Contents

(%}

141
1.1:2
1.1.3

1.1.4
1:15
1.1.6
1.1.%
1.1.8
119

1.1.10

1.2

1:2:1

1.2.2
1.2.3

1.2.4
1.2.5
1.2:6
1.2.7
1.2.7.1
1.2.7.2
1.27.3
1.2.7.4

Volume 1
Preface V

List of Contributors XIX

Introduction 1

Principles of Heterogeneous Catalysis 1
James A. Dumesic, George W. Huber,

and Michel Boudart

Introduction 1

Definitions of Catalysis and Turnover 1
Steps in a Heterogeneous Catalytic
Reaction 2

Desired Characteristics of a Catalyst 3
Reaction Schemes and Adsorbed Species 4
Conditions for Catalyst Optimality 6
Catalyst Design 10

Catalyst Development 11

Bridging Gaps in Heterogeneous
Catalysis 12

A Philosophical Note 13

References 14

Development of the Science of Catalysis 16
Burtron H. Davis

Early Concepts: Berzelius, Liebig, and
Faraday 16

Wilhelm Ostwald 19

The Concepts of Kinetics and Intermediate
Compounds 20

Negative Catalysis: Autocatalysis 24
Adsorption 24

Active Site: Geometric or Electronic? 26
Selected Systems 29

Ammonia Synthesis 29

Acid Catalysis 30

Zeolites 31

lons in Catalysis 31

Handbook of Heterogeneous Catalysis, 2nd Ed.

Edited by G. Ertl, H. Knozinger, F. Schiith, and J. Weitkamp
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31241-2

1275
1.2.7.6
1.2.8

1.3

1.3.1
1.3.2
1.3.2.1
1322
1.3.2.5
1.3.3
1331
1:3:32

1.3.3.2.1
1.3.5:2.2
1.3.3.2.3
1.3.3.3
1.5.3.8.1
1.3.3.3.2
1.3.34
1.3.4
1.3.41
1.3.4.1.1

1.3.4.1.2

1.3.4.1.3
13414
1.3.4.15
1.3.4.2

1.3.4.2.1

1.3.4.2.2
1.3.4.2.3
1.3.4.3

Hydrogenation 32
Oxidation 33
Summary 34
References 35

The Development of Industrial
Heterogeneous Catalysis 37

Uwe Dingerdissen, Andreas Martin,
Daniel Herein, and Hans Jiirgen Wernicke
Introduction 37

The Raw Materials Situation 38
Inorganic Base Chemicals 38
Petroleum Refining 39

Coal and Natural Gas Processing 41
The Base Chemicals 42

Olefins and Aromatics 43

Alcohols, Ethers, Aldehydes, and

Ketones 43
Alcohols 43
Ethers 44

Aldehydes 44

Acids, Esters, Anhydrides, and Epoxides 44
Acids, Esters, Anhydrides 44

Epoxides 45

Halogenated Chemicals 45

The Fine Chemicals 46

Catalytic Hydrogenation 46
Hydrogenation of Carbon—Carbon
Multiple Bonds 46

Hydrogenation of Carbon—Oxygen

and Carbon-Nitrogen Multiple Bonds 47
Reductive Amination 48

Nitrile Hydrogenation =~ 48
Hydrogenation of Nitro Groups 48
Catalysis on Solid Acids and Bases 48
Aromatic Substitution (Friedel-Crafts
Alkylation and Acylation) 49

Amination 49

Rearrangement, Isomerization 49
Oxidation Catalysis 49



X  Contents

1.3:4:3.1
1.3.4.3.2

1.3.5
1.35.1
1.3.5.2

1.3.53
1.3.5.4
1.3.5.5

2.1

2:1:1
2.1.2

2i1.3
214

2.1.5
2.1.6
217

2.2

2:2:1
222
223

2.2.3:1
2:2.32

2.2.32.1
2.2.32.2
22323
2:2:3:3
224
2241
2242
2243
2:2.5

2.3
2.3.1

Oxidation of Alcohols and Aldehydes 49
Epoxidation and Aromatic Ring
Hydroxylation 50

Environmental Catalysis 50
Cleaning of Automobile Emissions 50
Removal of Harmful Emissions from
Stationary Sources 52

Wastewater Treatment 53

Fuel Cell Catalysis 53

Photocatalytic Applications 54
References 54

Preparation of Solid Catalysts 57

Development of Industrial Catalysts 57
Fwald F. Gallei, Michael Hesse, and
Ekkehard Schwab

Introduction 57

Types and Properties of Technical
Catalysts 57

Characterization of Technical Catalysts 60
High-Throughput Experimentation
(HTE) 62

Identification of Technical Catalysts 63
Production of Technical Catalysts 65
Conclusions 65

References 66

Computer-Aided Design of Solid
Catalysts 66

Martin Holena and Manfred Baerns
Introduction 66

Theoretical Methods 66

Rational Methods for the Design of
Catalytic Experiments 68

The Statistical Design of Experiments 68
Optimization Methods for Empirical
Objective Functions 69
Evolutionary Methods 70

