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Nature has utilized catalysis by employing enzymes since time immemorial. For ex-
ample, the enzyme urease is one of the most effective catalysts nature has designed.
It is capable to catalyze the decomposition of urea 1014 times faster than what is pos-
sible in the uncatalyzed elimination reaction. In this highly efficient reaction, nature
(bacteria) decomposes the urea produced (in the Krebs Cycle) by mammals to ammo-
nia and carbon dioxide for future uptake by plants, which is one of the requirements
for their growth and ultimate ingestion by man; thus completing the life cycle. Na-
ture has had time in its favor to ingeniously design its catalytic systems. Man has had
a much shorter time span to discover desired catalysts for the production of useful
intermediates and products and thereby influencing the course of modern life.

It was Berzelius, who in 1835 first coined the word catalyst, describing it as a
substance capable of accelerating reactions without itself being destroyed in the
process. Some fifty years later, in 1891 Oswald developed his theory of catalysis
putting it on a thermodynamic basis and proposing the concept of microscopic re-
versibility. Then in the 1920’s Mittasch became one of the first to promote the
idea of a rational scientific approach to the design of catalytic materials. This no-
ble goal is some eighty years later still a subject of much debate and want.

While nature had time in its favor, it had to work with only a limited number of
elements from which to design its key catalytic functionalities (e.g. nickel in urease),
and being limited by temperature constraints, man on the other hand has the whole
periodic table at his disposal from which to select key catalytic elements and is not
bound by any significant temperature constraints. Thus, even in the absence of any
unified catalysis theory, the ingenuity of man and his persistence to succeed, and by
utilizing working hypotheses and refining them through experimental feed back,
has discovered over the past one hundred years several major industrial processes
based on heterogeneous catalysis. Among these are: the IG Farben Haber-Bosch pro-
cess for the synthesis of ammonia utilizing Fe-Al-oxide based catalysts; the Houdry
catalytic cracking process using Si-Al-oxides; the UOP Platforming process using Pt-
Al-oxides; the SOHIO acrylonitrile process using Bi-Mo-oxides; and the Mobil aro-
matics isomerization process using ZSM-5 zeolites, to name but a few.

All of these mentioned commercial processes have had a major impact on the
industrial world and hence indirectly also on man’s improved lifestyle over the
years. Currently and for the foreseeable future, the majority of industrial pro-
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cesses for the manufacture of petrochemical intermediates and organic chemicals
are based on heterogeneous catalysis.

The proverbial question remains, how can we accelerate the process of catalyst
discovery? Looking back, it is obvious that a great amount of ingenuity and chemi-
cal intuition, combined with hard work has gone into the discovery process. It is
very unlikely that purely empirical research would have led to the important cata-
lytic process discoveries of the past one hundred years. This is particularly true be-
cause many of the tools available to the researcher today were not available to him
or her some fifty years ago. For example, in the 1950’s GC and NMR were not
routinely available and product analysis became one of the major bottlenecks in
catalytic research. For these reasons it was common then to experiment with
100 g catalyst charges in order to collect sufficient material for product analysis,
which consisted often of making appropriate organic derivatives so that they could
be analyzed and quantized by chemical and IR analyses. Indeed a tedious and
time consuming process that often only allowed one experiment to be performed
per week! By the 1960’s the analytical methods had improved to the point that
many exploratory experiments could be performed on 5 g samples, which de-
creased to milligram samples by the 1970’s and thereafter. Nonetheless, most of
the exploratory catalytic research was performed in 1 to 5 g microreactors. Some
two or three tube microreactors were used in industrial laboratories by the 1980’s,
but those were rather rare and single tube microreactors much more common.

Now with the advent of high throughput screening techniques, also known as
combinatorial methodologies, pioneered by Symyx Technologies and the subject of
this book, the catalyst researcher is provided with an entirely new tool which al-
lows for experimentation to be accelerated by a factor of 102 to 104. This indeed is
remarkable as is amply described and dissected in the different contributions of
this book, for it is now possible to combine chemical know-how, experience, intui-
tion and fast experimentation all at once.

