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Preface

Catalysis: Conceptually Understood But Far Away From Maturity

Catalysis as a phenomenon is becoming reasonably well understood on a conceptual
level. Recognized as a phenomenon and utilized around 1816 by Davy in the mine
safety lamp, and defined around 1835 by Berzelius, catalysis obtained an extensive
empirical basis by the systematic experiments of Mittasch in the early 20" century.
Studies of catalytic mechanisms became feasible when Langmuir — Hinshelwood
kinetics became available in the mid 1920s. Since then, for many decades funda-
mental catalysis became more or less synonymous with kinetic analysis. The advent
of spectroscopy, starting with infrared spectroscopy in the late 1950s, followed by a
range of other techniques for catalyst characterization and investigation of surface
species opened the opportunity to relate catalytic properties with composition and
structure of materials. Surface science enabled one to resolve adsorption geometries
and reactivity patterns in well-defined structures, culminating in scanning tunnel-
ing spectroscopy as the ultimate tool to resolve surface structure and adsorbed spe-
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Preface

cies with atomic precision by the end of the 20" century. Techniques have become
available to study catalysts under working conditions. Ever increasing computational
power enables the calculation of adsorbate geometries, bond strengths and even
reaction rates. Anno 2003, catalysis has developed into a scientific discipline with a
firm conceptual basis. The relation between catalytic activity for a certain reaction
and the composition, structure of a surface is in general qualitatively well under-
stood, provided the surfaces are relatively simple and defined.

However, the prospect of designing a catalyst from first principles behind our
desk is still far away. A number of reasons is responsible. Although we may be able
to describe a catalytic reaction on a well-defined single crystal of a metal under well-
defined and simplified conditions, this becomes tremendously more complicated
when the same reaction runs over small catalyst particles on a support in a realistic
reactor environment. The world of the ideal surface science laboratory and that of
industrial practice are not only separated by the often cited pressure gap, but also by
structural, and materials gaps. The complexity of small, supported crystallites that
dynamically respond to every change in reaction environment is only beginning to
be explored. Secondly, the way we describe the kinetics of catalytic reactions is, albeit
greatly refined, still based on the adsorption isotherm of Langmuir (1915) and the
kinetic formalism of Hinshelwood (1927), based on ideal surfaces with equivalent
adsorption sites and adsorbate species that are randomly mixed and do not interact.
This represents another gross over simplification, which has recently become recog-
nized and is beginning to become addressed in terms of ensembles with reactivities
many orders of magnitude more reactive than the planar surfaces.

This book intends to be an introduction to the fundamentals of heterogeneous
catalysis, aiming to explain the phenomenon of catalysis on a conceptual level.
Kinetics, being the tool to investigate and describe catalytic reactivity as it expresses
itself in a reactor, plays an important role in this book. Also reaction rate theory,
providing the formalism to relate reaction rates to molecular structure of reacting
species is described extensively. Next we describe catalytic surfaces, as well as the
tools to study them. With this knowledge we treat surface reactivity in greatly simpli-
fied molecular orbital theory, again with the aim to give a conceptual explanation of
how a catalyst works and what are the trends when going from one surface/struc-
ture to another. The final chapters serve to illustrate catalysis in practice, to give the
reader an impression of how catalysis is applied. We emphasize that the book is a
textbook, written for students in chemistry, physics and chemical engineering who
are interested in understanding the concepts. Many more important details are
worthwhile knowing, but are beyond the scope of this book and will have to be
found in specialist literature.

This book is based on courses, which the authors have taught at Lyngby and Eind-
hoven for many years. For example, Chapters 1 to 3 form the basis for a mandatory
course “Kinetics and Catalysis” presented in the second year of the Bachelor’s curri-
culum at Eindhoven, while Chapters 4, 5 and 8 to 10 formed the basis for an
optional course Introduction to Catalysis. In Lyngby, Chapters 1 to 7 have been used
for an optional course in “Chemical Reaction Kinetics and Catalysis” in the Master’s
curriculum. At the end of the book we have added a list of questions for every chap-



Preface

ter, which students may use to test their knowledge. The exercises are mainly meant
to enable students to acquire skills in kinetic modelling. Some of these exercises
have been used in written examinations. We intend to make solutions available on
our web sites (www.cinf.dtu.dk and www.catalysis.nl).