Other Stochastic Methods 72
Deterministic Methods 72
Concluding Remarks 73

Data Analysis and Data Mining 74
Statistical Methods: An Overview 74
Artificial Neural Networks 75
Concluding Remarks 77
Conclusions 79

References 79

Bulk Catalysts and Supports 81
Fused Catalysts 81
Robert Schlogl

23511
2.:3.1.2
2:31.3

23.14
2.3.15
2:.3.1.6
2317

2.3.2

2.32.1
2.3.22
2.3.2.2.1
2.3.2.2.2
23223
23224
2.3.23
2.3.2.3.1

2.3:2.32
2.3.2.3.3
2.3.2.34

2324
23241

2.3.2.4.2
23243
23244
2.3.25
2.3.2.6

2.3.3:1
2:33.2

2.3.3.2.1
2.33.2.2
2.3.3.2.3
2:3:3.3

2.3.3.3.1
2.3.3.3.2

2.35.3.3
23334

Introduction 81

The Concept of Fused Catalysts 82
Thermodynamic and Kinetic
Considerations 85

Sulfuric Acid Catalyst 87

Metallic Glasses 88
Tribochemistry 90

Mesostructure of Fused Catalyst
Materials 91

References 91

Skeletal Metal Catalysts 92

Andrew James Smith and Mark Sebastian
Wainwright

Introduction 92

General Aspects 93

Alloy Preparation 93

Activation Using Alkali Leaching 93
Storage and Handling 94
Advantages of Skeletal Metal Catalysts
Skeletal Nickel Catalysts 94

Alloy Preparation of Skeletal Nickel
Catalysts 94

Properties of Skeletal Nickel Catalysts
Uses of Skeletal Nickel Catalysts 95
The Promotion of Skeletal Nickel
Catalysts 95

Skeletal Copper Catalysts 96

Alloy Preparation of Skeletal Copper
Catalysts 96

Properties of Skeletal Copper Catalysts
Uses of Skeletal Copper Catalysts 97
Promotion of Skeletal Copper Catalysts
Skeletal Cobalt Catalysts 99

Other Skeletal Metal Catalysts 99
References 99

Precipitation and Coprecipitation 100
Ferdi Schiith, Michael Hesse, and
Klaus K. Unger

Introduction 100

General Principles Governing
Precipitation from Solutions 101
Physico-Chemical Considerations
Chemical Considerations 104
Process Considerations 105
Influencing the Properties of the Final
Product 106

Influence of Raw Materials 106
Influence of Concentration and
Composition 108
Solvent Effects 108
Influence of Temperature

102

109

94

95

97

98



2:3.3.3.5
2.33.36
23337
2334

23.34.1
23342
23343
23344

2335

234

234.1

2.34.2

2343

23431

2.34.3.2

23433

2344

2.3.5.1
2.3.5:2
2:3.5:2.1
2.3.5.2.2

23523
23524
2.3.5:2:5
2.3.5.2.6
2.3.5.3

2.3.5:3:1
23532

2354

Influence of pH 110

Influence of Aging 110

Influence of Additives 111
Prototypical

Examples of Precipitated Catalysts and
Supports 111

Silica as Support Material 111

Active Aluminas 113

Ni/Al,O3 Catalysts by Coprecipitation 115
V/P/O

Catalysts for Butane Oxidation to Maleic
Anhydride 116

Conclusions 116

References 116

Sol-Gel Process 119

Miron V. Landau

Introduction 119

Physico-Chemical Basis and Principles of
Sol-Gel Processing for the Preparation
of Porous Solids 121

Application of Sol-Gel Processing

for the Preparation of Solid Catalysts 128
Bulk Catalytic-Phase Materials: Xerogels
and Aerogels 129

Catalytic Materials and Modifiers
Entrapped in Porous Matrices 134
Catalytic Coatings, Films, and
Membranes 147

Summary 155

References 156

Hydrothermal Zeolite Synthesis 160
Christine E. A. Kirschhock, Eddy |. P.

Feijen, Pierre A. Jacobs, and Johan A. Martens
Introduction 160

Zeolitization in General 161

Key Steps in Zeolite Synthesis 161

Key Parameters Governing

Zeolitization 162

Precursor Species 165

Templates 167

Rationalization of Crystallization Conditions
for Zeolites A, X, Y, and EMC-2 169
Zeolite Growth Models 170

Synthesis of Industrial Zeolites 174
Industrial Zeolites Crystallized from

the Na,0-Al,03-Si0;,-H;, O System: Zeolites
A, X, Y, Mordenite, and ZSM-5 174
Industrial Zeolite Crystallization in

