually rationalized as dilution of the more active Pt by Pd [35].
Interestingly, under reaction conditions in the presence of sulfur-containing
compounds and with strongly acidic supports, the bimetallic Pt-Pd catalysts
maintain higher activities than the corresponding monometallic catalyst [36, 37].
However, as we show in this work, alloying of Pt with Pd does not necessarily
lead to catalysts with better catalytic performance.

Let us recall at this point the characteristics of the bimetallic catalysts as
described in the first part of this work. A summary of the main properties of the
bimetallic catalysts reported in Ref. [19, 26] is compiled in Table 1. The ASA
supported Pt-Pd catalysts contain Pt-Pd and Pd nanoparticles with average
diameter varying between 1.4 and 1.8 nm as determined by TEM. EXAFS
analysis demonstrates that the Pt-Pd particles contain a Pt-enriched core and a
Pd-enriched shell and have Pd/Pt molar ratios from 1.69 to 1.17. The presence of
monometallic Pd particles is deduced from the mass balance, given that the
overall Pd:Pt molar ratio in all catalysts was 3. Despite the Pd-rich surface, all
bimetallic particles have a variable fraction of exposed Pt atoms available on the
surface, decreasing in the order Pt-Pd/ASA(55/45) > Pt-Pd/SIO, > Pt-
Pd/ASA(5/95) > Pt-Pd/ASA(20/80). The concentration of Brgnsted acid sites
increases in the sequence Pt-Pd/SiO; < Pt-Pd/ASA(55/45) < Pt-Pd/ASA(5/95) <
Pt-Pd/ASA(20/80); the Lewis acid site concentration increases in the order Pt-
Pd/SiO, < Pt-Pd/ASA(5/95) < Pt-Pd/ASA(20/80) < Pt-Pd/ASA(55/45). In the
following, we discuss first the effect of alloying Pt-Pd on the hydrogenation
activity of the catalysts in the poison-free feed to differentiate the decisive

parameters for the activity in the presence of DBT and quinoline.
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Table 1. Characterization of the supported Pt-Pd catalysts: chemical composition,
Brgnsted (BAS) and Lewis (LAS) acid sites concentration, size and proportion of
surface Pt for the supported metal particles and intermediate Sanderson
electronegativity of the supports (Sint) [19, 26].

Catalyst Composition Acidity Particle Surface Siy
(Wt.%) (mmolg?)  size  Pt(%)
Pt Pd SiO, ALO; BAS LAS (nm)

Pt-Pd/ASA(55/45) 0.30 0.55 55.2 440 22 192 1.4 18.0 2.86
Pt-Pd/ASA(20/80 0.30 0.52 20.2 79.0 58 183 1.8 13.9 2.98
Pt-Pd/ASA(5/95) 0.29 050 54 938 45 156 1.6 140 3.04

Pt-Pd/SiO, 030 052 O 99.2 0 0 1.4 145 3.05

The experimental activation energies (Eaex,) determined for the series of
bimetallic catalysts in the hydrogenation of tetralin in the absence of poisons are
54, 48, 46, and 36 kJ-mol* for the catalysts supported on SiO,, ASA(5/95),
ASA(20/80), and ASA(55/45), respectively. The values determined for the same
reaction carried out with monometallic Pt catalysts are 57, 35, 40 and 47 kJ mol™
for Pt/SiO,, Pt/ASA(5/95), Pt/ASA(20/80), and Pt/ASA(55/45) [19]. Clearly, the
Eaeyp values are in the same range; the trend, however, is different. While in the
case of monometallic particles increasing concentrations of SiO; in the mixed
oxide leads to an increasing activity of the platinum particles (the exception is the
catalyst supported on SiO, as explained below), the more complex variation of
the properties for the Pt-Pd catalysts used in this work suggests more than one
influencing factor. The differences in the activation energies must be determined
on the one side by the varying concentrations of Pd, which binds the aromatic
molecules relatively weakly, and in the increasing strength of bonding by Pt
(being influenced through alloying and through the support).

Pt-Pd/ASA(55/45) was the most active bimetallic catalyst, which is attributed to
the high fraction of platinum on its surface. This is in line with the fact that the
hydrogenation activity of Pt is higher than that of Pd in the absence of poisons
[38, 39]. Accordingly, the experimental activation energy increases from 36 kJ
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mol™ for Pt-Pd/ASA(55/45) to 46 and 48 kJ mol™ for Pt-Pd/ASA(20/80) and Pt-
Pd/ASA(5/95), respectively i.e., by around 25%. This proportion corresponds to
the decrease in Pt coverage from 18% to 14% comparing Pt-Pd/ASA(55/45) with
the other bimetallic catalysts supported on ASA (28% of decrease). Hence
accessible Pt surface atoms are the most important feature of the bimetallic
catalysts for reaching high hydrogenation activity.

The relation between Eaeyy and the true activation energy (Ea) is given by the
Temkin equation (1) where n; is the reaction order in the reactant i and AH; is the
corresponding enthalpy of adsorption. In agreement with ref. [19] we assume that
the variation of Eaeyp, is related to changes in the heat of adsorption of tetralin.

Ea = Eaexp - 2 NiAH; (2)

As the reaction is first order in tetralin, the lowest Eaeyp for the Pt-Pd/ASA(55/45)
catalyst suggests the strongest adsorption of tetralin, i.e., for the catalyst with the
highest fraction of accessible Pt. Moreover, the Eaey, for the catalysts supported
on ASA(20/80) and ASA(5/95) are all lower than that of the SiO,-supported
catalyst suggesting that the presence of Lewis and Brgnsted acid sites induces
an important effect on the adsorption strength of tetralin [19].

The activity of the catalysts with low concentration of surface Pt in poison-free
feed increases in the sequence Pt-Pd/SiO,; < Pt-Pd/ASA(20/80) < Pt-
Pd/ASA(5/95). The same dependence of the activity on the composition of the
support was observed in the hydrogenation of tetralin on ASA-supported
monometallic Pt catalysts [19]. Given that the proportion of surface Pt in those
three bimetallic catalysts is rather similar (around 14%), it is proposed that the
electronegativity of the support determines the activity of the catalyst. The
adsorption of reactants on Pt becomes stronger with increasing electronegativity
(intermediate Sanderson electronegativity) of the carrier. Thus, the activity of the
catalyst increases with increasing SiO, content in the ASA support. However, the
catalyst supported on SiO, is the least active, because the absence of LAS

blocks any significant effect of the support electronegativity on the metal particles.

The different adsorption strength of tetralin on Pt and Pd leads to different

intrinsic selectivities. Adsorption on Pt is stronger leading to high cis-decalin
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selectivity, whereas the weaker adsorption on Pd causes the trans-decalin

isomer to be preferred [39]. Weak interaction of the intermediate (A%*°

—octalin)
allows the desorption and re-adsorption forming adsorbed A°—octalin and
eventually trans-decalin [40]. In the poison-free experiments, the cis-/trans-
decalin ratio on all the bimetallic catalysts was below 0.4, as expected for a
catalyst with abundant surface Pd. Interestingly, for the reaction in the absence
of poisons, the cis- to trans-decalin ratio decreases steadily with increasing
temperature on Pt-Pd/ASA(55/45), (with relatively high proportion of surface Pt),
whereas on the rest of the catalysts the ratio decreased only to a very small
degree and remained constant at higher temperatures (Figure 2). Note that
conceptually the cis-/trans-ratio should decrease with temperature, as higher
temperatures should lead to looser bound substrates, intermediates and
transition states. The observations indicate, therefore, that only in the presence
of a higher concentration of Pt higher temperature sensitivity exists. It is unclear
at present as to why this is not reflected in a higher cis-/trans-decalin ratio at
lower reaction temperatures (see the equal values of all catalysts in Fig 2).
However, overall the observation is in agreement with the literature [39],
reporting that on a monometallic Pd catalyst, the cis- to trans-decalin ratio is
constant in a wide conversion range, whereas on a comparable Pt catalyst the

ratio decreases steadily with conversion.

4.3. Hydrogenation of tetralin in the presence of p  oisons

The low cis- to trans-decalin ratio confirms the dilution of Pt in Pd because it is
well below 1 (a value expected for hydrogenation on Pt). Also the increase in
Eaexp SEEMS t0 be related to a decreasing proportion of surface Pt. Hence, at this
point, the results imply that in the absence of poisons the bimetallic catalysts
behave as a Pt catalyst diluted with Pd. In contrast, at reaction conditions
inducing poisoning (DBT and quinoline present in the feed) the activity depends
not only on the morphology of the bimetallic clusters and their interaction with the
support, but also on the size of the metal particles, the concentration of acid sites

and the feed composition.
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As in the case of the poison-free feed, Pt-Pd/ASA(55/45) shows the highest
activity in the presence of DBT, quinoline and in the presence of both poisons.
This confirms that the proportion of surface Pt is the parameter with the largest
influence on the hydrogenation activity. Let us focus now on the effect of
quinoline and DBT on the activity of the other catalysts. In the presence of
quinoline (Fig. 3), the activity follows the trend Pt-Pd/ASA(20/80) < Pt-
Pd/ASA(5/95) < Pt-Pd/SiO,, which correlates with the dispersion of the metal
particles. The EXAFS and IR characterization of the bimetallic catalysts
supported on ASA(20/80), ASA(5/95) and SiO,, showed that the proportion of
metal atoms on the surface is similar among these catalysts. Thus, the activity
increases with the decrease in particle size, i.e., increasing dispersion of the
metal. Special attention must be paid in the case of the catalysts Pt-
Pd/ASA(20/80) and Pt-Pd/ASA(5/95). The activity of the former is only slightly
higher than that of the latter because the particle size is also slightly larger in Pt-
Pd/ASA(20/80). Given that both catalysts have almost identical proportion of
surface Pt, their intrinsic activities are nearly the same.

The Eaeyp values observed in the presence of quinoline are much higher than
those calculated in the series of reactions using clean feed. This is tentatively
attributed to the competitive adsorption of quinoline (molecule of basic character
and more electron rich than tetralin) decreasing the strength of adsorption of
tetralin on the metal clusters [41]. The Eaeyy decreases in the same order as in
the absence of poisons i.e., Pt-Pd/SiO, > Pt-Pd/ASA(20/80) > Pt-Pd/ASA(5/95) >
Pt-Pd/ASA(55/45), suggesting that the hydrogenation activity depends largely on
the adsorption of tetralin on the metal phase (in turn influenced by the metal
surface proportion and electronegativity of the support).