The authors are indebted to many colleagues in the field of catalysis and surface
science. We mention in particular Jens Norskov and Rutger van Santen. Both made
very substantial contributions to the theory of heterogeneous catalysis. We are very
grateful for the many extensive and pleasant discussions we had with them. Also
our contacts with industry have been most inspiring and indispensable. We mention
in particular Haldor Topsee A/S in Lyngby, the Shell Research and Technology Cen-
tre in Amsterdam and SASOL Research in South Africa. We also want to thank the
numerous students who followed our courses in Lyngby and Eindhoven. They have
taught us more than they perhaps realize. Finally we thank our families who
patiently allowed us to spend a considerable amount of time on this book. We devote
this book to them.

Ib Chorkendorff
Hans Niemantsverdriet

XVil



List of Acronyms

AES Auger Electron Spectroscopy

AFM Atomic Force Microscopy

bec Body-centered-cubic

BET Brunauer—Emmet-Teller

CSTR Continuously Stirred Tank Reactor
DFT Density Functional Theory

DFT-GGA  Density Functional Theory Generalized Gradient Approximation
DOS Density Of States

EDX Energy Dispersive X-ray Analysis

ER Eley-Rideal

ESR Electron Spin Resonance

EXAFS Extended X-ray Absorption Fine Structure
FCC Fluidized Catalytic Cracking

fee face centered cubic

hep hexagonally close packed

HDA Hydrodearomatization

HDM Hydrodemetallization

HDO Hydrodeoxygenation

HDN Hydrogdenitrogenation

HDS Hydrodesulfurization

HOMO Highest Occupied Molecular Orbital
IR Infra Red

IRAS Infra Red Absorption Spectroscopy
ISS Ion Scattering Spectroscopy

LCAO Linear Combination of Atomic Orbitals
LEED Low Energy Electron Diffraction

LEIS Low Energy Ion Scattering

LH Langmuir Hinshelwood

LPG Liquefied Petroleum Gas

LUMO Lowest Unoccupied Molecular Orbital
MARI Most Abundant Reaction Intermediate
MTBE Methyl Tertiary Butyl Ether

NMR Nuclear Magnetic Resonance

Concepts of Modern Catalysis and Kinetics, Second Edition. 1. Chorkendorff, ]. W. Niemantsverdriet
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31672-4



XX

List of Acronyms

P
PEMFC
PFR

R

RBS
RLS
RON
RWGS
SATP
SCR
SEM
SIMS
SMSI
SOFC
SPA-LEED
SPARG
STM
STP
TEM
TPD
TPH
TPO
TPR
TPS

TS
TWC
UHV
UPS
UV-VIS
WGS
XANES
XPS
XRD
YSZ

Product

Proton Exchange Membrane Fuel Cell
Plug Flow Reactor

Reactant

Rutherford Back Scattering

Rate Limiting Step

Research Octane Number

Reverse Water gas Shift

Standard Ambient Temperature and Pressure
Selective Catalytic Reduction

Scanning Electron Microscopy

Secondary Ion Mass Spectroscopy

Strong Metal Support Interaction

Solid Oxide Fuel Cell

Spot Profile Analysis Low Energy Electron Diffraction
Sulfur Passivated Reforming Process
Scanning Tunneling Microscopy
Standard Temperature and Pressure
Transmission Electron Microscopy
Temperature programmed Desorption
Temperature programmed Hydrogenation
Temperature programmed Oxidation
Temperature programmed Reaction
Temperature programmed Sulfidation
Transition State

Three Way Catalyst

Ultra High Vacuum

Ultra Violet Electron Spectroscopy

Ultra Violet and Visible Absorption
Water Gas Shift

X-ray Absorption Near Edge Spectroscopy
X-ray Photoelectron Spectroscopy

X-ray Diffraction

Yttrium Stabilized Zirconium



1.1
1.2
1.2.1
1.2.2
1.2.3
1.3
1.3.1
1.3.2
1.3.3
1.4
1.4.1
1.4.2
1.5
1.6
1.7

2

2.1
2.2
23
2.3:1
2:3.2
2.4
2.5

2.6
2.7
2.8
28.1
29

Contents

Preface XV

Introduction to Catalysis 1

What is Catalysis? 2

Catalysts Can Be Atoms, Molecules, Enzymes and Solid Surfaces 4
Homogeneous Catalysis 4