It is believed that modern catalytic research has been altered by the advent of com-
binatorial methodology permanently and that it will behoove the researcher to em-
ploy these methods to enhance the process of discovery, thus shortening signifi-
cantly the time from inception, confirmation and ultimate commercialization of
promising catalytic systems. Combinatorial methodology is a tool that all catalyst
researchers should avail themselves of in order to enhance their discovery process.
It is a tool and in itself not exclusively sufficient for the discovery process, as several
contributors to this book attest. Combinatorial methodology needs to be combined
with sound chemical knowledge, structural and surface analyses, well thought out
working hypotheses, experience, intuition and theory, to achieve optimum results.

Robert K. Grasselli
Center for Catalytic Science and Technology
University of Delaware, USA, and
Institute of Physical Chemistry
University of Munich, Germany
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Rising economic demands for higher efficiency and productivity in Research and
Development in the chemical and refining industries have led to the implementa-
tion of high throughput, or combinatorial, methods in heterogeneous catalysis.
The key drivers have included the desire to reduce the time-to-market for new
and optimized catalysts and processes, increased probability of success and better
intellectual property protection from the ability to perform many more experi-
ments than in the past, shorter/more projects possible per unit time, and the in-
creased organizational efficiency resulting from improved data storage, access,
analysis, and sharing. The number of experiments that can now be screened can
be orders of magnitude higher than using traditional methods.

The combinatorial process in catalysis allows the exploration of large and di-
verse compositional and parameter spaces by utilizing integrated workflows that
include software-assisted design of diverse, high-density assemblies, or arrays, of
potential catalytic materials (known as “libraries”), and high-throughput synthesis,
characterization, and screening techniques that are characterized by the use of ro-
botics and advanced software. The integrated synthesis and screening of a plural-
ity of catalysts in library format has been recognized as an essential factor. Equip-
ment miniaturization and integrated data management systems are also key
aspects of successful workflows. The development and implementation of these
methods requires the involvement of unconventional engineering and software
resources not commonly available at chemical, refining and petrochemical com-
panies where heterogeneous and homogeneous catalysis is practiced.

This book will describe the current state of the art synthesis and screening tech-
niques for high throughput experimentation in chemical catalysis with a focus on
technology developed over the last 2–3 years. It will provide an up-to-date over-
view of the current status and advances that have been made in this rapidly grow-
ing field in both academia and industry. The targeted readership is the advanced-
level student, the catalytic or solid-state chemist in industrial and academic R&D
and engineers specializing in reactor technology, detection schemes and automa-
tion.

It has been a great pleasure and distinction for us to assemble a diverse group
of distinguished international authors from both academia and industry, each con-
tributing the most up-to-date results and status in their application of high
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throughput methodologies. The book covers reactor technology and integrated
synthesis and screening workflows, experiment design and search strategies, de-
tection schemes, and applications to liquid and gas phase heterogeneous catalysis,
fuel cell electrocatalysis and homogeneous catalysis. Diverse catalyst systems,
such as mixed metal oxides, supported metals, microporous systems/zeolites, me-
soporous sieves, as well as diverse chemical transformations (oxidations, dehydro-
genations, C1 chemistry, emissions control, petrochemical transformations, hydro-
genations, fuel processors) are discussed. We hope that this book will clearly dem-
onstrate the applicability, utility and advantage of combinatorial and high through-
put methodologies in chemical catalysis and that the reader will benefit from this
snapshot of a rapidly developing field in applied materials science.

We would like to thank all the authors for their contributions. We are thankful
to Silvia Lee for her help in putting the book together.

Santa Clara, May 2004 Alfred Hagemeyer
Peter Strasser
Anthony F. Volpe, Jr.