In the presence of DBT, the activity of the catalysts with low proportion of surface
Pt follows a different trend than in the presence of quinoline or of poison-free
feed. The hydrogenation activity increases in the order Pt-Pd/SiO, < Pt-
Pd/ASA(5/95) < Pt-Pd/ASA(20/80), which is in line with the increasing
concentration of Brgnsted acid sites on the catalysts. The measured activation

energy in the presence of sulfur is higher than in the absence of poisons and the
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presence of quinoline (except for the catalyst supported on silica). The high
conversion of DBT suggests that DBT and products of its surface reactions
adsorb on the stronger adsorbing metal sites (Pt for instance) permitting binding
of tetralin only on relatively weaker sites. Considering that the -OH groups of the
support must have the weakest adsorption strength, it is highly probable that
tetralin interacts with the OH groups at the perimeter of the metal cluster during
hydrogenation. With the metal surface interacting mostly with DBT, the
adsorption of tetralin is limited to the Brgnsted sites; hence, the support acidity
becomes the determining factor for tetralin hydrogenation. While all evidence
points to a different explanation, we do not think of it as a likely possibility. We
cannot rigorously exclude that the strong adsorption of DBT on the metal surface
drastically reduces the adsorption enthalpy of tetralin, thus increasing the Eaexp
that leads to the low reaction rates of tetralin hydrogenation.

In the simultaneous presence of DBT and quinoline, the hydrogenation activity is
strongly reduced. The stronger adsorption of poisons on metal (DBT and reaction
products of DBT) and acid sites (quinoline and reaction products of quinoline)
hinders the hydrogenation of tetralin. Indeed, in all experiments the conversion
rates of the DBT and quinoline are much higher than that of tetralin. The trends
of the Eaexp in the presence of sulfur (with and without quinoline) do not correlate
with the parameters that are significant in other conditions, i.e., particle size,
electronegativity of the support or proportion of surface Pt.

While in the presence of poisons the overall value for cis-/trans-decalin ratio
decreases with temperature as to be conceptually expected, neither the overall
values nor the changes induced by temperatures strictly reflect the surface
concentration in Pt. Thus, the question arises as to what extent the variations of
the cis-/trans-decalin ratio is influenced the surface concentration and to what
extent this concentration changes as a function of the temperature. Unfortunately
these questions cannot be addressed with the already quite extensive
physicochemical data reported in Part | of this study and are subject to further

studies with model catalysts.
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The specific effects of the poisons are consistent with the model presented in ref.
[20] suggesting that the adsorption of tetralin occurs on two different sites, i.e., on
metal particles and on Brgnsted and Lewis acid sites at the perimeter of the
metal particles. Quinoline strongly adsorbs on the acid sites and, therefore,
retards the hydrogenation pathway that involves adsorption at the perimeter of
the metal particles. The metal-catalyzed hydrogenation route, however, remains
active for the hydrogenation of tetralin and consequently, the fraction of
accessible metal atoms is the decisive factor for the activity under these
conditions. When DBT is added to feed the adsorption of substrate on the metal
surface is blocked by strongly adsorbed sulfur containing molecules or sulfur on
the metal (illustrated in Reaction (1)) and the activity is strongly reduced. The
presence of DBT has a weaker influence than that of quinoline on the pathway
involving acid sites. Thus, in the presence of DBT tetralin adsorbs on Brgnsted
acid sites at the perimeter of the metal cluster and reacts with hydrogen, which
has been dissociated on the S-covered metal surface. Therefore, in the presence
of quinoline the particle size is the determining factor for the activity, whereas in
the presence of DBT, the acidity determines the rate of hydrogenation. The
simultaneous addition of 20 ppm nitrogen and 100 ppm sulfur as quinoline and
DBT to the feed results in very low activity, because for the metal particle and the
Brgnsted acid sites strongly adsorbing poisons compete with the substrate for
adsorption sites. Thus, we conclude that the reaction pathway involving the
Bregnsted acid sites and metal particles is valid also for Pt-Pd -based catalysts.
With respect to the desulfurization of DBT we would like to note that direct
desulfurization dominates, i.e., biphenyl and sulfur adsorbed on the metal as
shown in Reaction (1) are formed in the most abundant reaction [42,43].
Subsequently, sulfur is removed by H, yielding H,S and a free metal atom, via
reaction (2) [44]. Note that Reactions (1) and (2) only illustrate the overall sulfur
poisoning and surface regeneration of the metal, and do not intend to be
mechanistically correct.

Me-C;,HgS + Hy, — Me-S + CyoHjo 1)

Me-S + H, & H,S + Me (2)
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The increase in activity with temperature is more evident in the presence of DBT,
suggesting that the extent of sulfur-poisoning strongly depends on the
temperature. This is to be related to the decreasing concentration of adsorbed
DBT with temperature (see the plot of DBT conversion versus temperature in
Figure 9) as well as to the overall lower concentration of sulfur. At 573 K or
above, the DBT conversion is well above 80% with all the catalysts indicating that
the further increase would not increase the rate of sulfur formation on the metal
surface, while the rate of sulfur removal will further increase. The net result is that

the sulfur coverage of the surface decreases with temperature.
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Figure 9. DBT conversion during the hydrogenation of tetralin in presence of

DBT (100 ppm S) and quinoline (20 ppm N) in the temperature range 533-593 K
over Pt-Pd catalysts.
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4.4. Comparison of monometallic Pt and bimetallic P t-Pd catalysts

The efficiency of bimetallic and monometallic Pt catalysts has to be compared to
demonstrate the importance of optimizing the Pt-surface concentration. Hence,
control experiments were performed on the Pt catalysts studied in Ref. [20]. All
bimetallic Pt-Pd catalysts showed a significantly reduced activity compared to
their monometallic Pt counterparts in the absence of poisons (Fig. 10). It has also
been shown that the adsorption strength of tetralin is weaker on Pt-Pd/ASA than
on Pt/ASA (deduced from the low cis-/trans-decalin ratio on Pt-Pd/ASA). Thus,
the relatively low activity of Pd overcompensates the beneficial influence of the
electronic interaction of Pt and Pd evidenced by the XANES analysis in [26]
hindering any improvement of the hydrogenation activity. In the presence of DBT,
the Pt-Pd catalysts still showed lower activities compared to the corresponding Pt
samples except for the notable case of Pt-Pd/ASA(55/45) (see Fig. 11). The low
activity of most of the bimetallic catalysts here studied contradicts the reports of
high activity of bimetallic Pt-Pd catalyst in the presence of poisons [36,37]. The
low activity of the bimetallic catalysts investigated here is attributed to the low
concentration of Pt on the surface. The beneficial effect of alloying, is not
completely compensated in the Pt-Pd/ASA(55/45) catalyst due to the higher

proportion of surface Pt in the bimetallic clusters.
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Figure 10. Activities of Pt and Pt-Pd catalysts at steady state for the

hydrogenation of tetralin in the temperature range 533-593 K.
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Figure 11. Activities of Pt and Pt-Pd catalysts at steady state for the
hydrogenation of tetralin in presence of DBT (100 ppm S) in the temperature
range 533-593 K.

The activity of Pt-Pd/ASA(55/45) in the presence of sulfur is higher than the
activity of Pt/ASA(55/45). Considering that the concentration of exposed Pt in the
bimetallic catalyst must be lower than in the monometallic catalyst, the higher
activity must be attributed to an enhanced activity of Pt upon alloying with Pd.
Specifically, the electron transference from Pt to Pd (exceeding the transfer to
the support driven by electronegativity) reduces the strength of the metal-sulfur
bond thereby accelerating the removal of surface sulfur via reaction (2) and
shifting the equilibrium towards a more accessible metal surface [45]. While the
electronic effect of alloying is similar in all bimetallic catalyst, the proportion of
surface Pt in Pt-Pd/ASA(55/45) must be significant to allow the beneficial effect
of alloying to overturn the negative effect of Pt dilution with Pd. This discussion
does not imply that Pd lacks catalytic activity itself. However, for the catalysts
target of this study, the activity of Pd must be significantly lower than that of Pt,
because Pd enrichment in the surface leads to decreasing activities under all
conditions. Therefore, we rule out that Pd atoms are the reason for the high
activity of Pt-Pd/ASA(55/45) in the presence of DBT.
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Direct evidence of the enhanced sulfur resistance of Pt alloyed with Pd is shown
in Fig. 6. The activity of the Pt/ASA(20/80) catalyst decreases by 55%, whereas
the activity of Pt-Pd/ASA(20/80) remains almost unaffected after increasing the
sulfur content from 100 to 500 ppm. Let us emphasize that the main effect of
alloying seems to be the weakening of the sulfur-metal bond so that sulfur is
easier removed from the metal sites, or has a less favorable equilibrium as
shown in Reaction (2). Moreover, some DFT calculations suggest that the
enhanced sulfur tolerance of Pd-Pt alloys is related to an enhanced H,
adsorption compared to that of sulfur compounds [46]. Thus, alloying increases
the activation and the transfer rate of hydrogen to tetralin the acid sites at the
perimeter of the metal clusters.

As a final remark we would like to emphasize that better Pt-Pd catalysts, i.e.,
ones with a higher surface Pt concentration, should exist and might be obtainable
via different preparation procedures or tuning the properties of the support. This
would also explain the differences in the reported properties of Pd-Pt catalysts for

hydrotreating.

5. Conclusions

The catalytic hydrogenation of tetralin in the absence and presence of quinoline
and dibenzothiophene was studied on bimetallic Pt-Pd (0.8 wt. % metal content,
molar ratio Pd/Pt=3) catalysts supported on silica and amorphous silica-alumina
(ASA). A complex interaction between the properties of the metal clusters and
those of SiO, or ASA (Al,Os/SIO, wt.% ratio of 55/45, 20/80, and 5/95)
determined the performance of the catalysts. The proportion of Pt on the surface
was the most important parameter, because the Pt-Pd catalyst supported on
ASA(55/45) with the highest proportion of surface Pt (18%) was the most active
bimetallic formulation under all tested conditions. In the absence of poisons the
electronegativity of the support correlated with the hydrogenation activity
provided that it exhibits Lewis acidity. In the presence of quinoline the activity of

the catalysts increased with the dispersion of the metal particles, whereas in the
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presence of dibenzothiophene, the acidity of the support compensated for the
sulfur poisoning of the metal phase.

The observed effects of the poisons indicated the presence of two kinds of
adsorption sites for binding the reacting substrates, i.e., metal surface, and
Brgnsted acid sites at the perimeter of the metal particles. The key contribution of
acid sites in the hydrogenation reaction was confirmed by exchanging the
Bransted acid sites of the support by Cs”.