the Presence of Organic Compounds 175
Conclusions and Outlook 176

References 176

2.3.6

2.3:6.1
2.3:6.2

2.3.6:3

2.36.3.1

2:3.6.3,2

2.3.6:3.3

2.3.6.3.4

2.3.6.3.5
2.3.64

2.3.6.4.1
2.3.6.4.2
2.3.64.3
2.3.6.4.4
2.3:6:5

2.3.6.5.1
2.3.6.5.2
2.3:6:5.3
2.3.6.6
2.3.6.7
2.3.6.8

2.3.7

2.3.71
23711
2.3.7.1.2

2:3.7:1:3

23.7.1.4
2.3.7.2
2.3.7.2:1

2.3:7.2.2
2373

23.73.1
2:3.7:3.2
23733
2.3.7.34
23.7.4

23.7.41
2.3.7.4.2

Contents  Xi

Ordered Mesoporous Materials 178
Freddy Kleitz

Introduction 178

Ordered Mesoporous

Molecular Sieves: MCM-41 179
Synthesis of Ordered Mesoporous
Materials 180

Synthesis Strategies for Mesostructure
Formation 180

Inorganic Polymerization and Self-Assembly
with Surfactants 182

Synthesis Pathways and Structural
Diversity 187

Pore Size Tailoring and Structure
Engineering 193

Removal of the Template 197
Functionalization of Ordered Mesoporous
Materials 200

Functionalization Strategies 200
Surface Properties 201

Surface Functionalization 201
Framework Functionalization 203
Non-Siliceous Mesostructured and
Mesoporous Materials 205
Transition Metal Oxides 205
Alumina 206

Other Non-Siliceous Compositions 207
Hard Templating (Nanocasting) 208
Morphology Control 211
Concluding Remarks 213
References 214

Pillared Clays 219

Georges Poncelet and José ]. Fripiat
Introduction 219

Historical Overview 219

Which Clays or Smectites can be
Pillared? 220

Al-Pillared Vermiculites and Phlogopite
Micas 222

Reviews 222

Pillaring Mechanisms 222

Basic Pillaring Mechanism: Exchange
Precipitation 222

New Pillaring Mechanism: Template 223
Pillars 224

Homo-Atomic Pillars 224
Heteroatomic Pillars 227

Mixed Al—Fe Pillars 228
Miscellaneous 228

Pillared Clays 228

Preliminary Remarks 228

Main Physical Characteristics 229



xii  Contents

2.3.7.43
23.7.44

2:3.7.5
2.3.7.5.1
2.3:7.:5.2

2.3.7:6

2.3:8

2.3.8.1
2.3.8.2
2.3.83
2384
2.3.85
2.38.5.1
2.3i8.5.2
2.3:8.5:3
23854
2.3.8.5.5
2.3.8.5.6
2.3.8.6

2:3.9

2.3.9.1
2.3.9.1.1
2:39:1.2
2.319.2
2.39.2.1
2.39.2.2

2:3:9.3

2394

23941
2.3.9.4.2
23943
23944
2:3.9.5

2.3.9.5.1
2.3.9.5.2
2.3.9.5.3

2.3.9.6

Chemical Properties 232

Chemical Modifications or Functionalization
of the Pillaring Species 235
Catalytic Properties 236

A Brief Summary of Previous Studies
An Overview of Catalytic Reactions
Investigated during the Past Decade
Conclusions 242

References 242

236

237

Chemistry and Applications of Porous
Metal-Organic Frameworks 247
Ulrich Miiller, Markus M. Schubert,
and Omar M. Yaghi
Introduction 247
Terminology and Structure
Synthesis 250
Characterization 252
Emerging Applications
Adsorption Properties
Diffusional Properties
Gas Purification 254
Gas Separation 254
Gas Storage 254
Catalysis 257
Conclusions
References

248

252
252
253

260
261

Oxo-Anion Modified Oxides
Friederike C. Jentoft
Introduction 262
Classification 262

Variety of Materials and Focus
Target Properties 263
Structure—Activity Relationships
Effect of Sulfate and Other
Oxo-Anions 264

Preparation Routes 265
Formation of Primary Solid 265
Formation of Pure Hydrous Zirconia 266
Formation of Sulfate-Containing Hydrous
Zirconia 266

Template-Directed Formation of Primary
Solid 267

Commercially Available Precursors 267
Anion-Modification of Primary Solid 267
Addition of Oxo-Anions to Primary Solid in
Liquid Medium 267

Sulfation of Primary Solid via

Gas Phase 268

Introduction of Oxo-Anions Using Solid
Precursors 268

Addition of Promoters (Optional)

262

262

263

268

2.3.9.6.1
2:3.9.6.2
2.39.6:3
2.3.9.6.4
2.39.7

2.39.7.1
2:3.9.7.2
2.3.9.7.3
239.74
2.39.7.5
2.3.9.7.6
2.39.8

2:3.9.8.1
2.3.9.8:2
2.3.9.8:3
2.3.9.9

2:3.9:10
2:3:9:11.