PrefaceVIII



Foreword V

Preface VII

1 Impact of High-Throughput Screening Technologies on Chemical
Catalysis 1

W.Henry Weinberg and Howard W. Turner

1.1 Introduction 1

1.2 Application of HT-R&D Methods in Heterogeneous Catalysis 4

1.3 Application of HT-R&D Methods in Homogeneous Catalysis 10

1.4 Conclusions 15

1.5 References 15

2 Mastering the Challenges of Catalyst Screening in High-Throughput
Experimentation for Heterogeneously Catalyzed Gas-phase Reactions 19

Stephan A. Schunk, D. Demuth, Alexander Cross, Olga Gerlach,
Alfred Haas, Jens Klein, John M. Newsam, Andreas Sundermann,
Wolfram Stichert, Wolfgang Strehlau, Uwe Vietze, and Torsten Zech

2.1 Challenges Connected to Catalyst Screening in Gas-phase
Catalysis 19

2.2 Preparative Aspects 21

2.3 Analytical Aspects 24

2.3.1 Stage I Screening 25

2.3.2 Stage II Screening 27

2.3.3 King-System: Saving Analysis Time via Intelligent Use of Analysis
Techniques 30

2.4 Case Studies of Selected Examples in Gas-phase Catalysis in Stage II
Screening 35

2.4.1 Bulk Chemicals and Intermediates: Partial Oxidation 36

2.4.2 Refinery Catalysis: High-pressure Reactions 42

2.4.3 Environmental Catalysis: DeNOx Catalysis 44

IX

Contents



2.5 The Challenge of Ultrahigh-Throughput Screening 46

2.5.1 Catalyst Synthesis: the Split & Pool Principle 47

2.5.2 Catalyst Testing: Integrated Reactor Formats as Critical Key
Components 55

2.6 Summary and Outlook 59

2.7 References 60

3 High-Throughput Workflow Development:
Strategies and Examples in Heterogeneous Catalysis 63

H. Sam Bergh

3.1 Introduction 63

3.2 High-Throughput Methods 64

3.2.1 DOE – Designing Experiments Based on Statistics 66

3.2.2 Constrained Optimization – Independent Variables 66

3.2.3 Constrained Optimization – Dependent Variables 66

3.2.4 Methods to Include Synthesis Hardware Constraints 67

3.2.5 Process Simulation for Hardware Bottleneck Identification 67

3.3 Workflow Components 67

3.3.1 Primary Synthesis 68

3.3.2 Primary Synthesis: Wafer-based Sol-gel and Evaporative Synthesis 68

3.3.3 Primary Synthesis: Wafer-based Impregnation Synthesis 70

3.3.4 Primary Screening: Scanning Mass Spectrometer 71

3.3.5 Primary Screening: Massively Parallel Microfluidic Reactor 72

3.3.6 Secondary Synthesis: Bulk Impregnation 74

3.3.7 Secondary Synthesis: Bulk Evaporation/Precipitation 75

3.3.8 Secondary Synthesis: Hydrothermal 76

3.3.9 Secondary Screening: 48-Channel Fixed-bed Reactor 77

3.3.10 High-Throughput Catalyst Characterization 79

3.3.11 Tertiary Screening 79

3.4 Example: Ethane to Ethylene 79

3.5 Example: Ethane to Acetic Acid 82

3.6 Example: Propane to Acrylonitrile 84

3.7 Summary 86

3.8 References 86

4 Integrated Microreactor Set-ups for High-Throughput Screening and
Methods for the Evaluation of “Low-density” Screening Data 89