For comparison purposes, ASA-supported monometallic Pt catalysts (0.8 wt.%)
were tested under the same reaction conditions. All the Pt catalysts were more
active than the Pt-Pd counterparts in poison-free feed. In the presence of poisons,
the Pt catalysts were also more active than the bimetallic formulations with the
remarkable exception of Pt-Pd/ASA(55/45). The bimetallic catalysts, however,
are more resistant to sulfur and nitrogen poisoning. It is concluded that the
poison resistance of bimetallic catalysts originates from the electron transference
from Pt to Pd that yields weak adsorption of poisons on electron deficient Pt
atoms. However, the surface coverage of Pt must be maximized in order to
compensate the dilution effect (Pt in Pd) that tends to decrease the

hydrogenation activity.
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Bimetallic Pt-Pd catalysts: effect of synthesis
parameter on the structure, hydrogenation activity

and resistance towards poisons

A series of monometallic and bimetallic Pt-Pd catalysts (Pd:Pt molar ratio of 3)
were prepared on amorphous silica alumina (silica:alumina weight ratio of 70:30)
using different Pd precursors, i.e., [Pd(NH3)4J(NO3), and Pd(NO3),, whereas
[Pt(NH3)4](NO3), was kept as the source of Pt. The analysis of the extended X-
ray absorption fine structure and infrared spectroscopy of adsorbed CO indicate
that the morphology and surface composition of the Pt-Pd particles depend on
the metal precursor. X-ray absorption near edge structure provided evidence for
the formation of electron deficient Pt atoms in the bimetallic Pt-Pd catalysts. The
different reducibility of metal precursors, e.g. [Pd(NHs)4]** and Pd**, was the main
reason for forming Pt-Pd nanoparticles with varying segregation of Pd to the
surface of bimetallic clusters. The catalysts were tested in the hydrogenation of
tetralin in the absence and presence of quinoline and dibenzothiophene (DBT).
Increasing proportion of electron deficient Pt on the surface of the bimetallic

clusters increases the efficiency of the catalyst in the presence of poisons.
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1. Introduction

Nowadays, fuels have to be produced from heavy oil given the depletion of
conventional hydrocarbon sources. In response to this challenge, refineries have
applied a two-stage process with different stage characteristics [1,2]. In the first
stage most of the heteroatoms are removed from the feed on sulfide-based
catalysts at severe temperatures and reaction conditions. The quality of the fuel
is further improved in a subsequent hydrogenation step preferably under
moderate conditions on noble metal-based catalysts. However, the poison
resistance of noble metal systems is far from being optimized to be widely
applied.

A large amount of research on noble metal catalysts has been performed to
improve the resistance towards poisons. It is known that the acidity of the support
plays an important role in the activity and sulfur tolerance of Pt or Pd catalysts [3-
5]. Authors commonly infer that the contact between a strong acidic support and
Pt or Pd clusters allows the withdrawal of electrons from the noble metal thereby
creating electron-deficient metal particles [6,7]. The adsorption strength of sulfur
on metal atoms is so weakened. As a result, the presence of sulfur does not
impose a dramatic decrease in activity upon the hydrogenation of aromatic
compounds [8-10]. The enhanced activity and sulfur tolerance by acid supports
have been also explained by the presence of additional hydrogenation sites in
the metal-support interfacial region that contribute to the overall rate of
hydrogenation [11,12]. Alloying Pt and Pd is another strategy of improving the
resistance towards sulfur poisoning [13]. Electronic effects are claimed to yield S-
resistance catalysts on alloying. Consequently, considerable effort and research
has been focused on solving the structure and understanding the electronic
properties of bimetallic particles [13,14].

The selection of the metal precursor and thermal treatment used during the
synthesis steps may be decisive for the activity of noble metal catalysts [15]. This
also holds true for the properties and catalytic performance of bimetallic Pt-Pd
clusters. Jung et al. [16] have studied the effect of several Pt precursors on the

morphology and performance of Pt deposited on Pd/C for the oxygen reduction
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reaction. The most selective deposition of Pt on the surface of Pd and highest
activity was achieved using Pt(NH3)4Cl,. Carrion et al. [17] reported the
preparation of Pt-Pd nanoclusters on Zr-doped mesoporous silica using different
precursors. Introducing both metals in the form of a binuclear Pd-Pt complex
instead of as a mixture of metal salts enhanced the metal dispersion and
selectivity of the catalysts for the hydrogenation of acetonitrile. Other studies also
have proved that Pt-Pd catalysts prepared by different methods yield different
alloying degree and catalytic behavior [18].

In our group, a series of Pt hydrogenation catalysts supported on amorphous
alumina-silica (ASA) have been systematically investigated [19,20]. The effect of
alloying Pt and Pd has been further examined for the hydrogenation of tetralin in
the presence and absence of sulfur- and nitrogen-containing compounds [12,21].
It has been found that the bimetallic catalysts are less active than the Pt
counterparts for the hydrogenation of tetralin in the absence of poisons. However,
in the presence of poisons, the morphology of the bimetallic Pt-Pd nanocluster is
a key factor for the hydrogenation activity and resistance towards poisons. A
minimum proportion of surface Pt is needed in the bimetallic catalysts to observe
the marked positive influence of alloying commonly reported in literature [22-24].
In turn, it is possible to tune the morphology of the bimetallic clusters by
modifying the composition of the ASA support.

In the present work, we extend our investigations using a fixed support
composition and several metal precursors to prepare ASA-supported Pt-Pd
nanoclusters with different structure and surface composition. The hydrogenation
activity of the catalysts was investigated in the presence of dibenzothiophene
(DBT) and quinoline. By combining advanced physicochemical characterization
techniques and the kinetic tests, the structure of the Pt-Pd nanoparticles and the
corresponding hydrogenation activity and resistance towards poisons were
correlated. Furthermore, the dependence of the final cluster structure on the
precursor is explained in terms of different reducibility during the thermal
treatments.
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2.  Experimental

2.1. Catalyst preparation

Three bimetallic Pt-Pd catalysts with the same metal loading (0.3 wt.% Pt and 0.5
wt.% Pd, molar ratio of Pd:Pt=3) supported on amorphous silica-alumina (Sasol,
Germany) were synthesized by incipient wetness impregnation. The ASA carrier
(SiO2/Al, O3 weight ratio of 70/30) was impregnated with aqueous solution of
[Pt(NH3)4]J(NO3), and Pd(NOg3),, catalyst Pt-Pd(1); [Pt(NH3)4](NO3), and
[PA(NH3)4](NO3), catalyst Pt-Pd(2); or [Pt(NH3)4](NOs), and Pd(NO3), changing
the pH of the solution by adding NH,OH, catalyst PtPd(3).

In order to gain insight into the synergetic effect of alloying in the Pt-Pd catalysts,
several monometallic Pt and Pd catalysts supported on identical ASA material
were also synthesized and kinetically tested. The monometallic catalysts are
referred as 0.8Pt containing 0.8 wt.% Pt using [Pt(NH3)4](NO3), as precursor;
0.3Pt, with 0.3 wt.% Pt using [Pt(NH3)4](NO3), as precursor; 0.5Pd(1), with 0.5
wt.% Pd using Pd(NOgs), as precursor; and 0.5Pd(2) with 0.5 wt.% Pd using
[PA(NH3)4](NO3), as precursor. All the catalysts were dried at 383 K for 12 h and
treated in synthetic air at 673 K for 2 h and then reduced at 623 K in hydrogen for
2 h. A summary of all catalysts used is given in Table 1.

Table 1. List of catalysts prepared for this study. Metallic precursors and pH of

the solutions used in the impregnation step.

pH value of
Catalyst Pt and Pd precursor(s) _
precursor solutions
Pt-Pd(1) [Pt(NH3)4](NO3)2, PA(NO3), 2.0
Pt-Pd(2) [Pt(NH3)4](NO3)2, [Pd(NH3)4](NO3) 1.7
Pt-Pd(3) [Pt(NH3)4](NOs)2, PA(NO3), 2t07.71
0.8Pt [Pt(NH3)4](NO3)2 6.7
0.3Pt [Pt(NH3)4](NO3), 6.8
0.5Pd(1) Pd(NO3)2 2.0
0.5Pd(2) [Pd(NH3)4](NO3)2 8.0

' The pH value was modified by adding NH,OH to the precursor solution.
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2.2. Metal content and textural properties

The Pt and Pd concentration of the catalysts was confirmed by atomic absorption
spectroscopy (AAS) using an UNICAM 939 spectrometer. The specific surface
area and average pore diameter of the catalysts were determined by N,
adsorption-desorption measurements carried out at liquid nitrogen temperature
using a PMI automated BET sorptometer. All samples were outgassed at 523 K
for 20 h before the measurements. The specific surface area and the pore

diameter were calculated applying the BET and BJH models, respectively.

2.3. Hydrogen chemisorption

The metal dispersion of the catalysts was measured by H, chemisorption. All the
samples were activated in vacuum at 588 K for 1 h and then cooled to 298 K,
after which successive doses of hydrogen were admitted. An isotherm of
hydrogen adsorption (chemisorption together with physisorption) was measured
over a pressure ranging from 1 kPa to 40 kPa. Afterwards, the samples were
outgassed at 298 K for 1 h to remove the physisorbed H, and another adsorption
isotherm was measured (physisorption). The concentration of hydrogen
chemisorbed on the metal was calculated by subtracting the second isotherm
from the first isotherm, and the metal dispersion was estimated from the

chemisorbed hydrogen considering a stoichiometric metal:H ratio of 1.

2.4. Infrared spectroscopy

The IR spectra of adsorbed pyridine were measured to characterize the Lewis
(LAS) and Brgnsted (BAS) acid sites, while the spectra of adsorbed CO were
used to characterize the properties of the metal surface. The spectra of pyridine
were acquired using a Perkin EImer 2000 spectrometer operating at a resolution
of 4 cm™. Prior to the sorption experiments, the catalyst samples were activated
in vacuum (p = 10° mbar) at 723 K for 1 h. The activated samples were exposed
to pyridine (ppey) = 10! mbar) at 423 K for 0.5 h and the IR spectra were recorded

after evacuation at 423 K for 1 h. The concentration of LAS and BAS were
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quantified using the molar extinction coefficients of 0.965 cm pmol™* and 0.726
cm pmol™, respectively.

The spectra of adsorbed CO were measured using a Bruker VERTEX 70
spectrometer with a resolution of 2 cm™. Samples of the catalysts were reduced
in Hyat 623 K for 1 h at a partial pressure of 0.5 bar followed by evacuation (p =
10® mbar) for 1 h to remove adsorbed hydrogen. The samples were cooled to
313 K and CO was adsorbed at p=0.5 mbar to record a spectrum. Subsequently
the samples were evacuated for 15 minutes at 10° mbar and additional spectra

were recorded.

2.5. Extended X-ray absorption fine structure

X-ray absorption spectra were collected at the beamline X1 at HASYLAB, DESY,
Hamburg, Germany. The storage ring was operated at 4.5 GeV at an average
current of 100 mA. The Si (311) double crystal monochromator was detuned to
60% of the maximum intensity to minimize the intensity of higher harmonics in
the X-ray beam. Self-supporting wafers of the catalysts were first reduced with H,
in situ at 623 K for 1 h and then flushed with He at 623 K for 0.5 h to remove
adsorbed H,. The X-ray absorption spectra were collected at the Pt L, edge
(11564 eV) and the Pd K edge (24365 eV) at 77 K. The position of the edge was
calibrated using the spectra of a simultaneously measured Pt or Pd foil. For the
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near
edge structure (XANES) analysis, the scattering background was subtracted
using a polynomial function and all spectra were normalized to unity. The VIPER
and XANDA programs were used for analyzing the data [25].