2.3.10

2.3.10:1
2.3.10.2

2.3.10.3

2.3.10.4
2.3.10.5

2.3.10.6

2.3.10.7

2.3.10.8

2.3.10.9

2.3.10.10

2:5:10.11

2.3.10.12

2.3.11

Promoters 268
Structure—Activity Relationships
Effect of Promoters 268
Addition of Promoters 269
Calcination 269

Events Occurring During Calcination 269
Effect of Bed Volume and Packing 270
Effect of Calcination Temperature on Physical
Properties 272

Effect of Calcination Temperature on
Catalytic Performance 272

Effect of Holding Time 272
Calcination: A Summary 273

Sulfation of Thermally Treated Crystalline
Oxides 273

Sulfation with Aqueous Solutions
(Solid-Liquid Phase) 273

Sulfation via Gas Phase

(Solid—Gas Phase) 273

Sulfation of Zirconia using Solid Sulfate
Precursors 274
Addition of Noble Metals
Activation 274
Summary 274
References 275

268

274

Catalysis by Ion-Exchange Resins 278
Bruce C. Gates

Introduction 278

Classes of Ion-Exchange Resin Catalysts:
The Importance of Porosity 278
Examples of Industrial Catalysis by

Ion-Exchange Resins 279

Synthesis of Ion-Exchange Resins 279
Structure, Influence of Water, and
Acidity in Ton-Exchange Resins 280

Accessibility, Swelling, and Mass
Transfer Effects 281

Mechanisms of Reactions Catalyzed by
Sulfonic Acid Resins 282

Kinetics of Reactions Catalyzed by
Ion-Exchange Resins 283
Deactivation and Stability

of Ton-Exchange Resin Catalysts 284
Modified and Metal-Containing
Ion-Exchange Resin Catalysts 284

Hybrid Organic/Inorganic Catalysts akin to
Ton-Exchange Resins 285

Summary and Outlook 285

References 285

Flame Hydrolysis 286
Dieter Kerner and Matthias Rochnia



2.3 111
2.3.11.2

2.3.11.3
23.114
2:8:1455

2.3:12

2:3.12.1

2.3.12.1.1

2.3.12.1:2

2.3.12.2

231221
2:3.12.2.2
2:3.12.2.3
23.12.24

2.3.12.2.5

2.3.12.3

2313

23151
2.3.13.2

2.3.13.2.1
2.3.13.2.2
2,3:13.3

23.13.3.1

2:3.13.3.2

2.3.13.3.3
23.13.34

2:3.13:3.5
23.134

2.3.13:5

2.3.13:5.1
2.3:13.5.2
2.3.13.5.3
231354
2.3.13.5.5
2.3.13.5.6

Manufacture of Pyrogenic Oxides 286
Physico-Chemical Properties of Pyrogenic
Oxides 288

Preparation of Formed Supports 291
Applications 292

Conclusions 293

References 293

Solid-State Reactions 295

Bernard Delmon and Michel Devillers

Why Prepare Catalysts from Solid
Precursors? 295

Some General Concepts and

Parameters in Solid-State Reactions 297
The Objective of this Chapter in the
Handbook 303

Description of Preparative Methods 303
Dry Methods 304

Wet Methods 304

Chemical Complexation Methods 307
Advanced Methods for Obtaining Solid
Precursors of Flexible Composition 312
Specific Methods: Example of
Hydrotalcite-Type Catalysts 314
Conclusions and Prospects 315
References 316

Heteropoly Compounds 318
Kwan-Young Lee and Makoto Misono
Structure and Catalytic Properties 318
Heteropolyacids: Acid Forms

in the Solid State and in Solution 320
Keggin-Type HPAs 320
Wells—Dawson-Type HPAs 323

Salts of Heteropolyacids:
Cation-Exchanged Forms 324

Acid Catalysis of Salts of
Heteropolyacids 324

Oxidation Catalysis of Salts of
Heteropolyacids 325

Bifunctional Catalysts 326

Shape Selectivities of Acidic Salts of
Hetero- polyacids 327

Preparation 328

Mixed-Coordinated

Heteropoly Compounds 328
Supported Heteropoly Compounds 329
Oxide Supports 329

Mesoporous Supports 330

Carbon Supports 332

HPA Salt Supports 333

Polymer Supports 333

Clay Supports 334

2.3.13.5.7
231358

2.3:13.6

2:3:13.6.1
2.3:15:6.2

2.3.13.6.3
2.3.13.6.4

2.3.14

2.3.141
2.3.14.2
2.3.14.3
2.3.14.31
2.3.14.3.2
2.3.144
2.3.14.41

2.3.14.4.2

2.3.14.4.3
2.3.144.4
2.3.14.4.5

2.3.14.4.6

2.3.14.4.7
2.3.14.4.8
2.3.14.5

2.3.145.1
2.3.14.5.2

2.3.14.5.3
2.3.14.5.4
2.3.14.5.5
2.3.14.5.6

2.3.14.5.7
2.3.145.8
2.3.145.9

Contents  Xiii

HPA Encaged in Supercages 334
Heteropolyanions Intercalated

in Layered Double Hydroxides 335
Lacunary and Metal-Substituted
Heteropoly Compounds 335
Lacunary Silicotungstate 335
Transition Metal-Substituted Polyanions
(TMSP) 336
Heteropolyanion-Supported Metals 337
Microstructured POM

toward a Shape-Selective Catalyst 337
References 338

Transition Metal

Carbides, Nitrides, and Phosphides 342
S. Ted Oyama

Introduction 342

General Properties 342

Structure 342

Binary Compounds of Cand N 343
Binary Compounds of Phosphorus 344
Preparation 345

The Reactions of Metals or Metal
Compounds with Gas-Phase Reagents 345
Decomposition of Metal Halide