Andreas Müller and Klaus Drese

4.1 Introduction 90

4.1.1 Pellet-type and Ceramic Reactors 91

4.1.2 Multiple Microchannel Array Reactors 93

4.1.3 Chip-type Reactors 96

4.1.4 Well-type Reactors 98

ContentsX



4.2 Steady-state Reactor Set-ups 100

4.2.1 Methanol Steam Reforming 100

4.2.2 Propane Steam Reforming 100

4.2.3 Catalytic Methane Combustion and Methods for Sample
Preparation 101

4.2.3.1 Wet Chemical Procedure (Washcoating/Flow Impregnation) 102

4.2.3.2 Experimental and Discussion 104

4.3 Transient-state Reactor Set-ups 106

4.3.1 Introduction 106

4.3.2 Kinetics Derived from Tracer Signal Dispersion in a Channel
Reactor 106

4.3.2.1 Experimental Aspects of Dispersion 107

4.3.2.2 Reactor Configuration for Catalyst Screening in Transient Mode 108

4.3.2.3 Methods for Gas Injection 110

4.3.2.4 Methods for Pulse Signal Detection 111

4.3.2.5 Configuration of the Channel Reactor 111

4.3.2.6 Method of Signal Description 112

4.3.2.7 Experimental Results 113

4.3.3 Dynamic Sequential Method for Rapid Screening 115

4.4 Future Prospects 117

4.4.1 Introduction 117

4.4.2 Numerical Evaluation Methods 118

4.4.3 Taylor-type Evaluation Methods 118

4.4.4 Evaluations Following Biological Means 123

4.4.5 Is Up-scaling a Necessity? 124

4.5 References 125

5 Two Exemplified Combinatorial Approaches for Catalytic Liquid–Solid
and Gas–Solid Processes in Oil Refining and Fine Chemicals 129

José M. Serra and Avelino Corma

5.1 Introduction 129

5.1.1 Aim of the Work 131

5.2 Search for New Catalytic Materials for the Epoxidation of Olefins 131

5.2.1 Epoxidation on Ti-based Materials 131

5.2.2 Experimental Design using Softcomputing Techniques 132

5.2.2.1 Definition of the Catalytic Space to be Explored 133

5.2.3 Experimental 134

5.2.3.1 Catalyst Preparation 134

5.2.3.2 Catalytic Testing 135

5.2.4 Results of the Optimisation Process 136

5.3 Search for New Catalytic Materials for Isomerization of Light
Paraffin 137

5.3.1 Isomerization of Light Paraffins 137

Contents XI



5.3.2 Search Methodology 139

5.3.2.1 Definition of Variables 139

5.3.2.2 Structure of the Optimisation Algorithm 139

5.3.3 Experimental 141

5.3.3.1 Catalyst Preparation 141

5.3.3.2 Catalytic Testing 142

5.3.4 Results of the Optimization Process 142

5.3.5 Validation of the Best Catalytic System 145

5.3.5.1 Poisoning Resistance 145

5.3.5.2 Isomerization of a Simulated Industrial Stream 146

5.3.6 Study of WOx/ZrO2 System Employing a Factorial Design 146

5.4 Conclusions 149

5.5 Acknowledgments 150

5.6 References 150

6 Present Trends in the Application of Genetic Algorithms
to Heterogeneous Catalysis 153

Martin Holeña

6.1 Introduction 153

6.2 Theoretical and Methodological Principles 154

6.2.1 Genetic Algorithms 154

6.2.2 Artificial Neural Networks 157

6.3 Automatically Generated Problem-tailored Genetic Algorithms 160

6.4 Integrating Genetic Algorithms with Neural Networks 165

6.5 Conclusions 170

6.6 References 171

7 Relative Quantification of Catalytic Activity in Combinatorial Libraries
by Emissivity-Corrected Infrared Thermography 175