In the EXAFS analysis the oscillations were weighted with k* and Fourier
transformed within the limits k = 2.0 — 11.0 A™. The local environments of the Pt
and Pd atoms were determined from the oscillation in k space using multiple-
edge fitting with equal distances for Pt-Pd and Pd-Pt neighbors. The phase-shift
and amplitude function for Pt-Pt, Pd-Pd, Pt-Pd and Pd-Pt were calculated

assuming multiple scattering processes (FEFF Version 8.30) [26,27].
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2.6. Temperature programmed reduction

Temperature programmed reduction (TPR) of catalysts pretreated with H,S was
applied to study the interaction of the catalysts with sulfur. 0.1 g of the catalysts
were placed in a quarz reactor and mounted in a ceramic oven (Horst GmbH).
The samples were treated in a flow of H,S in He (1.25 vol.% H,S in a total flow of
20 ml-min™) heating with a rate of 10 K-min™ up to 533 K and kept for 1 h. Then
the H,S/He mixture was replaced by 20 ml-min™ of pure He and the temperature
was kept at 533 K for another hour, and the reactor was cooled to room
temperature in He flow. Subsequently, the TPR of the sulfided samples was
performed with heating of 5 K-min™ up to 1173 K in 10 ml-min™* of H, flow. A
mass spectrometer (Balzers QME 200) was used for screening the evolved

gases within the whole procedure.

2.7. Catalytic measurements

The hydrogenation of tetralin on the Pt, Pd and Pt-Pd catalysts was carried out in
a set of four parallel trickle-bed reactors in continuous down-flow mode, for detail
see ref. [21]. The activity tests were performed at 533-593 K and 50 bar
hydrogen pressure with a weight hourly space velocity (WHSV) of 3600 h™ for
clean feed, 400 h™ for quinoline-containing feed, 300 h™* for dibenzothiophene
(DBT)-containing feed, and 60 h™ for feed containing both quinoline and DBT.
The WHSV is defined as the weight of feed flowing per hour per unit weight of
catalyst. The change of the WHSV was achieved by varying the amount of
catalyst and/or the flow rate keeping a constant molar ratio of H; to tetralin of 20.
The poison-free feed consisted of 5 wt.% tetralin, 5 wt.% hexadecane as GC
standard and 90 wt.% tetradecane as solvent. Catalytic experiments applying
quinoline and DBT in separate tests used 400 ppm N and 100 ppm S, whereas
the experiments with simultaneous quinoline and DBT addition used 20 ppm N
and 100 ppm S. The activity of the catalysts was reported as mol of tetralin
converted per hour per gram of catalyst (MOleyain-h™gcar™). A continuous

deactivation was observed in all reactions in the first 20 h time on stream (TOS)
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of the reaction. Thus, all catalytic activities reported in this paper were collected
at steady state after 24 h TOS.

3. Results

3.1. Textural properties and chemical composition o f the catalysts

The Pt and Pd concentration obtained from AAS, metal dispersion determined
from H, chemisorption and textural properties of the catalysts are summarized in
Table 2. The metal content was approximately 0.3 wt.% Pt and 0.5 wt.% Pd in
the three bimetallic Pt-Pd catalysts. The specific surface area was 481 m?-g™ for
the ASA support. After impregnation of noble metals, all the surface areas of
catalysts decreased; however, no correlation is found between the area of the
catalyst and the metal precursor used for the preparation. The average pore
diameters of the catalysts were only slightly smaller than that of the ASA support.
In general, all catalysts exhibited high metal dispersion according to H,

chemisoption results.

Table 2. Textural properties, chemical composition and metal dispersion of the

catalysts.
Concentration BET Metal
(wt.%) Surface Pore Dispersion  particle
Catalyst diameter 4
area (%) size

P gy M (nm)

ASA - - 481.0 7.4 -
Pt-Pd(1) 0.29 0.52 430.1 7.3 82.4 1.37
Pt-Pd(2) 028 050 4715 7.3 102.7 1.10
Pt-Pd(3) 0.29 0.49 450.6 7.1 98.2 1.15
0.8Pt 0.77 - 469.6 7.0 107.4 1.04
0.3Pt 0.28 - 466.2 7.2 86.6 1.29
0.5Pd(1) - 0.49 461.7 7.4 74.6 151
0.5Pd(2) - 0.50 447.1 7.3 81.5 1.39

Y metal particle size calculated from H, chemisorption [28].
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3.2. Acidic properties of the catalysts

The acid properties of the ASA support and the catalysts were characterized by
pyridine adsorption/desorption followed by IR spectroscopy. The concentrations
of Brgnsted (BAS) and Lewis (LAS) acid sites, summarized in Table 3, were
calculated from the quantitative evaluation of the corresponding spectra. After the
incorporation of metals, the concentration of BAS and LAS decreased compared
to that determined for the support. The decrease in acidity does not depend on

the nature of the metal precursor.

Table 3. Brgnsted acid sites (BAS) and Lewis acid sites (LAS) concentration

calculated for the catalysts from pyridine adsorption/desorption followed by IR

spectroscopy.
Acid site concentration (umol-g™)

Catalyst
BAS LAS
ASA 56 526
Pt-Pd(1) 51 504
Pt-Pd(2) 54 462
Pt-Pd(3) 48 524
0.8Pt 41 387
0.3Pt 47 474
0.5Pd(1) 48 498
0.5Pd(2) 51 524

3.3. Characterization of the noble metal nanopartic  les

The catalysts were further characterized by EXAFS, XANES and CO adsorption
followed by IR spectroscopy. EXAFS was applied to characterize the morphology
of metal nanoparticles of the Pt-Pd catalysts. The Fourier transforms of the
EXAFS at Pt L, edge and at Pd K edge for the reduced bimetallic Pt-Pd samples
are shown in Fig. 1. Table 4 summarizes the structure parameters i.e.,
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coordination numbers (CN) and interatomic distances (r) calculated from the
analysis of the EXAFS oscillations in the k space. The interatomic distances for
the Pt-Pt, Pt-Pd, Pd-Pd and Pd-Pt bonds showed a slight contraction typical for
small metal nanoparticles [29]. For the analysis of the fitting CN values, recall
that in a face-centered cubic arrangement (corresponding to the cubo-octahedral
shape accepted for Pt and Pd nanoclusters [30-32]) the coordination number of
the atoms in the surface is 6, whereas the coordination of the inner atoms is 12.
Therefore, for the Pt-Pd nanoclusters in Pt-Pd(1) the sum of coordination
numbers (CNpt.pt + CNpt.pg) Of 11.23 and (CNpg.pg + CNpg.pt) Of 6.63 indicates that
the Pt atoms are preferably in the inner layers, whereas the main fraction of Pd is
on the surface of the bimetallic particles. In contrast, the catalyst Pt-Pd(2),
prepared with similar cations in the precursor salts has a more homogeneous
distribution of Pt and Pd atoms in the bimetallic nanoclusters as suggested by the
sum of coordination numbers i.e., (CNpipt + CNprpg) = 7.5 and (CNpg.pg + CNpg-pr)
= 5.7. The catalyst Pt-Pd(3), prepared from precursors of different nature but
added with NH4OH shows coordination numbers similar to those obtained for Pt-
Pd(1) being the difference between the CN of Pd and Pt smaller. Obtaining
different structures of Pt-Pd nanoparticles is clearly related to the use of different

precursors as it is discussed in detail later.
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Figure 1. Fourier transforms (k?—weighted, Ak 2-11 A™Y) of Pt-Pd(1), Pt-Pd(2) and
Pt-Pd(3) at Pt L, edge (11564 eV) and Pd K edge (24365 eV) after in situ
treatment in H, at 623 K. Solid lines are original fourier transforms and dashed
lines are the Pt-Pt, Pt-Pd fitted contributions for Pt L, edge (11564 eV) and Pd-
Pd, Pd-Pt fitted contributions for Pd K edge (24365 eV).
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Table 4. Fitted values from the EXAFS spectra for the Pt-Pd catalysts:
coordination number (CN), radial distance (r) and Pd:Pt ratio in the bimetallic

clusters?.

Pt-Pt Pt-Pd Pd-Pt Pd-Pd  pd:pt

Catalyst Edge 1
CN r& CN r(& CN r(A) CN r(A) ratio

PtLy 7.63 273 3.60 2.71

Pt-Pd(1) 1.55
Pd K 232 271 431 270
PtL, 3.62 2.68 3.88 2.63

Pt-Pd(2) 1.34
Pd K 290 263 2.80 2.70
PtLy 691 274 359 271

Pt-Pd(3) 1.23
Pd K 2.93 271 4.37 273

! Pd:Pt ratio determined as CNp;pg:CNpgpr. This values correspond to the composition of the
bimetallic cluster not to the overall Pd:Pt ratio of 3 as determined by atomic absorption

spectroscopy.

The hole density in the 5ds;, and 5ds/; state is reflected in the white line intensity
of the Pt L, edge because both, 2ps, to 5ds, and 2ps, to 5ds, electronic
transitions are allowed at the Pt Ly, edge. Thus, the electronic effects of alloying
Pt and Pd are evident in the X-ray absorption near edge structure (XANES) at
the Pt L, edge as shown in Figure 2. The increase of the white line height in the
XANES at Pt L, edge indicates a lower electron density of Pt in the bimetallic Pt-
Pd nanoclusters compared to bulk Pt [33]. Correspondingly, a slight decrease of
white line intensity at Pd K edge is observed in Figure 3, suggesting that the
electron density was transferred from Pt to Pd in the Pt-Pd nanoclusters. The
change in Pd K edge is not pronounced probably due to the nature of the
electronic transition (from s to p orbitals). A more rigorous analysis of the XANES
can be done by comparing the relative intensity of empty states at the Fermi level
of the materials. This relative intensity is determined by subtracting the intensity
of the absorption edge fitted by a sigmoidal function from the corresponding
near-edge X-ray absorption fine structure [34]. The white line intensities above Pt
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Ly edges and Pd K edge for Pt-Pd catalysts are summarized in Table 5. Pt-Pd(2)
has the highest white intensity above Pt L, edge, indicating that the Pt atoms in
the Pt-Pd nanoclusters of Pt-Pd(2) are the most electron deficient among the
catalysts studied. On the other hand, the white line intensity above Pd K edge of
Pt-Pd(2) revealed the lowest value, which confirms the highest amount of
electron density transfer from Pt to Pd atoms within the Pt-Pd cluster.
Comparatively, the white line intensities above Pt L, and Pd K edge showed that
Pt-Pd(1), prepared by metal precursors with different cations, i.e., [Pt(NHs)4]**
and Pd**, has less intense electron transference from Pt to Pd than Pt-Pd(2)
(prepared from [Pt(NH3)s]?* and [Pd(NHs)4]** cations). Adding NH4OH to the
precursor solution increases the Pt electron deficiency when cations of different

nature are used as it can be observed for Pt-Pd(3).
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Figure 2. Normalized XANES at the Pt L, edge in He at 623 K of Pt foil and Pt-
Pd catalysts after in situ reduction in H, at 623 K.
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Figure 3. Normalized XANES at the Pd K edge in He at 623 K of Pd foil and Pt-
Pd catalysts after in situ reduction in H, at 623 K.
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Table 5. White line intensities above Pt L, edge and Pd K edge for the Pt-Pd

catalysts.