Biocatalysis 5

Heterogeneous Catalysis 6

Why is Catalysis Important? 8

Catalysis and Green Chemistry 8

Atom Efficiency, E Factors and Environmental Friendliness 9
The Chemical Industry 11

Catalysis as a Multidisciplinary Science 15

The Many Length Scales of a “Catalyst” 15

Time Scales in Catalysis 17

The Scope of This Book 17

Catalysis in Journals 18

General References to Textbooks in Catalysis 21

Kinetics 23

Introduction 23

The Rate Equation and Power Rate Laws 25

Reactions and Thermodynamic Equilibrium 28

Example of Chemical Equilibrium: The Ammonia Synthesis 31
Chemical Equilibrium for a Non-ideal Gas 34

Temperature Dependence of the Rate 36

Integrated Rate Equations: Time Dependence of Concentrations
in Reactions of Different Orders 38

Coupled Reactions in Flow Reactors: The Steady-state Approximation
Coupled Reactions in Batch Reactors 46

Catalytic Reactions 48

The Mean-field Approximation 52

Langmuir Adsorption Isotherms 53

Concepts of Modern Catalysis and Kinetics, Second Edition. 1. Chorkendorff, J. W. Niemantsverdriet
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31672-4

41

Vil



Vil

29.1
29.2
293
2.10
2.10.1
2.10.2
2.10.3
2.10.4
2.10.5
2.10.6
2.10.7
2.10.8
2.10.9
2.10.10
2.10.11
2.11
2.12

3.1
3.2

33
33.1
33.1.1
332
333
3331
3.33.2
3333
3334
3.4

35
351
3.5.2
353
3.6

3.7
371
3.8
3.8.1
38.1.1
3812
3.8.2
3.8.2.1

Associative Adsorption 53

Dissociative Adsorption 55

Competitive Adsorption 55

Reaction Mechanisms 56

Langmuir-Hinshelwood or Eley—Rideal Mechanisms 56
Langmuir-Hinshelwood Kinetics 57

The Complete Solution 58

The Steady State Approximation 59

The Quasi-equilibrium Approximation 59

Steps with Similar Rates 61

Irreversible Step Approximation 61

The MARI Approximation 62

Nearly Empty Surface 62

Reaction Order 63

Apparent Activation Energy 65

Entropy, Entropy Production, Auto Catalysis and Oscillating Reactions
Kinetics of Enzyme-catalyzed Reactions 73

Reaction Rate Theory 79

Introduction 79

The Boltzmann Distribution and the Partition Function 80
Partition Functions of Atoms and Molecules 83

The Boltzmann Distribution 84

Justification for Equating 4, with 1/T 86
Maxwell-Boltzmann Distribution of Velocities 87

Total Partition Function of System 87

Translational Partition Function 88

Vibrational Partition Function 90

Rotational (and Nuclear) Partition Function 91

Electronic and Nuclear Partition Functions 92

Molecules in Equilibrium 93

Collision Theory 101

Rate of Surface Collisions 103

Reaction Probability 104

Fundamental Objection Against Collision Theory 106
Activation of Reacting Molecules by Collisions: The Lindemann
Theory 107

Transition State Theory 108

Thermodynamic Form of the Rate Transition State Expression 110
Transition State Theory of Surface Reactions 113
Adsorption of Atoms 114

Indirect Adsorption 114

Direct Adsorption 116

Adsorption of Molecules 119

Precursor-mediated or Indirect Adsorption 119

69



3.8.2.2
383
3.8.4
39

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10
4.10.1
4.10.2
4.10.2.1
4.10.2.2
4.11

5.1
5:2
521
522
5.2.21
5.2.2.2
5223
523
5.2.4
5.3
5.3.1
5.3.2
5.3.3
5.4
541
5.4.2
543
5.4.4
5.5
55.1
5.5.2
553

Direct Adsorption 120

Reaction Between Adsorbates 122
Desorption of Molecules 124
Summary 127

Catalyst Characterization 129

Introduction 129

X-ray Diffraction (XRD) 131

X-ray Photoelectron Spectroscopy (XPS) 134

Extended X-ray Absorption Fine Structure (EXAFS) 139
Electron Microscopy 143

Méssbauer Spectroscopy 147

Ion Spectroscopy: SIMS, LEIS, RBS 150
Temperature-programmed Reduction, Oxidation and Sulfidation
Infrared Spectroscopy 155