Guido Kirsten and Wilhelm F. Maier

7.1 Introduction 175

7.2 Theoretical Considerations 176

7.3 Possible Pitfalls 178

7.4 Reactor and Setup 178

7.5 Calculation of Catalytic Activities 180

7.6 Applications 182

7.7 Experimental 184

7.8 Conclusions 186

7.9 Acknowledgments 186

7.10 References 187

ContentsXII



8 Gas Sensor Technology for High-Throughput Screening in Catalysis 189

Yusuke Yamada and Tetsuhiko Kobayashi

8.1 Introduction 189

8.2 Evaluation of CO Oxidation Catalysis 190

8.2.1 With a CO Combustible Gas Sensor 190

8.2.2 With an IR Gas Sensor 192

8.3 Evaluation of Selective Oxidation Catalysis 193

8.3.1 Propane Oxidation 193

8.3.2 Ethane Oxidation 197

8.3.3 Aromatic Oxygenates 198

8.4 Evaluation of Oxidative Dehydrogenation Catalysis 199

8.4.1 With a Semiconductor-type Gas Sensor 200

8.4.2 With a PAS Detector 202

8.4.3 With a PTD Detector 202

8.5 Evaluation of Hydrogen Evolution Catalysis 203

8.6 Evaluation of DeNOx Catalysis 205

8.7 Evaluation of Methanol Production Catalysis 206

8.8 Concluding Remarks 208

8.9 References 208

9 Parallel Approaches to the Synthesis and Testing of Catalysts
for Liquid-phase Reactions 211

Paolo P. Pescarmona, Jan C. van der Waal, Leon G. A. van de Water,
and Thomas Maschmeyer

9.1 Introduction 211

9.2 Exploration of the Synthesis of Silsesquioxane Precursors for
Epoxidation Titanium Catalysts by Means of High-Throughput
Experimentation 213

9.2.1 High-Throughput Experimentation Approach 214

9.2.2 Effect of the Nature of the R Group and of the Solvent 214

9.2.3 Effect of Trichlorosilane Concentration 217

9.2.4 Effect of Highly Polar Solvents 218

9.2.5 Up-scaling and Characterisation of the HTE Leads 220

9.2.5.1 Cyclopentyl Silsesquioxanes Synthesised in Acetonitrile 220

9.2.5.1.1 Monitoring by Mass Spectrometry 222

9.2.5.1.2 Monitoring by Infrared Spectroscopy 227

9.2.5.2 tert-Butyl Silsesquioxanes Synthesised in H2O 230

9.3 Screening of the Catalytic Activity of Germanium-containing
Zeolites 232

9.3.1 High-Throughput Experimentation Approach 233

9.3.2 Catalyst Screening Using HTE Techniques 233

9.4 Conclusions 235

9.5 References 236

Contents XIII



10 Combinatorial Strategies for Speeding up Discovery and Optimization
of Heterogeneous Catalysts on the Academic Laboratory Scale:
A Case Study of Hydrogen Purification for Feeding PEM Fuel Cells 239

David Farrusseng and Claude Mirodatos

10.1 Introduction 239

10.2 Design: Targets and Strategies 241

10.2.1 Domain of Investigation 241

10.2.2 Choice of Objective Functions 242

10.2.3 Strategies and Associated Algorithms 244

10.2.3.1 General Outlines 244

10.2.3.1.1 Black Box Discovery and Optimisation of New Catalysts 244

10.2.3.1.2 Information-guided Approach for Discovery and Optimisation
of New Catalysts 245

10.2.3.1.3 Knowledge Acquisition from Data Analysis:
Mechanistic and Kinetic Insights for a Given Set of Reactions 247

10.2.4 Choice of Parameters for Libraries Design 247

10.2.4.1 WGS Catalysts 247

10.2.4.2 Selox Catalysts 248

10.3 Make: Automated Synthesis of Materials 251

10.4 Test: Automated Testing of Materials for Evaluation
of Performances 253

10.5 Model: Information Extraction & Modeling 254

10.5.1 Black Box Discovery and Optimisation of New Catalysts
Using an Evolutionary Strategy 255

10.5.2 Information-guided Approach for the Discovery and Optimisation
of New Catalysts Using DoE 256

10.5.2.1 Strategy WGS#2 256

10.5.2.2 DoE Strategy for Selox Catalysts 257

10.5.3 Improvement of the Search Strategy by Means of Knowledge
Extraction 260

10.5.4 Knowledge Acquisition from Data Analysis: Mechanistic and
Kinetic Insights for a Set of Close Reactions 263

10.6 Data Management 266

10.6.1 Database Development 266

10.6.2 e-Platforms and e-Languages Adapted to HTE 267

10.7 Conclusions 268

10.8 Acknowledgments 269

10.9 References 269

ContentsXIV



11 Combinatorial Synthesis and High-Throughput Screening of Fuel Cell
Electrocatalysts 271

Peter Strasser, Sasha Gorer, Qun Fan, Konstantinos Chondroudis,
Keith Cendak, Daniel Giaquinta, and Martin Devenney