White line intensity (a. u.)
Catalyst
above Pt L, edge above Pd K edge

Pt-Pd(1) 1.48 0.84
Pt-Pd(2) 1.69 0.81
Pt-Pd(3) 1.55 0.83

Pt foil 1.27 -

Pd foil - 0.88
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The Pt-Pd nanoparticles were further characterized by CO adsorption IR
experiments of the reduced samples (spectra presented in Fig. 4). Bands
observed above 2050 cm™ are assigned to linearly adsorbed CO on Pt and Pd
[35]. In these bands, the signals of CO linearly bonded to Pt and to Pd overlap.
After evacuation, the intensity of the bands decreased and the position of the
maxima shifted to lower wave numbers. The decreasing intensity and maxima
position shifting were attributed to a decrease of the CO surface coverage due to
desorption of CO from Pd [36]. Thus the bands produced by adsorption of CO on
Pt and Pd can be differentiated by comparing the spectra before and after
evacuation.

Broad bands observed below 2000 cm™ in the spectra of the bimetallic Pt-Pd
materials were assigned to CO adsorbed in a bridged form on Pd atoms (the
exact band position is shown in Figure 4) [37]. The bands at 1860-1920 cm™
were assigned to Pd,-CO complexes or CO adsorbed on a defect-rich terraces
[35,38], whereas bands at frequencies between 1950 and 1990 cm™ originated
from dimeric [Pd»-CO], species or CO adsorbed on edges of aggregates [35,36].
Note that the bands assigned to dimeric [Pd,-CO]J, species can only be present if
there are at least four adjacent Pd atoms on the cluster surface.

It is clear seen that the spectra of Pt-Pd(1) before evacuation has a band at 1980
cm™* while there is nearly no CO adsorption at the same wavenumber for Pt-
Pd(2). This qualitatively indicates a relative higher proportion of surface Pd in Pt-
Pd(1) than in Pt-Pd(2). The bands in the region 1860-1920 cm™ remained almost
unchanged after evacuation probably due to the conversion of [Pd,-CO], to

monomeric Pd,-CO during the CO desorption.

The normalized integrated peak areas of linearly and bridged adsorbed CO at 0.5
mbar and after evacuation for 15 minutes are shown in Table 6. The Pt-Pd (2)
catalyst had the highest ratio of linear to bridged adsorbed CO (1.78 and 1.34
before and after evacuation, respectively) and the highest intensity of linearly
adsorbed CO (2060-2110 cm™) before and after evacuation. Both observations
indicate the lowest concentration of surface Pd atoms, and consequently the

highest concentration of Pt atoms on the Pt-Pd cluster surface. The Pt-Pd(1)
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sample had the smallest value of linear to bridged adsorbed CO (1.36 after CO
adsorption at 0.5 mbar and 1.12 after evacuation for 15 min), suggesting that the
bimetallic cluster surface was Pd enriched compared with Pt-Pd(2). The linear to
bridged adsorbed CO ratio of Pt-Pd(3) had medium valuesfor the linear to
bridged adsorbed CO ratios compared to those of Pt-Pd(1) and Pt-Pd(2).
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Figure 4. IR spectra of CO adsorbed on bimetallic Pt-Pd catalysts and
monometallic Pt and Pd catalysts at T = 40 °C, pcoy = 5-10" mbar (continuous

lines) and after evacuation for 15 min (dashed lines, band values in brackets).
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Table 6. Summary of weight normalized integrated peak areas of linearly and
bridged adsorbed CO on the Pt-Pd catalysts at 0.5 mbar and after evacuation for

15 minutes at 5-10° mbar (in brackets).

Linearly adsorbed Bridged adsorbed Ratio of linearly to

Catalyst (6{0) (6{0) bridged adsorbed
(2060-2110 cm™)  (1840-1990 cm™) coO
Pt-Pd(1) 929 (578) 682 (514) 1.36 (1.12)
Pt-Pd(2) 1310 (877) 737 (653) 1.78 (1.34)
Pt-Pd(3) 1059 (740) 662 (609) 1.60 (1.22)
0.3Pt 718 (714) 42 (13) 17.1 (54.9)
0.5Pd(1) 131 (23) 612 (529) 0.21 (0.04)

3.4. Temperature programmed reduction

The profiles of H,S evolution during TPR of H,S-pretreated catalysts are shown
in Fig. 5. For the ASA support, two signals were observed, one with maximum at
507 K and another broad one starting from 650 K. Monometallic 0.8Pt and 0.3Pt
samples showed 3 peaks at 506, 579, 692 K and at 505, 583, 695 K, respectively.
Comparing those signals with the profile of the ASA support, the peaks in the
ranges 500-510 K and 690-700 K were assigned to H,S releasing from the
support. The bands at 579 and 583 K were assigned to H,S releasing from Pt.
For monometallic 0.5Pd(2), the notably intensity of the signal at 478 K suggests
that this peak was produced by H,S released from sulfided Pd overlapping with
the low-temperature signal from ASA support since they were generated at close
temperatures. From the comparison of the TPR profiles of the monometallic
catalyst it is concluded that the low temperature intense signal is associated with
Pd, whereas the low-intensity signal produced at higher temperatures (just
between the signals attributed to H,S evolution from the support) is attributed to
H,S released from Pt. For the three bimetallic Pt-Pd catalysts, all signals shifted
compared with those for ASA support or the monometallic counterparts. However,
the characteristic shape and position of the peaks allow assigning all the peaks

e.g., high intensity, low temperature signal for H,S desorbing from Pd and broad
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high temperature signals for H,S released from the support. The peaks at 499,
486 and 487 K for Pt-Pd(1), Pt-Pd(2) and Pt-Pd(3), respectively have the
contribution of H,S desorbing from the support (relatively minor contribution) and
from Pd. The shoulders at 561, 546 and 548 K are attributed to H,S released
from Pt given its low intensity and intermediate position.

It is expected the formation of metal sulfide covering the metal particles during
the treatment in H,S. Although, it is not possible to determine the thickness of the
sulfide layer, the temperature of H,S release reflects unequivocally the strength
of the sulfur-metal bond. Thus, from the temperature shifts observed in the TPR
experiments we can infer that the Pt-S bond cleavage is easier in the bimetallic
catalysts than in the monometallic sample. Furthermore, the Pd-S bond seems to
be strengthened although this effect is less noticeable. The shift of the H,S
release peak from the support to lower temperatures in the presence of metal
particles strongly suggests the activation of H; in the metal and spillovering to the

carrier.
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Figure 5. H,S profiles during temperature programmed reduction of pre-sulfided

ASA support and Pt, Pd, Pt-Pd catalysts.
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3.5. Catalytic activity

The hydrogenation of tetralin in the absence of poisons was carried out in the
temperature range of 533-593 K. The catalytic activities at steady-state after 24 h
TOS for different temperatures are summarized in Fig. 6. The catalyst with 0.8
wt.% Pt on ASA exhibited the highest activity while the Pd catalysts were the
least active in line with the fact that Pt is more active than Pd for hydrogenation
of aromatics [39]. The activities of the bimetallic Pt-Pd catalysts follows the
decreasing order Pt-Pd(2) > Pt-Pd(3) > Pt-Pd(1), which is in line with the
decreasing content of surface Pt as suggested by the characterization results.
Figure 7 shows the cis/trans decalin ratio over all catalysts. On monometallic Pt
catalysts the highest selectivity to cis-decalin was observed, while the trans-
decalin isomer was preferred on Pd catalysts. The cis- to trans-decalin ratios on
bimetallic Pt-Pd catalysts were intermediate compared to the values obtained on

Pt and Pd catalysts; with a marked preference, however, for trans-decalin.
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Figure 6. Activities at steady state for the hydrogenation of tetralin in the
temperature range 533-593 K over Pt, Pd and Pt-Pd catalysts.
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Figure 7. Cis/trans decalin ratios for the hydrogenation of tetralin in the
temperature range 533-593 K over Pt, Pd and Pt-Pd catalysts.

The activities of the catalysts decreased when 400 ppm of nitrogen in form of
qguinoline was present in the reaction (see Fig. 8). The trend of activities was
similar to that for poison-free feed the Pt catalysts being the most active;
however, the difference between the activities of the different catalysts was
smaller. The cis-/trans-decalin ratios (see Fig. 9) in the presence of quinoline
followed the same trend observed when using poison-free feed. The
monometallic Pt catalysts yielded to the highest cis-/trans-decalin ratios whereas
the trans-decalin isomer is preferred on the rest of the catalysts, especially on
monometallic Pd catalysts.
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Figure 8. Activities at steady state for the hydrogenation of tetralin in the

presence of quinoline (400 ppm N) in the temperature range 533-593 K over Pt,
Pd and Pt-Pd catalysts.
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Figure 9. Cis/trans decalin ratios for the hydrogenation of tetralin in the presence

of quinoline (400 ppm N) in the temperature range 533-593 K over Pt, Pd and Pt-

Pd catalysts.
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The activities for the hydrogenation of tetralin in the presence of DBT (100 ppm S)
at steady-state are summarized in Fig. 10. In contrast to the activity trend
observed for poison-free and N-containing feed, in the presence of sulfur the
bimetallic Pt-Pd(2) catalyst becomes the most active catalyst, followed by Pt-
Pd(3) > 0.8Pt > Pt-Pd(1) > 0.3Pt > 0.5Pd(2) > 0.5Pd(1). Interestingly, the activity
of the monometallic catalysts was completely abated. The cis/trans-decalin ratios
observed in the presence of DBT are shown in Fig. 11, the values are smaller
than those observed using poison-feed feed. However, the trend is preserved,

i.e., the monometallic Pt catalysts still showed the highest cis- to trans-decalin

ratio.
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Figure 10. Activities at steady state for the hydrogenation of tetralin in the
presence of DBT (100 ppm S) in the temperature range 533-593 K over Pt, Pd
and Pt-Pd catalysts.
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Figure 11. Cis/trans decalin ratios for the hydrogenation of tetralin in the
presence of DBT (100 ppm S) in the temperature range 533-593 K over Pt, Pd
and Pt-Pd catalysts.

The tetralin hydrogenation activities in the presence of both N- and S-poison are
shown in Fig. 12. A dramatic decrease in activity was found compared to the
reaction in absence of poisons. It is worth highlighting the significant increase in
activity between 573 and 593 K. The Pt-Pd(2) catalyst has the best performance
in tetralin hydrogenation in the presence of quinoline and DBT. For the rest of the
catalysts the activity followed the decreasing trend Pt-Pd(3) > 0.8Pt > Pt-Pd(1) >
0.3Pt > 0.5Pd(2) > 0.5Pd(1). Interestingly, the presence of both poisons reduced
the temperature dependence of the cis-/trans-decalin ratio as shown in Figure 13.
The Pt samples yielded a cis-/trans-decalin ratio around 0.6, while the observed

ratios are below 0.15 and 0.25 for Pd and Pt-Pd materials, respectively.
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Figure 12. Activities at steady state for the hydrogenation of tetralin in the

presence of quinoline (20 ppm N) and DBT (100 ppm S) in the temperature
range 533-593 K over Pt, Pd and Pt-Pd catalysts.
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Figure 13. Cis/trans decalin ratios for the hydrogenation of tetralin in the

presence of quinoline (20 ppm N) and DBT (100 ppm N) in the temperature
range 533-593 K over Pt, Pd and Pt-Pd catalysts.
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4. Discussion

4.1. Structure of the Pt-Pd nanoclusters

The large number of parameters involved in the synthesis of catalytic materials
makes it difficult to describe the specific effect of each variable. However, some
synthesis parameters are determining for the structure of the end active phases.
For instance, the simple choice of the precursor may define the properties of the
catalyst. In this study, it is shown that using different noble metal precursors and
changing the pH of the impregnated solution greatly influences the structure of

the Pt-Pd nanoclusters in the catalysts.