Surface Science Techniques 158

Low Energy Electron Diffraction (LEED) 158

Scanning Probe Microscopy 161

Scanning Tunneling Microscopy (STM) 161

The Atomic Force Microscope (AFM) 164

Concluding Remarks 166

Solid Catalysts 167

Requirements of a Successful Catalyst 167
Structure of Metals, Oxides and Sulfides and Their Surfaces 169
Metal Structures 169

Surface Crystallography of Metals 170

Crystal Planes 170

Adsorbate Sites 173

The Two-dimensional Lattice 174

Oxides and Sulfides 176

Surface Free Energy 178

Characteristics of Small Particles and Porous Material 180
Wulff Construction 180

Pore System 184

Surface Area 185

Catalyst Supports 190

Silica 191

Alumina 193

Carbon 195

Shaping of Catalyst Supports 195

Preparation of Supported Catalysts 196
Coprecipitation 197

Impregnation, Adsorption and lon-exchange 197
Deposition Precipitation 199

154



5.6
5.7
5.7.1
5.7.2
573
5.8
5.8.1
5.8.2
5.8.2.1
5.8.2.2
5.8.2.3

6.1
6.2
6.2.1
6.2.2
6.3
6.3.1
6.3.1.1
6.3.1.2
6.3.1.3
6.3.2
6.3.2.1
6.3.2.2
6.3.2.3
6.3.2.4
6.4
6.4.1
6.4.1.1
6.4.1.2
6.4.1.3
6.4.2
6.4.2.1
6.4.2.2
6.4.2.3
6.4.3
6.5
6.5.1
6.5.2
6.5.2.1
6.5.3
6.5.3.1
6.5.3.2
6.5.3.3

Unsupported Catalysts 199

Zeolites 200

Structure of a Zeolite 201

Compensating Cations and Acidity 202

Applications of Zeolites 203

Catalyst Testing 204

Ten Commandments for Testing Catalysts 205

Activity Measurements 207

Transport Limitations and the Thiele Diffusion Modulus 207
Pore Diffusion 212

Consequences of Transport Limitations for Testing Catalysts 214

Surface Reactivity 217

Introduction 217

Physisorption 217

The Van der Waals Interaction 218

Including the Repulsive Part 219

Chemical Bonding 220

Bonding in Molecules 221

Diatomic Molecule 221

Homonuclear Diatomic Molecules 222

Heteronuclear System 223

The Solid Surface 226

Work Function 227

Free Electron Gas and the Jellium Model 228

Tight Binding Model 232

Simple Model of a Transition Metal 235

Chemisorption 237

Newns—-Anderson Model 238

Case 1: Atom on a Metal of Constant Electron Density 241
Case 2: Atom on an sp Metal 242

Case 3: Atom on a Transition Metal 243

Summary of Newns—Anderson Approximation in Qualitative Terms
Adsorption on a Free-electron Metal 244

Atomic Adsorption on a Transition or d Metal 244
Adsorption of a Molecule on a Transition Metal 245
Electrostatic Effects in Atomic Adsorbates on Jellium 246
Important Trends in Surface Reactivity 248

Trend in Atomic Chemisorption Energies 249

Trends in Molecular Chemisorption 253

Effects of Stress and Strain on Chemisorption 255
Trends in Surface Reactivity 257

Physisorption, Chemisorption and Dissociation 257
Dissociative Adsorption: N, on Ruthenium Surfaces 258
Trends in Dissociative Adsorption 259

243



6.5.3.4
6.5.3.5
6.5.3.6
6.5.4

7.1
7.1.1
7.1.11
7.1.2
7.1.21
7.1.2.2
7.1.3
7.1.4
7.1.5
7.1.6
7.2

7.3
7.3.1
7.3.2
7.3.3

8.1
8.2
8.2.1
8.2.1
8.2.3
8.2.4
8.2.5
8.2.6
8.2.6.1
8.2.6.2
8.3
8.3.1
8.3.1.1
8.3.1.2
8.3.2
8.4

8.5
8.5.1
8.5.2
8.5.3
8.5.4
8.6

Transition States and the Effect of Coverage: Ethylene Hydrogenation 261
Sabatier’s Principle 264