11.1 Introduction 271

11.2 Combinatorial Methods for Electrocatalysis 273

11.3 An Integrated, High-Throughput Screening Workflow
for Electrocatalysis 274

11.3.1 Electrode Array for Primary Synthesis and Screening 275

11.3.2 Design of Combinatorial Thin Film Libraries 275

11.3.3 Combinatorial Thin Film Synthesis 276

11.3.4 High-Throughput Characterization of Electrocatalyst Libraries 277

11.3.5 High-Throughput Electrochemical Screening of Electrocatalyst
Libraries 280

11.3.6 Closing the Primary Workflow Loop 280

11.3.7 Secondary Screening of High Surface Area Electrocatalysts 282

11.4 New Ternary Fuel Cell Catalysts for DMFC Anodes 284

11.4.1 Primary Screening of Diverse Catalyst Compositions 284

11.4.2 Comparison with Model Calculations of CO Tolerance of Ternary
Electrocatalysts 286

11.4.3 Screening of a Pt-Ru-Co Focus Library 289

11.5 Conclusions 295

11.6 Acknowledgment 295

11.7 References 296

12 High-Throughput Approaches in Olefin Polymerization Catalysis 299

Vince Murphy

12.1 Introduction 299

12.2 Background 299

12.3 High-Throughput Screen: What is Required? 301

12.4 Reactor Designs 301

12.5 Rapid Screening Techniques 303

12.6 Catalyst Discoveries 305

12.7 Conclusions and Future Outlook 311

12.8 References 311

Subject Index 313

Contents XV





XVII

List of Contributors

Editors

Alfred Hagemeyer

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Peter Strasser

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Anthony F. Volpe, Jr.
Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Contributors

Sam Bergh

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Keith Cendak

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Konstantinos Chondroudis

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Avelino Corma

Instituto de Tecnología Química
Universidad Politecnica de Valencia
(UPV-CSIC)
Av. Los Naranjos s/n
40619 Valencia
Spain

Alexander Cross

hte Aktiengesellschaft
Kurpfalzring 104
69123 Heidelberg
Germany

Dirk Demuth

hte Aktiengesellschaft
Kurpfalzring 104
69123 Heidelberg
Germany

Martin Devenney

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA



List of ContributorsXVIII

Klaus Drese

Institut für Mikrotechnik
Mainz GmbH
Carl-Zeiss-Strasse 18–20
55129 Mainz
Germany

Qun Fan

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

David Farrusseng

Institute de Recherches
sur la Catalyse – CNRS
2, Av. Albert Einstein
69626 Villeurbanne Cedex
France

Olga Gerlach

hte Aktiengesellschaft
Kurpfalzring 104
69123 Heidelberg
Germany

Daniel Giaquinta

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Sasha Gorer

Symyx Technologies, Inc.
3100 Central Expressway
Santa Clara, CA 95051
USA

Alfred Haas

hte Aktiengesellschaft
Kurpfalzring 104
69123 Heidelberg
Germany

Martin Holeňa
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1.1
Introduction

Traditional methods of catalyst synthesis and testing are slow and inefficient.
Whether one considers either homogeneous or heterogeneous catalyst systems,
the root causes for this problem are the same: the ability to predict theoretically
the optimal catalyst structure, composition, and synthesis conditions is poor to
non-existent, and the catalyst and catalyst formulations are prepared and tested
one at a time in a manually intensive fashion. While chemical principles and
knowledge of the literature guide the chemist in designing targets and experi-
ments, even in the most well understood areas of catalysis the parameter space
that one needs to explore is huge. The result is that the chemist using traditional
methods must navigate a complex and unpredictable diversity space with a limit-
ed data set to make discoveries, a situation that is perhaps acceptable for the opti-
mization of known systems where the synthesis–structure–property surface is
smooth, but unacceptably inefficient for the optimization of systems where
this surface is jagged or for the discovery of unprecedented catalytic systems. The
reliance on traditional methods of catalyst research leads to a bottleneck in the
supply of fundamentally new classes of catalytic materials (which we refer to as
“hits”) and enormous competition in industrial and academic laboratories during
the optimization of the precious few new systems that are discovered and pub-
lished. Given the inefficiency of traditional optimization of new homogeneous
and heterogeneous catalytic systems, the competition in recent decades is not sur-
prising, such as for metallocene olefin polymerization catalysts and the MoVNb-
oxide partial oxidation catalysts discussed below.