Vapors 346

Decomposition of Metal Compounds 346
Temperature-Programmed Methods 346
Utilization of High-Surface-Area

Supports 347

Reaction

Between Metal Oxide Vapor and Solid
Carbon 347

Liquid-Phase Methods 347

Amorphous Materials 347

Catalytic Properties 347

Acid and Base Catalysis 348

Ammonia Synthesis and

Decomposition 349

Aromatization = 349

Hydrogenation and Dehydrogenation 349
Hydrotreating 351

Isomerization and Hydroisomerization
(Reforming) 352

Methanation and Fischer—Tropsch 353
Oxidation 353

Reforming (Steam, Dry, and

Autothermal) 354

2.3.14.5.10 Water-Gas Shift and Reverse Water-Gas

2.3.14.6

Shift 354
Perspective 354
References 355



XiV  Contents

2.3.15

23151
2.3.15.2
2.3:15.3

2.3.154
2.3115.5
2.3.15.6
2.3.15.7
2.3.15.8
2.3:15.9

2.3.15.10
2:3.15.11
2.3.15.12
2.3.1513
2.3.15.14
2.3.15.15
2:3.15.16
2.3.15.17
2.3.15.18
2.3.15.19

2.3.15.20
2.3.15.21

2.3.15.22

2.3.15.23
2.3.15.24

2.4
241

24.1.1
24.1.2
2413
24.13.1

24.13.2

2414
2415

24151

Carbons 357

Robert Schlogl

Introduction 357

The Complexity of Carbon 357
Electronic Structure of Carbon
Allotropes 358

Basic Structures 361
Nanostructured Carbons
Carbolites and Fullerenes
Disordered Graphites 365
Nanocrystalline Carbon: Carbon Black
Formation of Carbon: General

Pathways 375

Formation of Solid Carbon: Mechanistic
Aspects 376

Catalytic Formation of Carbon from
Molecules 378

Carbon on Noble Metal Catalysts
Carbon Formation in Zeolites
Graphitization of Carbons 385
Reaction of Oxygen with Carbon 387
Surface Chemistry of Carbon 393
Chemical Quantification of Oxygen
Groups 395

Non-Oxygen Heteroelements on Carbon
Surfaces 397

Chemical Analysis of Surface Oxygen
Groups 400

Reactivity in Fluid Phase 405
Spectroscopy of Functional Groups:
XPS 410

Vibrational Spectroscopy of Functional
Groups 414

Advanced Thermal Desorption 416
Synopsis: Carbon and Catalysis 418
References 419

363
364

369

380
383

Supported Catalysts 428
Preparation of Supported

Catalysts by Deposition—Precipitation
John W. Geus and A. Jos van Dillen
Introduction 428

Supported Catalysts 428
Production of Supported Catalysts
Selective Removal of One or More

428

430

Component 430

Application on Separately Produced
Supports 431

The Theory of Nucleation 433

Deposition—Precipitation on Suspended
Supports 435

Survey of Deposition—Precipitation
Procedures 435

24.15.2

24153

24154
24155

2.4.1.5.6
2.41.5.7

2.4.1.6

2.4.1.7

24.2

2421

24.2.2

2423
2424

2425
2.4.2.6

243

2431
2432

2433

2434

24341
24342
24343
24344
2.4.3.45
2.43.4.6
2.4.3.4.7

24348
2435

24351

Deposition—Precipitation

by Changing the pH 435
Changing the Valency of Precursor
Ions 454

Removal of a Complexing Agent
Electrochemical Deposition—
Precipitation 456
Deposition—Precipitation of Gold 456
Deposition—Precipitation within
Pre-Shaped Support Bodies 460
Production of Catalyst Supports and
Synthetic Clay Minerals 462
Concluding Remarks 464

References 465

455

Ion Exchange and Impregnation 467
Eric Marceau, Xavier Carrier, Michel Che,
Oliver Clause, and Christian Marcilly
Deposition of Active Component
Precursors 467

Ion Exchange: Physicochemical
Aspects 469

Impregnation: Physical Aspects
Support and Precursor during the
Preparation Steps: Chemical Aspects
Applications 477

Conclusions 482

References 482

473

475

Solid-State Ion Exchange in Zeolites 484
Hellmut G. Karge
Introduction 484
Comparison of Conventional
and Solid-State Ion Exchange
Experimental Procedure for
Solid-State Ton Exchange in Zeolites
Methods of Monitoring Solid-State
Ion Exchange 486

Infrared Spectroscopy 486

ESR Spectroscopy 487

Mossbauer Spectroscopy 487
Solid-State NMR Spectroscopy 487
X-Ray Diffraction 487

Extended X-Ray Absorption Fine
Structure (EXAFS) and X-Ray Absorption
Near Edge Structure (XANES) 487
Temperature-Programmed
Evolution (TPE) of Volatile Gases
Thermogravimetric Analysis (TGA)
Systems Investigated for Solid-State
Ion Exchange in Zeolites 488
Solid-State Ion Exchange with Salts of
Alkaline Metals 488