The bimetallic Pt-Pd catalysts reveal similar metal particle size (1.1-1.37 nm)
than the monometallic Pt catalysts (1.04-1.29 nm). The metal particle size of Pd
catalysts was larger than in the other formlations (1.39-1.51 nm). For all the
bimetallic catalysts studied in this work the sum of the total coordination number
of Pt (CNptpt + CNpt.pg) is higher than the coordination number of Pd (CNpg.pg +
CNpg-pt). The difference indicates that Pd is located preferentially in the outer
layers of the clusters because in a bimetallic nanocluster the total coordination
numbers of the elements must be equal if the metals are homogeneously
distributed. The difference in the coordination numbers greatly differs among the
catalysts. Comparing the catalysts Pt-Pd(1) and Pt-Pd(2), it is clear that in the
former, the proportion of surface Pd is higher than in the later as seen from the
larger difference in total coordination numbers i.e., 11.23 - 6.63 and 7.5 - 5.7 for
Pt-Pd(1) and Pt-Pd(2), respectively. For the catalyst Pt-Pd(3), the difference in
coordination numbers is 10.5 — 7.3, which points to Pt and Pd distributions with

an intermediate homogeneity compared to the other bimetallic catalysts.

The molar fractions of the elements (xa and xg) and the corresponding
coordination numbers in a bimetallic cluster must fulfill the simple condition
(CNag-Xa = CNpga-Xg) [40]. Using this expression it is possible to obtain the mass
balance expressed in Equation (1) for the bimetallic Pt-Pd clusters as was done
in Ref. [14].

CNpt.pd © Npt= CNpg.pt - Npg 1)

102



Chapter 4

Equation (1) can be used to calculate the molar ratio of Pd:Pt of the bimetallic Pt-
Pd nanoclusters since CNpi.pg and CNpy.pr are known from the EXAFS fittings.
The calculated Pd:Pt ratios are shown in Table 4, all the Pd:Pt ratios are smaller
than 3, (the bulk molar ratio) indicating that besides the bimetallic Pt-Pd
nanoclusters, a fraction of monometallic Pd nanoparticles has to be also present
in the Pt-Pd catalyst. The Pt-Pd(1) catalyst has a Pd:Pt ratio of 1.55, which is
higher than that of Pt-Pd(2) (Pd:Pt = 1.34). Thus the former catalyst has higher
concentration of Pd in the Pt-Pd clusters. The catalyst Pt-Pd(3) had the lowest
Pd:Pt ratio (1.28) indicating that the bimetallic clusters of this catalyst contain the
highest proportion of Pt among the studied catalysts.

The study of CO adsorption IR spectroscopy confirms the results of EXAFS
analysis. Table 6 shows the normalized integrated peak areas of linearly and
bridged adsorbed CO at 0.5 mbar and after evacuation for 15 minutes. The Pt-
Pd(2) catalyst had the highest ratio of linear to bridged adsorbed CO before and
after evacuation, indicating the lowest concentration of surface Pd atoms among
the three Pt-Pd samples. On the other hand, the Pt-Pd(1) sample had the
smallest value of linear to bridged adsorbed CO, suggesting that the bimetallic
cluster surface was Pd enriched compared with the other two Pt-Pd catalysts.
The linear to bridged adsorbed CO ratio of Pt-Pd(3) was in-between the values of
Pt-Pd(1) and Pt-Pd(2), implying that more Pt atom are present on the cluster
surfaces when NH,OH is added to the precursor solution. However, the highest
proportion of Pt is reached when using Pt, Pd precursors with NH3 ligands, i.e.,
[Pt(NHs)**, and [Pd(NHs)4]*".

It is possible to find values for the molar extinction coefficients of CO adsorbed
on Pt or Pd [41,42]. Unfortunately, it is difficult to compare the values as they
have been obtained following different methodologies and reported in different
dimensions. To quantitatively estimate the Pd/Pt proportion on the surface we
have determined the values for kpi.. and kpg.. from the H,-chemisorption and IR
characterization of the monometallic catalysts as follows.

The number of surface Pd and Pt atoms is obtained according to Equations (2)

and (3) assuming that the concentration of adsorbed CO is given by the relation
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nA/ki. n is the number of metal atoms that each CO molecule “counts”, A; is the
absorbance of CO adsorbed in a defined mode on Pt or Pd and k; is the

corresponding molar extinction coefficient.
2Apg- Apg-—

Pd — Pd-B + Pd-L (2)
kpa-B  Kpd-L

2Apt_gK Apt_
Pt — Pt—BIO\Pt + Pt—L (3)
kpt-B kpt-1,

The absorbance values needed in Equations (2) and (3) are extracted from Table

6 considering that the absorbance of linearly adsorbed CO corresponds to the
integrated peak area determined in the range 2060-2110 cm™, whereas the
absorbance of CO adsorbed in the bridge mode corresponds to the area of the
bands in the 1840-1990 cm™ range. Assuming that the number of surface metals
atoms is twice the monolayer of H, dissociatively chemisorbed, the numeric
substitution of Equations (2) and (3) leads to Equations (4) and (5), respectively

(the values are already normalized per gram of material).

35.0 umol = 2612) | 131 4)
kpa-  Kpd-L
13.3 pmol = 282 4 718 (5)

kpt-B  Kpt-L

Considering that (ki-/ki.s)=2.5, according to [35], Equations (6) and (7) are

obtained.

35.0 ymol = 3060 131 ©6)
Kpa-1,  Kpg-L

13.3 pmol = == 4+ 22 7)

kpt—r.  Kpe-L
After solving simultaneously Equations (6) and (7), the values 91.2 and 69.8 cm’
L.umol™* are obtained for keq.. and kpt.., respectively. Hence, the (Kpw../kpq.) ratio
determined from the characterization of the monometallic catalysts is 0.76. Using
this ratio and the integrated areas of the spectra of bimetallic catalysts (Table 4)
in Equation (8), it is possible to estimate the Pt and Pd proportion in the surface
[14]. The (Pd/Pt) surface ratios corresponding to the Pt-Pd(1), Pt-Pd(2), Pt-Pd(3)
are 3.8, 3.2 and 3.5, respectively, showing that Pt-Pd(2) has the highest Pt

proportion on the Pt-Pd nanocluster surfaces.

Pd _ kpt-L 5Apd-B+Apd-L (8)
Pt Kpg-L Apt-L
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Schematic models of Pt-Pd nanopatrticles of the three Pt-Pd catalysts are present
in Fig. 14. The coordination numbers of the models are in good agreement with
the values of the EXAFS fitting in Table 4 except for CNpg.pq, Which is met only
including the presence of some monometallic Pd clusters in the three catalysts.
In the catalyst Pt-Pd(1) the Pt atoms concentrate in the core and are almost
covered by a Pd-shell. The core-shell structure, however, is not perfect allowing
few Pt to be exposed. The average bimetallic cluster in the Pt-Pd(2) catalyst is
rather different. The Pd and Pt alternate almost randomly although Pd still tends
to the outer layer. The Pt-Pd(3) catalyst has an intermediate morphology with Pd
strongly segregating to the surface but preserving higher Pt exposure than in Pt-
Pd(1).

Pt-Pd(1) Pt-Pd(2) Pt-Pd(3)

o O O O )
N SN SN SN SN s N SN SN SN SN s \_/\/\_/\Al/\s/
/SI\ /AI\ /SI\ /Al\ /S'\ /SI\ /AI\ /SI\ /Alx /S'\ /SI\ /Al\ /SI\ VANIAN
O 0O 0O o o O o 0O O o o O

Figure 14. Model of Pt-Pd clusters of Pt-Pd(1), Pt-Pd(2) and Pt-Pd(3) catalysts.

4.2. Effect of the cations in the metal precursors on the morphology of the

bimetallic clusters

The behavior of different cations during thermal treatments should be discussed
first to account for an explanation of the change in structure of Pt-Pd
nanoclusters by varying the metal precursors (e.g. Pt(NHs)s*" with [Pd(NH3)4]**
or Pd**) and the pH of the precursor solution.

It has been reported that on silica and alumina, the autoreduction mechanism
takes place involving surface oxygen [43-45]. Let us consider the [Pt(NH3)**
cation as example. This ammino complex may decompose to platinum oxide and

then the ammonia released can reduce the oxide as illustrated in reactions (i)
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and (ii) [44]. Another possible route for the formation of ammonia able to reduce
cationic Pt is the formation of neutral platinous oxydiammine followed by the
complete elimination of ammonia, reaction (iii) [45]. The autoreduction of noble
metal salts with NH3 ligands has also been observed on zeolites [46-49]. In this
case, the mechanism of autoreductioon is claimed to involve the transference of
protons to the support. The ASA support may either donate oxygen or accept
protons. Thus, it is likely that both mechanisms occur.

O" + Pt(NH3), — PtO + XxNH3 (i)

3PtO + 2NH3 — 3 Pt + 3H,0 + N, (ii)

[Pt(NH3)4]?* + 20H" — Pt(NHs),0 + H,0O + 2NHs (iii)

If precursors of different nature, e.g. [Pd(NHs)s]** and Pd?** are used to
synthesize Pt-Pd nanoclusters, they behave different during the thermal
treatment in air and H,. Starting the synthesis from metal precursors with the
same NH; ligands ensures that the cations follow similar decomposition
processes in each thermal treatment.

Let us comment in detail the case of the catalyst Pt-Pd(1), which was prepared
from [Pt(NH3)4](NO3), and Pd(NO3), (see Table 1). The pH of the impregnation
solution (pH = 2.0) is lower than the point of zero charge (PZC) of any of the
possible oxide domain available for deposition, i.e., SiO, (PZC=2-3.5), Al,O3
(PZC=8-9), ASA (PZC=4-5), therefore, the support surface is positively charged
[50,51]. Consequently, the incorporation of the cationic species (Pt(NHs)s*" and
Pd?") to the surface is likely to occur via an ion-exchange mechanism than via
electrostatic adsorption [52]. Due to the stability of the platimun tetraamine

+

complex and slow substitution of ammonia ligands, Pt(NHs)s.n(H20).2" cations
are hardly formed, and the Pt(NHs),>* complex adsorbs on the support surfaces
without ligand exchange [53,54]. Hence free NHj; in solution must not be
available for the formation of [Pd(NH3),J*" from Pd*" cations in the precursor
solution. During thermal treatment in air, the [Pt(NH3)4)*" ions decompose and
Pt® nuclei are formed according to the autoreduction mechanisms described
above. The Pd?* ions would not be affected during the treatment in air and only

reduced to Pd° during the treatment in Hy. During this reduction step, the Pd°
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atoms surround the already formed Pt nuclei, leading to Pt-Pd nanoparticles with
a “Pt-core Pd-shell” structure.