Opportunities for Tuning Surface Reactivity =~ 265

Universality in Heterogeneous Catalysis 266

Kinetics of Reactions on Surfaces 271

Elementary Surface Reactions 271

Adsorption and Sticking 271

Determination of Sticking Coefficients 272

Desorption 278

Quantitative Interpretation of TPD Data 280

Compensation Effect in Temperature Programmed Desorption 282
Lateral Interactions in Surface Reactions 283

Dissociation Reactions on Surfaces 286

Intermediates in Surface Reactions 289

Association Reactions 290

Kinetic Parameters from Fitting Langmuir-Hinshelwood Models 292
Micro-kinetic Modeling 295

Reaction Scheme and Rate Expressions 295

Activation Energy and Reaction Orders 297

Ammonia Synthesis Catalyst under Working Conditions 301

Heterogeneous Catalysis in Practice: Hydrogen 305
Introduction 305

Steam Reforming Process 305

Basic Concepts of the Process 305

Mechanistic Details of Steam Reforming 308
Challenges in the Steam Reforming Process 309
The SPARG Process: Selective Poisoning by Sulfur 311
Gold-Nickel Alloy Catalysts for Steam Reforming 312
Direct Uses of Methane 313

Direct Methanol Formation 314

Catalytic Partial Oxidation of Methane 315
Reactions of Synthesis Gas 315

Methanol Synthesis 315

Basic Concepts of the Process315

Methanol Directly Synthesized from CO and H, 323
Fischer-Tropsch Process 327

Water Gas Shift Reaction 330

Synthesis of Ammonia 331

History of Ammonia Synthesis 331

Ammonia Synthesis Plant 333

Operating the Reactor 335

Scientific Rationale for Improving Catalysts 337
Promoters and Inhibitors 339

Xl



Xil

8.7 The “Hydrogen Society” 343

8.7.1 The Need for Sustainable Energy 343

8.7.2 Sustainable Energy Sources 344

8.7.3 Hydrogen and Fuel Cells 346

8.7.3.1 The Proton Exchange Membrane Fuel Cell (PEMFC) 346
8.7.3.2  Solid Oxide Fuel Cell 349

8.7.3.3  Efficiency of Fuel Cells 350

8.7.3.4 Hydrogen Storage and Transportation 351

9 Oil Refining and Petrochemistry 353
9.1 Crude Oil 353
9.2 Hydrotreating 357

9.2.1 Heteroatoms and Undesired Compounds 357
9.2.2 Hydrotreating Catalysts 359

9.2.3 Hydrodesulfurization Reaction Mechanisms 361
9.3 Gasoline Production 364

9.3.1 Fluidized Catalytic Cracking 365

9.3.2 Reforming and Bifunctional Catalysis 368

9.3.3 Alkylation 372

9.4 Petrochemistry: Reactions of Small Olefins 374
9.4.1 Ethylene Epoxidation 374

9.4.2 Partial Oxidation and Ammoxidation of Propylene 376
9.4.3 Polymerization Catalysis 378

10 Environmental Catalysis 381

10.1 Introduction 381

10.2 Automotive Exhaust Catalysis 381

10.2.1  The Three-way Catalyst 383

10.2.1.1 Catalytic Converter 385

10.2.1.2 Demonstration Experiments 388

10.2.1.3 Catalyst Deactivation 388

10.2.2  Catalytic Reactions in the Three-way Catalyst: Mechanism and
Kinetics 389

10.2.2.1 CO Oxidation Reaction 389

10.2.2.2 Is CO Oxidation a Structure-insensitive Reaction? 391

10.2.2.3 CO + NO Reaction 392

10.2.2.4 CO + NO Reaction at Higher Pressures 394

10.2.2.5 Reactions Involving Hydrocarbons 395

10.2.2.6 NO, Storage-Reduction Catalyst for Lean-burning Engines 395

10.2.3  Concluding Remarks on Automotive Catalysts 397

10.3 Air Pollution by Large Stationary Sources 397

10.3.1  Selective Catalytic Reduction: The SCR Process 397

10.3.1.1 Catalyst for the SCR Process 399

10.3.1.2 SCR Reaction Kinetics 401

10.3.2  SCR Process for Mobile Units 403