485

486

487
488



2.435.2

24353

24354

24355

2.43.5.6

24357

24358
2.4.3.6

2.4.3.6.1

2.4.3.6.2

2.43.6.3
2.4.3.64

2437

2.4.3.7.1
2.4.3.7.2

24.3.7.3

2.4.3.7.4

2438

2439

244

2441
2.4.4.2

2443

24431
24432
24433
2444

24441
24442
24443
24444

Solid-State Ion Exchange with

Salts of Alkaline Earth Metals 490
Solid-State Ion Exchange with Salts of
Lanthanum 491

Solid-State Ion Exchange with Salts of
Copper 493

Solid-State Ion Exchange with Salts of

Iron 494

Solid-State Ion Exchange with Salts of
Manganese 495

Solid-State Ion Exchange with Salts of

Noble Metals 498

Miscellaneous 499

Some Considerations on Thermodynamic
and Kinetic Aspects of SSIE 499

Effect of Temperature and Salt Concentration
in Salt/Zeolite Mixtures 499

The Role of Water in Solid-State

Ion Exchange 499

Kinetics of Solid-State Ion Exchange
A Possible Mechanism of Solid-State
Ion Exchange 501

Modified Solid-State Ion Exchange
and Related Processes 502
Contact-Induced Ion Exchange
Incipient Wetness Technique of
Impregnation 503
Gas-Phase-Mediated Processes
Related to Solid-State Ion Exchange
Oxidative and Reductive Solid-State
Ion Exchange 503

A Tabulated Survey of the Systems
Studied in SSIE and Related Processes
Concluding Remarks 504
References 504

500

502

503

504

Metal Clusters in Zeolites 510

Wolfgang M. H. Sachtler and Z. Conrad Zhang
Introduction 510

Nano Clusters of Metal versus

Macroscopic Metals 511

Preparation of Mono- or Bimetal Clusters in
Zeolite Cavities 512

Ion Exchange 512

Calcination 512

Reduction 513

Interaction of Metal Clusters and

Zeolite Protons 513

Brensted Acids in Zeolites 513
Metal Clusters as Lewis Bases
Chemical Anchoring 514
Heterogeneous Catalysis by Single Metal
Atom Sites 515

513

24445
24446

24447

2.4.4.5

24451

2.4.45.2
24453

24454

2446

245

245.1
2.45.2

2.4.5.2.1
24522
2:4.5.2.3

2453
24531
2.45.3.2
2454

2455

2.455.1
2.45.5.2
2.4.5.6

2.4.6

24.6.1

2.4.6.2

2463

24631
24.6.3.2
2.4.6.3.3
24634
2.4.6.3.5

Contents XV

Electron Deficiency 515

Is Bifunctionality due to “Shuttling”
between Sites or to “Collapsed Sites”?
Metal Oxidation by Protons, Selective
“Leaching” 517

Effects of Zeolite Geometry on
Catalysis 517

Transport and Transition State
Restrictions 517

Collimation of Molecules in Pores
Types of Pore Diffusion in Zeolites;
Effects on Apparent Activation Energy
Beneficial Damage of Zeolite
Matrix by Growing Metal Particles
Conclusions 519

References 520

516

517
518

519

Grafting and Anchoring of Transition
Metal Complexes to Inorganic Oxides
Frédéric Averseng,

Maxence Vennat, and Michel Che
Introduction 522

Grafting versus Anchoring: Definitions,
Nomenclature, and Basic Principles 522

A Brief Overview of Earlier Definitions 522
Proposed New Definitions 523
Nomenclature, Basic Principles,
and Oxide Support Characteristics
Preparation: Context and Reactions
Grafting 527

Anchoring 528

Characterization of Anchored/Grafted
Complexes 528

Grafted and Anchored Materials as
Heterogeneous Catalysts: Selected
Overview 529

Grafting 529

Anchoring 533

Conclusions 536

References 537

522

524
527

Supported Catalysts from Chemical Vapor
Deposition and Related Techniques 539
Mizuki Tada and Yasuhiro Iwasawa
Chemical Vapor Deposition (CVD)
Technique 539

CVD Precursors and Equipment
CVD Catalysts 540

Gold (Au) 540
Cobalt (Co) 540
Chromium (Cr)
Copper (Cu) 542
Iron (Fe) 542

539

541



XVi  Contents

2.4.6.3.6
2.4.6.3.7
24.6.3.8
2.4.6.3.9
2.4.6.3.10
2.4.6.3.11
2.4.6.3.12
2.4.6.3.13
2.4.6.3.14
2.4.6.3.15
2.4.6.3.16
2.4.6.3.17
2.4.6.3.18
2.4.6.3.19
2.4.6.3.20
2.4.6.3.21
2.4.6.3.22
2.4.6.3.23
2.4.6.3.24
24.64
2.4.6.5