When using the solution of [Pt(NH3)4]J(NO3), and [Pd(NHsz)4](NO3), (Table 1) to
prepare the Pt-Pd(2) catalyst, [Pt(NH3)s]*>" and [Pd(NHs)s]** complexes behave
similarly during the preparation procedures [46]. The precursor solution had the
pH value of 7.7, that is, higher than the PZC of ASA and SiO, but lower than the
PZC of alumina. Thus, the ASA surface may exhibit a mixture of negatively and
positively charged domains. On the former regions, [Pt(NHs)4]** and [Pd(NHs)4]**
cations are adsorbed by means of electrostatic interactions [55]. On the positively
charged Al,O3; domains, ion exchange has to be preferred over electrostatic
adsorption. However, the proportion of Al,O; domains must be low, since the
ASA materials contains 30 wt.% Al,O3; and most of the Al cations are expected to
be homogeneously dispersed in the material [56]. [Pt(NH3)s]** and [Pd(NHs)4]**
cations may autoreduce at similar rate during the treatment in air and be
completely reduced in H,, forming Pt-Pd nanoclusters with more homogeneous
distribution of Pt and Pd atoms in the clusters. Probably due to the high Pd to Pt
ratio (Pd:Pt = 3), not all Pd alloyed with Pt and the formation of some
monometallic Pd nanoparticles takes place.

The catalyst Pt-Pd(3), was prepared using the precursors [Pt(NH3)4]J(NO3), and
Pd(NO3), as was done for the Pt-Pd(1) catalyst. The pH of the mixture, however,
was changed to 7.7 by adding NH4OH solution. According to the literature, Pd®*
cations react with NH4" groups in ammonia solutions as shown in reaction (iv)
[57]. Thus the preparation of agueous solutions of Pd(NO3), and [Pt(NH3)4](NO3):
in the presence of ammonia actually leads to a mixture of Pd**, [Pd(NHs),]** and
[Pt(NH3)4]%*. At pH of 7.7, these cations interact with the support in a similar way
as described for the sample Pt-Pd(2), i.e., mostly through electrostatical
adsorption. During thermal treatment in air, [Pt(NHs)4]** and formed [Pd(NH3),]**
ions would behave as was described for the case of the Pt-Pd(2) catalyst leading
to bimetallic particles with higher homogeneity than the catalyst Pt-Pd(1). The
incorporation of NH3; groups may not be complete (n<4) and therefore, the
reducibility of the [Pd(NHs),]>" ion may not be identical to that of [Pt(NHz)J*".
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Hence, the distribution of Pt and Pd is then less homogenous than in the case of
Pt-Pd(2).

Pd?* + nNH," — [Pd(NH3).J** + H*, 0<n<4 (iv)

In order to explore the different behavior of Pd**, [Pd(NHs)4]** and [Pt(NHs)4]*
during thermal treatment in air, the 0.5Pd(1), 0.5Pd(2) and 0.8Pt catalyst
precursors were investigated using CO adsorption IR spectroscopy. These
materials were only dried after impregnation (without calcination in air or
reduction in Hy) and activated in situ in 1 bar of O, at 673 K for 2 h prior to CO
adsorption. After the first adsorption each sample was degassed for 15 min to
measure a second spectrum. Figure 15 shows the CO adsorption IR spectra on
0.5Pd(1), 0.5Pd(2) and 0.8Pt. The 0.5Pd(1) only reveals an adsorption peak at
2155 cm™, which is assigned to linearly adsorbed CO on Pd** [58], indicating that
only Pd** remained after thermal treatment in oxygen. On the other hand, some
metallic Pd domains were formed on the 0.5Pd(2) catalyst, after thermal
treatment in O, as is seen from the adsorption peaks at 2106 cm™ (linearly
adsorbed CO on Pd) and 1943 cm™ (bridged adsorbed CO on Pd). The spectrum
of CO adsorbed on 0.8Pt catalyst confirms the autoreduction phenomenon as the
band at the wavenumber of 2060 cm™ (CO linearly adsorbed on metallic Pt)
appears. However, Pt** cations are still present as indicated by the band at 2130

cm™* assigned to CO linearly adsorbed on Pt?* [59].
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Figure 15. IR spectra of CO adsorbed on in situ treated (1 bar O,, 673 K, 2 h)
0.5Pd(1), 0.5Pd(2) and 0.8Pt samples at T = 40 °C, pco) = 5.10% mbar
(continuous lines) and after evacuation for 15 min (dashed lines, band values in

brackets).

4.3. Electronic effect of alloying

The electron deficiency of Pt on alloying with Pd has been reported by several
groups [22, 60, 61]. In this study, the XANES analysis at the Pt L, edge showed
a lower electron density of Pt atoms in the Pt-Pd clusters compared with Pt foil.
According to the electron transference from Pt to Pd, the XANES spectra at Pd K
edge evidenced the higher electronic density of Pd in the catalysts than in bulk
Pd.
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The densities of empty states are summarized in Table 5. The white line intensity
at Pt L, edge of sample Pt-Pd(2) is 1.69, i.e., larger than that of Pt-Pd(1) with a
value of 1.48. This indicates that the Pt in the Pt-Pd nanoclusters of Pt-Pd(2) is
more electron deficient than in the Pt atoms in Pt-Pd nanocluster of Pt-Pd(1). The
catalyst Pt-Pd(3) exhibited the intensity at the Pt L, edge of 1.55, i.e., an
intermediate value compared to those of the other two bimetallic catalysts.
According to our previous study [14], the electronic effects of the support can be
excluded because the electronic transference promoted by the support acidity is
compensated by the effect of alloying. This electron transfer takes place mainly
between Pt and Pd atoms within the Pt-Pd clusters and the morphology of metal
particles must be the parameter dominating the electronic exchange. The
distribution of Pt and Pd atoms has the best homogeneity in the Pt-Pd
nanoclusters of Pt-Pd(2) catalyst, implying that a large amount of Pt atoms are
surrounded by Pd and the electron transfer to neighboring Pd atoms is eased. In
contrast, the Pt-Pd nanoclusters in Pt-Pd(1) with a “Pt-core and Pd-shell”
structure, has less Pd atoms next to Pt atoms, leading to a certain number of
electron deficient Pt atoms, but much less than in the Pt-Pd(2) catalyst. Changing
the pH value of the precursor solution with ammonia helps to obtain more
homogeneous distributed Pt-Pd cluster than in Pt-Pd(1). Thus, the Pt atoms are
in an intermediate electronic enviroment relative to the other two bimetallic

catalysts.

4.4. On the poison-resistance of the bimetallic cat  alysts

It was established before that the proportion of Pt in the surface is of main
importance for the activity of Pt-Pd catalysts. In this contribution we show that the
concentration exposed Pt atoms is greatly influenced by the selection of the
metal precursor. Now we discuss how the resistance to poisons is affected by

tailoring the surface composition.

It has been proposed that the hydrogenation of tetralin takes place in noble metal
catalysts supported on acidic materials trough two pathways: (1) on the metal

sites and (2) after adsorbing on the Brgnsted acid sites at the perimeter of the
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metal clusters. In the absence of poisons, the reaction after adsorption on metal
sites is the main pathway. It is worth to emphasize that the TPR experiments also
suggest that in the presence of metal clusters the desorption of H,S is eased.
This is an additional evidence of spillover of activated hydrogen from the metal to
the support. Either of the pathways can dominate in the presence of poisons due
to the interplay of different poisoning mechanisms [21,62]. In this study, all
catalysts are based on the same ASA material; hence, any effect of varying the
support acidity is excluded. This allows us to correlate the hydrogenation
activities in the absence and presence of N- and S-containing poisons only with

the structure and surface composition of the metal clusters.

For hydrogenation of tetralin in poison-free conditions, 0.8Pt has the highest
activity among all the catalysts (see Fig. 6), because Pt has higher hydrogenation
activity compared to Pd. The dilution of Pt with Pd in the bimetallic catalyst leads
to a decrease in activity following the trend: Pt-Pd(2) > Pt-Pd(3) > Pt-Pd(1). This
is the same trend estimated for the relative abundance of surface Pt atoms in
those catalysts. Following the same sequence, the apparent activation energy
was 41, 30 and 33 kJ-mol™ for Pt-Pd(1), Pt-Pd(2) and Pt-Pd(3), respectively. The
calculated cis-/trans-decalin ratios are well in line with the known intrinsic activity
of Pt and Pd. On the formed cis-decalin is preferred while on Pd the preferred

product is the trans-decalin isomer.

When 400 ppm N in form of quinoline was added into the feed, the competitive
adsorption decreases the activity of the catalysts. However, the acid sites of the
materials are specially affected by neutralization and the hydrogenation on metal
sites remains as the dominating path. Consequently the trend observed in the
clean feed are preserved and the 0.8Pt catalyst still reveals the highest activity
(Fig. 8). The trend in activity for the Pt-Pd catalysts still seems to depend on the
relative amount of surface Pt atoms. However, the experimental activation
energy became different (compared to those calculated for the poison free

reactions), i.e., 95 kJ-mol™ for Pt-Pd(1), 64 kJ-mol™ for Pt-Pd(2) and 84 kJ-mol™

for Pt-Pd(3). Given that quinoline blocks the acid sites at the perimeter of metal
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clusters and may interact strongly with adsorbing sites on the metal, the overall
adsorption strength of tetralin is diminished, increasing so the apparent activation
energies. The cis/trans-decalin ratio decreases with the addition of quinoline.
This is attributed to the lower strength of interaction of tetralin with the metal
resulting from the competitive adsorption of quinoline and tetralin [12].
Alternatively, the electron donation of the aromatic system of quinoline to the

metal would weaken the adsorption of olefin intermediates [63].