Until the publication of Schultz [1] in 1995 describing broadly “combinatorial”
or “high-throughput” methods for materials discovery, including homogeneous
and heterogeneous catalysts, and the creation of Symyx Technologies, the first
company dedicated to developing and applying these methods, efforts to improve
the efficiency of R&D were largely limited to enhancing analytical techniques to
better understand catalyst structure, computational approaches for the prediction
of structure–property relationships, improving the precision of laboratory reactor
data and its correlation to the commercial process, and the use of statistically de-
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signed experiments to minimize the number of experiments necessary to advance
a target. Miniaturization of reactor screening technologies existed before 1995, but
efforts to create highly automated and massively parallel workflows did not. Com-
binatorial methods were developed in the 1980s to improve the efficiency of drug
discovery, and these involve various high-dimensional experimental techniques in-
cluding the use of “split-pool” synthetic procedures where mixtures of thousands
of compounds are created on beads, parallel synthesis to produce a collection of
related organic compounds known as a “library”, and new property-screening tech-
nologies that allow the scientist to sort through large collections of potential leads
in an efficient and increasingly precise fashion. Philosophically related to these
methods, but differing substantially in application, Symyx developed a hierarchical
approach to create entire workflows for the synthesis and screening of homogeneous
and heterogeneous catalyst libraries. The hierarchical screening philosophies are
similar but the physical embodiments of high-throughput drug discovery and
high-throughput catalyst discovery and optimization are utterly different. These cat-
alyst discovery workflows can be considered as assembly lines, which allow one to
methodically and efficiently generate arrays of new classes of materials in a specific
format (a library) designed to maximize the ease of screening for various catalytic
transformations, and, then, upon the discovery of “hits” to optimize them efficiently
to create “leads” which become commercial development candidates for the targeted
process and product. In the following we refer to the use of these workflows as
“high-throughput research and development” (HT-R&D) and define this term to in-
clude both the synthesis and property evaluation of the catalyst libraries.

The hierarchical workflow shown in Fig. 1.1 illustrates three distinct phases of
research leading to commercialization.

The first phase, known as “primary screening”, is designed for broadly and effi-
ciently screening a large and diverse set of families of materials that logically could
perform the desired catalytic transformation. It is during this phase that “hits”,
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truly new classes of materials that show promise for a specific catalytic transfor-
mation, can be efficiently discovered, and a key bottleneck in the R&D process
can be eliminated. Predictably, it is this phase with which the traditional catalytic
chemist is the most uncomfortable. All well trained chemists have been taught
rigor in the synthesis and characterization of the materials they produce before
testing for the desired application. They have also been taught to maximize the
quality and precision of the catalytic testing data by using reactors that have a
high level of process control and that are as close as possible to the “real” process
in which the material will be commercialized. These are all good things and are
necessary, but only at a later stage of the hierarchical workflow where optimiza-
tion and commercial development occur. While we seek to maximize the quality
of data and mimic the “real” process conditions during primary screening, the
sheer volume of experiments, often thousands per day, makes it extremely diffi-
cult to obtain conventional laboratory quality data. Fortunately, this does not pose
a problem. In some cases, to get the throughput necessary for a program, we do
not screen for the exact property that we seek, but rather screen for an easier and
faster observable that represents a necessary but not sufficient property of the tar-
geted material [2]. We trade precision for throughput in a rational way that in-
creases the probability of success and shortens time to commercialization. The
key in this enterprise is to create a validated primary screen (i.e., a screen where
we have proven that we can “rediscover” state-of-art catalysts and observe known
trends). In a primary screen we seek qualitative trends in the data to eliminate
families of materials from diverse libraries and to identify hits that have the poten-
tial to become a lead, i.e., materials that warrant testing in a secondary screen. We
design our primary screening technologies to minimize both false negatives and
false positives, the latter of which waste time and money in the slower and more
precise hit validation phase. To the uninitiated the issue of false negatives is
usually the biggest concern; methods of minimizing the risk of “missing a hit”
have been well described for homogeneous catalyst workflows [2] and Chapter 3
discusses this issue as it relates to primary screening for heterogeneous catalysts.