2.4.7

2471
2.4.7.2
24721

24.7.2.2

2473
24731
2.4.7.3.2

24733
2474

24741
2.47.4.2
2.47.43
24.7.44
2475

2.4.8

2481
2482

2483
24.83.1
2483.2

Gallium (Ga) 542
Molybdenum (Mo) 542
Niobium (Nb) 544

Nickel (Ni) 544

Osmium (Os) 545

Palladium (Pd) Films and Particles 545
Pd/Zeolites 545

Platinum (Pt) 545

Rhenium (Re) 546

Rhodium (Rh) 548
Ruthenium (Ru) 548

Si0; 548

Tin (Sn) 549

Titanium (Ti) 549

Vanadium (V) 550

Tungsten (W) 551
Zirconium (Zr) 551

Bimetals 551

Mixed Metal Oxides and Sulfides 552
CVD-Related Techniques 552
Concluding Remarks 553
References 553

Spreading and Wetting 555

Helmut Knozinger and Edmund Taglauer
Introduction 555

Theoretical Considerations 556
Thermodynamics of Wetting and
Spreading 556

Qualitative Discussion of the Dynamics
of Interfacial Processes 558
Supported Metal Catalysts 561
Sintering and Redispersion 561
Strong Metal Support Interactions
(SMSI) 563

Bimetallic Catalysts 564

Supported Oxide Catalysts 565
Molybdenum-Based Catalysts 566
Vanadium-Based Catalysts 568
Tungsten-Based Catalysts 569
Zeolites as Supports 569

Solid-State Ion Exchange of Zeolites 569
References 569

Mechanochemical Methods 571

Bernd Kubias,

Martin J. G. Fait, and Robert Schlogl
Introduction 571

The Effect of Mechanical

Activation on the Reactivity of Solids 572
Mills 573

Stress Types 573

Types and Mode of Action of Mills 574

24833

2.4.8.4

2.4.8.5

24851

2.4.85.2

2.4.8.6

2487

249
2.49.1
2.49.2
2493
2493.1
2.493.2
24933
24934
2494
2494.1
24942
24943
2495
24951
2.49.5.2
24.95.3

2.49.5.4
2.49.6

2.49.6.1
2.49.6.2
2.49.6.3

2.4.10

2.4.10.1

The Practical Use of Mills: Some
Comments 575

The Use of Mechanochemistry

for the Synthesis of Catalysts 577
The Influence of Mechanical

Activation on Catalytic Properties 578
The Influence of Mechanical

Activation on Catalytic Activity 578
The Influence of Mechanical

Activation on Catalytic Selectivity 579
Pseudocatalytic and Catalytic Reactions
During Mechanical Activation 580
Conclusions 580

References 581

Immobilization of Molecular Catalysts 583
Reiner Anwander

Introduction and Scope 583

Metal Complex—Support Interaction 584
Physically Immobilized

(“Entrapped”) Metal Complexes 586
Intrazeolite Assembly: Ship-in-a-Bottle
Catalysts 586

Entrapment in Sol-Gel and Polysiloxane
Matrices 587

Microencapsulation and
Polymer-Incarcerated Methods 588
Supramolecular Complexation:
Mechanical Immobilization 589
Tethered Metal Complexes 589
Multifunctional Surfaces 589

Spatial Restrictions Imparted

by Periodic Mesoporous Silica 590

Site Isolation via Spatial Patterning of the
Silica Surface 591

Grafted Metal Complexes: Surface
Organometallic Chemistry (SOMC) 592
Alkyl-Based SOMC 593
Alkoxide-Based SOMC 595
Amide-Based SOMC 596

Molecular Model Oxo—Surfaces 597
Metal-Organic Assemblies:
Self-Immobilized

Homogeneous Catalysts 598
Metal-Organic Frameworks 599
Matrix-Embedded Catalysts 601
Liquid Crystal Assemblies 605
References 608

Zeolite-Entrapped Metal Complexes 614
Stefan Ernst
Introduction 614



2.4.10.2

2.4.10.2.1
2.4.10.2.2
2.4.10.2.3
2.4.10.3

2.410.3.1

2.4.10.3.2

2.410.3.3
2.4.10.3.4
2.4.10.3.5

2.410.3.6
2.4.10.3.7
2.4.10.3.8
2.410.3.9
24104

2.4.104.1
2.4.104.2
2.4.10.4.3

2.4.10.4.4
2.4.10.5

2411

24111
2.4.11.2
24113
24114
24115

2.4.11.6

2412

24121
24122
241221
241222
241223
24123
241231
24123.2

Synthesis of Zeolite-Entrapped Metal
Complexes 614

Flexible-Ligand Method 615
Ship-in-the-Bottle Method 617
Zeolite Synthesis Method 618
Characterization 618

Electron Paramagnetic Resonance
Spectroscopy 619

Electron Excitation by Ultraviolet/Visible
Light 619

X-Ray Photoelectron Spectroscopy 621
Infrared Spectroscopy 622

Nuclear Magnetic Resonance
Spectroscopy 622

Raman Spectroscopy 622

Stability Analysis 623

Oxygen Adsorption 623
Cyclovoltammetry 623

Catalysis by Zeolite-Entrapped
Transition Metal Complexes 623
Selective Oxidations on Zeolite-Encaged
Transition Metal Complexes 624
Selective Hydrogenations on Zeolite-Encaged
Transition Metal Complexes 626
Catalysis by Zeolite-Encapsulated