When DBT is present in the reaction, the desulfurization process leads to
poisoning of the metal sites by adsorbed sulfur, which hinders the adsorption of
aromatic molecules and causes very low activity. In this situation, the
hydrogenation on adsorption on the Brgnsted acid sites at the perimeter of the
metal clusters is expected to become the most important pathway for
hydrogenation. However, given that the Brgnsted acidities of all materials are
similar, the differences in performance of the catalysts must depend on the sulfur
resistance of the metal sites and the reactivity of the sites located in the
perimeter of the metal clusters. The hydrogenation activities followed the
decreasing trend: Pt-Pd(2) > Pt-Pd(3) > 0.8Pt > Pt-Pd(1) > 0.3Pt > 0.5Pd(2) >
0.5Pd(1). The uncommon low activity of the Pt-Pd(1) catalyst in presence of
sulfur (lower than that of the monometallic Pt catalyst) is explained by the low
relative proportion of surface Pt although the Pt atoms in the Pt-Pd nanoparticles
are more electron deficient than the Pt in monometallic Pt particles and thus,
more resistant towards sulfur poisoning. The catalysts Pt-Pd(2) and Pt-Pd(3)
perform better than 0.8Pt due to the higher proportion of Pt atoms on the surface
of the Pt-Pd clusters. Moreover, the electronic transference to Pd eases
desorption of sulfur (as H,S), thus the metal sites are free to catalyze the
hydrogenation of aromatic compounds. The bonding strength of Pt-S on the three
bimetallic Pt-Pd catalysts can be differentiated from TPR experiments of the
sulfided form of the catalysts. In Fig. 5, the signals at 561, 546 and 548 K were
assigned to H,S released from Pt of Pt-Pd nanoparticles. Pt-Pd(2) had the lowest
temperature for H,S release from the sulfided Pt, indicating the weakest Pt-S

bonding among the three Pt-Pd catalysts.
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The synergetic effect of alloying Pt and Pd is clearly observed by comparing the
performance of bimetallic Pt-Pd catalysts with that of the monometallic Pt and Pd
counterparts in the presence of sulfur. For instance, the sum of activities of 0.3Pt
and 0.5Pd(2) in Fig. 10, is much smaller than the activity of Pt-Pd(2). This can
only be explained by the electron transfer in the latter catalyst which leads to Pt
atoms much more sulfur resistant than the Pt atoms in monometallic Pt catalyst.

Studies of other groups confirm this conclusion [22,64,65].

When quinoline and DBT were co-feed in the reaction, the activity of tetralin
hydrogenation is abated (Fig. 12). The synergetic effect in the catalyst Pt-Pd(2) is
still observed. The significant increase in activity between 573 and 593 K is
probably due to faster sulfur (H,S) release from the metal surface as the
temperature increases. Thus, metal sites are available again to hydrogenate
aromatic molecules. Apparent activation energy of 71, 108 and 90 kJ-mol™* was

calculated for Pt-Pd(1), Pt-Pd(2) and Pt-Pd(3), respectively. It is interesting that

the cis- to trans-decalin ratio does not change in a large extent with temperature.

5. Conclusion

A series of amorphous silica-alumina supported Pt, Pd and Pt-Pd catalysts were
synthesized, characterized and tested in the hydrogenation of tetralin in the
presence and absence of quinoline and dibenzothiophene (DBT). The catalysts
have similar Lewis and Brgnsted acid site concentration as measured by IR
spectroscopy of adsorbed piridine. The general morphology of the bimetallic
clusters was a Pt-rich core and a Pd-rich shell, as it is determined by extended X-
ray absorption fine structure and IR spectroscopy of adsorbed CO. However, the
particular morphology of Pt-Pd nanoparticles, i.e., the distribution of Pt and Pd in
the clusters varies depending on the metal precursor used in the synthesis step.
The mixture of Pd®* and [Pd(NHs)4]** cations leads to strong segregation of Pd to
the surface. The presence of and [Pt(NHs)** and [Pd(NHs).*" leads to
nanoclusters with more homogenous metal distribution. The reducibility
(decomposition mechanism) of the different metal precursors is the reason for
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the formation of Pt-Pd nanoparticles with different distribution. The [Pd(NHz)s**
and [Pt(NH3),]** groups are autoreduced during calcination in air, while Pd** is

only reduced in H,.

The X-ray absorption near edge structure indicates the formation of electron
deficient Pt atoms in the bimetallic Pt-Pd nanoparticles. Homogeneous
distribution of Pt and Pd atoms in Pt-Pd clusters increases the electronic transfer,
thus increases the electron deficiency of Pt atoms. Temperature programmed
reduction measurements of the pre-sulfided catalysts illustrated a weaker Pt-S
bonding when Pt was alloyed with Pd. The activity of the catalysts for the poison
free feed and poison-containing feed depends on the proportion of surface Pt in
the catalyst. In the presence of DBT, the sulfur resistance of the electron poor Pt
gives a higher activity to the bimetallic catalyst with the most homogeneous metal
distribution than that of the pure Pt catalysts. Thus, in sulfur-poisoning conditions

the synergy of alloying Pd and Pt is evident.
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1. Summary

In order to meet the strict legislation in diesel production, the aromatic content,
nitrogen and sulfur concentration in diesel fuel has to be abated. By lowering the
aromatic content and removing nitrogen and sulfur containing molecules in diesel
fuel, the emission of particular matter, NO, and SOy is greatly depressed.
Therefore, deep hydrotreating process, including hydrogenation,
hydrodenitrogenation and hydrodesulfurization, must be applied for fuel
production. Noble metal catalysts reveal excellent hydrogenation activity
compared to conventional transition metal sulfides catalysts (e.g. Ni- or Co-
promoted MoS; supported on y-alumina). However, noble metal catalysts can be
poisoned by small amount of sulfur or nitrogen containing molecules present in
the feedstock. Numerous works have been focused on making the noble metal
catalysts more resistant towards poisons. In general, two strategies are applied:
(1) using acid support, such as zeolites or amorphous silica-alumina; (2) alloying
different noble metals (e.g. Pt and Pd). The former strategy provides additional
hydrogenation pathway at acid sites in the vicinity of the noble metal
nanoparticles. On the other hand, alloying of Pt and Pd produces electron
deficient Pt atoms due to electron transfer from Pt to Pd atoms within the Pt-Pd
nanoclusters. The Pt-S bond is weaker when Pt is electron deficient, making S
atoms easier to release from Pt surfaces and regenerating active metal sites for
hydrogenation reactions.

The aim of this thesis is to gain the basis knowledge needed to design bimetallic
Pt-Pd catalysts able to maintain high hydrogenation activity in the presence of
poisoning compounds. To this end, Pt-Pd catalysts supported on amorphous
silica alumina (ASA) are synthesized, characterized and tested in the
hydrogenation of tetralin (model aromatic compound) in the absence and
presence of poisons i.e., dibenzothiophene and quinoline (S- and N-containing
compound respectively). Two strategies are followed to identify the parameters
determining the hydrogenation activity and poison-resistance of the catalysts, i.e.,

to vary the carrier composition and the preparation procedure.
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In chapter 2 and 3 of the work, Pt-Pd catalysts are synthesized using the
respective tetrammonium complexes as noble metal precursors. The materials
used as carriers are silica and ASA with Al,O3/SiO, wt.% ratio of 55/45, 20/80,
and 5/95. According to the chemical analysis, the content of Pt and Pd is close to
0.3 and 0.5 wt.% respectively, keeping the Pd:Pt molar ratio of 3. The average
particle size slightly varied from 1.4 to 1.8 nm (TEM). The analysis of the EXAFS
and CO-adsorption IR spectroscopy reveal that the general morphology of the
bimetallic clusters is Pt rich core and Pd-enriched surface. The Pt atoms in the
bimetallic clusters are electron deficient due to electron transfer to Pd (XANES).
Furthermore, monometallic Pd clusters coexist with those Pt-Pd particles. The
Pd/Pt molar ratio in the bimetallic clusters decreased (from 1.69 to 1.17), while
the proportion of surface Pt increased (from 13.9 to 18 %) with increasing
alumina content in the support. The catalyst supported on ASA(55/45) exhibited
the highest coverage of Pt.

A complex interaction between the properties of the metal clusters and supports
determines the performance of the catalysts. However, the proportion of Pt on
the surface is the most important parameter because the Pt-Pd catalyst
supported on ASA(55/45) is the most active in all tested conditions. Under
poison-free conditions the electronegativity of the support correlated with the
hydrogenation activity provides that the support exhibits Lewis acidity. In the
presence of quinoline the activity of the catalysts increases with the dispersion of
the metal particles, whereas in the presence of dibenzothiophene, the acidity of
the support compensates the sulfur poisoning of the metal phase. For
comparison purposes, monometallic Pt (0.8 wt.%) catalysts are tested under the
same reaction conditions. All the Pt catalysts are more active than the Pt-Pd
counterparts in clean feed. In the presence of poisons, the Pt catalysts are more
active than the bimetallic formulation with the remarkably exception of Pt-
Pd/ASA(55/45).

In chapter 4, another series of bimetallic catalysts are synthesized on the same
ASA material (30 and 70 wt.% of Al,O3 and SiO,). The metal precursors used are

tetramonium complexes (Pt or Pd) and nitrate (Pd). According to the
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physicochemical characterization, Pt-Pd and Pd clusters with average size below
2 nm (H2 chemisoprtion) are formed. The bulk Pd:Pt molar ratio is 3 (chemical
analysis) whereas the molar ratio in the bimetallic clusters is 1.23-1.55 (EXAFS).
The distribution of Pt in the bimetallic clusters varies depending on the metal
precursor used in the synthesis. The most homogeneous distribution (i.e., the
clusters least similar to the core-shell model) is obtained when the tetrammonium
complexes of both metals are used during the impregnation step. In this case,
the amonium ions ease the formation of metallic nuclei due to auto-reduction
mechanisms. Given that the support is kept constant in this part of the work, the
decomposition mechanism (reducibility) of the metal precursors is identified as
the parameter determining the metal distribution in the bimetallic cluster. The
homogeneous distribution of Pt and Pd atoms in Pt-Pd clusters increases the
electronic transference from Pt to Pd.

The bimetallic catalyst prepared from tetrammonium complexes is the most
active for the hydrogenation of tetralin in the absence and presence of
dibenzothiophene and/or quinoline. Hence, providing invariability of the support
properties, the morphology of the bimetallic nanoparticles (homogeneity and
proportion of surface Pt) determines the hydrogenation activity. Comparing the
activity of bimetallic Pt-Pd catalysts and the monometallic Pt or Pd counterparts,
the synergy of alloying Pt and Pd is evident in the presence of sulfur poisons.
The conclusions of the whole work coincide in several facts of remarkable
importance for the development of hydrogenation catalysts based in Pt-Pd alloys.
(i) On bimetallic catalysts (as it has been demonstrated before for Pt catalysts)
the hydrogenation of aromatic compounds occurs via adsorption on two sites i.e.,
metal surface and Brgnsted acid sites at the perimeter of the meal clusters.
Sulfur containing compounds poisons the metal phases whereas quinoline
neutralizes the acidity of the support (Figure 1). (ii) Keeping the proportion of Pt
atoms in the bimetallic clusters above certain critic threshold is essential to obtain
catalysts with high hydrogenation activity in poisoning conditions. Several
strategies can be followed to improve the coverage of the surface by Pt e.g.,

tuning the composition of the support and accelerating the reduction of the metal
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precursor. (iii) The improved poison resistance of the bimetallic catalysts

originates from electronic interactions. The electron transference from Pt to Pd

decreases the adsorption strength of poisons on surface Pt atoms increasing so

the active sites available for aromatic hydrogenation.

Main hydrogenation pathway on the metal sites
But easily blocked by S and N deposits

Basic nitrogen compounds
adsorb on metal surface

Minor hydrogenation pathway on the acid
sites at the perimeter of the metal particles

Figure 1. Schematic representation of the hydrogenation pathways on Pt-Pd

catalysts in the absence and presence of Poisons.
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