Chiral Complexes 627
Miscellaneous Reactions 627
Conclusions 628

References 628

Supported Liquid Catalysts 631

Anders Riisager,
Rasmus Fehrmann, and Peter Wasserscheid
Introduction 631

Historical Development 631

The Sulfuric Acid Catalyst 633

Solid Phosphoric Acid (SPA) Catalyst 635
Supported Ionic Liquid-Phase (SILP)
Catalysts 637

Conclusions 642

References 642

Immobilization of Biological Catalysts 644

Marion B. Ansorge-Schumacher

Introduction 644

Immobilization by Attachment 645
Carrier-Less Crosslinking 645
Adsorption onto a Carrier 647
Covalent Binding to a Carrier 649
Immobilization by Entrapment 650

Entrapment in a Matrix 650

Entrapment in Membranes 651

24.12.4

2:5
2.5.1

2:5:1:1
2:.5:1.2

2.5.1.2

25122

2.5.1.3

25.14

25.1.4.1

25142

25143
25144

2.5.1.45

2.5.1.4.6
2.5.1.4.7
25.1.4.8
2.5.1.4.9
2.5.1.5

2.5:1.:5.1
2:5.1.5.2

2.5.1.5.3
25.1.54
2.5.1.5.5
2.5.1.5.6
2.5.1.6
2:5:1.7

2518

2.5.2

2.5:2.1
2522

2523

Contents  XVil

652
652

Conclusion
References

Formation of the Final Catalyst 655
Reactions During Catalyst Activation
Bernard Delmon

Introduction 655

Particular Features of Chemical
Reactions of Supported Solids 657
Characteristics of Reactions of Solids:
Possible Consequences in the

Kinetics of Activation 657
Interaction Between Supported Phases
and Supports 658

Activation of Supported Catalysts by
Calcination 660

Activation of Supported Catalysts by
Reduction 661

General: Effect of Precursor
Dispersion 662

Overall Effects: Influence of Calcination
Temperature in Precursor Preparation
Role of Precursors 663

Influence of the Amount of Deposited
Precursor Loaded on the Support 663
Effect of the Formation of Compounds
between the Precursor and the
Support 664

Nature of the Support 664

Effect of Modifiers (Promotors) 665
Influence of the Activation Conditions
Final Remarks 666
Reduction—Sulfidation
Fundamental Data 667
Influence of the Sequence of Steps in
Reduction-Sulfidation 668
Influence of the Activation
Temperature 669

Influence of the Sulfiding Molecule
Other Results 670

Outlook 670

Activation of Other Catalysts 671
Conventional Activation and the

Real State of Catalysts during Catalysis
Conclusions 672

References 673

655

662

666

667

670

672

Catalyst Forming 676

Ferdi Schiith and Michael Hesse
Introduction 676

The Physico-Chemical
Background of Forming Processes
Spray Drying 679

677



xviii Contents

2.5.2.311
2.5.2.3.2
25.2.33
2.5.2.4

25241
25242
25243
25244
2.5:2.5

2.5.2.5.1
2.5.2.5.2
252,53
2.5.2.6

2.5.2.6.1
2.5:2.6.2
2.5.2.7

2i5.2.7.1
2:5:2.7.2
2523
25.2.8

2.6
2.6.1

2.6.1.1
2:6.1.2
2:6:1:2:1

The Spray-Drying Process 680
Atomizers 681

Dryer Configuration 683
Extrusion 683

Basic Considerations 683
Equipment 685

Paste Composition and Additives 686
Drying and Calcination 689
Tableting 690

Basic Considerations 690
Equipment 691
Formulation of the Feed 692
Granulation 694

Basic Considerations 695
Equipment 696
Miscellaneous Techniques 697
Oil Drop Coagulation 697
Pastillation 698

Coating of Preshaped Bodies 698
Perspectives 698

References 698

Standard Catalysts 700
Non-Zeolitic Standard Catalysts 700
Geoffrey C. Bond

Introduction 700

EUROCAT Metal Catalysts 701
EUROPT-1 701

2:6.1.2.2
2.6.1.2.3
2.6.1.2.4
2.6.1.3
2:6:1.3.1
2.6.1.3.2
2.6.1.4
2,615
2.6.1.6

2.6.2

2:6.2:1
2.6.2.2
2:6.2.3
2.6.24
2.6.2.5
2.6.2.6

2.6.2.7

EUROPT-2 706

EUROPT-3 and EUROPT-4 706
EURONI-1 708

Other EUROCAT Catalysts 710
Vanadia-Titania EUROCAT Oxides 710
EUROTS-1 Zeolite 712

Gold Reference Catalysts 712

Other Programs 713

Summary and Conclusions 714
References 714

Zeolite Standard Catalysts and Related
Activities of the International Zeolite
Association 715

Michael Stocker and Jens Weitkamp
Introduction 715

Atlas of Zeolite Framework Types 715
Verified Syntheses of Zeolitic

Materials 716

Preparation of the Standard Large-Pore,
Acidic Zeolite Catalyst La,Na-Y 717
Apparatus and Procedure for Catalyst
Testing 717

Comparison of the Results Achieved

in Five Different Laboratories 718
Conclusions 718

References 719