Secondary screening plays two roles. First, it validates or eliminates hits gener-
ated from the primary screen. As mentioned above, often the primary screen
seeks to identify a property that is easy to measure in a high-throughput fashion
that is a necessary but not sufficient condition for the hit to be active and/or selec-
tive for the targeted chemical transformation. Here, the secondary screen is the
first test for the “real” property, and often hits fall out of the program at this
stage. In a second role for secondary screening, once a hit, identified by primary
screening or identified in the literature, has been validated, secondary screening
tools are used to optimize the hit to create a “lead” material. In secondary screen-
ing, rigorous catalyst synthesis procedures are important, and, since most optimi-
zations require multiple modifications with small improvements in performance
at each successful step, the data quality and precision need to be on a par with a
typical laboratory reactor. Therefore, automated laboratory-scale synthetic tech-
niques and highly parallel reactor systems for various processes have been devel-
oped. Some of the systems invented at Symyx Technologies are described in Chap-
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ter 3. This technology has evolved to the point that the quality of the data ob-
tained during the secondary screening stage allows for the synthesis and screen-
ing of hundreds of catalytic materials per week with data quality that is equivalent
or superior to that obtained using conventional laboratory technologies.

Optimized leads identified in the secondary screening phase of a HT-R&D pro-
gram are then taken to the tertiary screening phase to generate commercial develop-
ment candidates. This usually takes the form of a conventional mini- or pilot-plant.

Finally, the workflow must include advanced experimental design, library de-
sign, data management, database, and data mining software. When taken together
and executed properly, HT-R&D programs generate vast data sets with concomi-
tant knowledge derived therefrom, shorten time scales for completing a program,
increase the probability of success of the program, and increase the strength of an
intellectual property portfolio. The talented synthetic chemists should not fear
that HT-R&D technologies will render them less important because robots do the
chemistry. The opposite is true for several reasons. First, in a HT-R&D environ-
ment the number of variables in diversity space that one is able to address is so
large that insightful and creative thinking based on sound chemical knowledge
and principles is necessary to reduce the number of experiments to a realistic
level. This is no different than in traditional laboratories; it is just that one can ex-
plore one’s concepts more rapidly and more thoroughly. Secondly, since the num-
ber of projects one can initiate and conclude in one’s career is substantially larger,
the chemist will be constantly challenged to create new concepts for new prob-
lems. Finally, the increase in R&D efficiency due to HT-R&D technologies will re-
sult in a lower unit cost for research and increase the desire for industry to invest
in the development of advanced technologies.

To illustrate the power of integrated workflows consisting of primary and sec-
ondary screening technologies we briefly describe two examples from our own lab-
oratories.

1.2
Application of HT-R&D Methods in Heterogeneous Catalysis

The discovery of catalytic systems and processes that selectively convert unsatu-
rated hydrocarbons such as ethane and propane into higher value chemicals, such
as ethylene, acrylic acid, and acrylonitrile, is a key R&D goal within the chemical
and petrochemical industries. The dominant process targeted for these advances
involves the use of heterogeneous catalysis in either fixed bed or fluidized bed
processes. The chemical challenge is great due to the difficulty of selectively acti-
vating saturated hydrocarbons at low temperature, the dominance of inherently
unselective free radical pathways at high temperatures, and the fact that the de-
sired products are often more easily oxidized than the saturated hydrocarbon start-
ing material, leading to low selectivity at commercially viable conversions.

In 1978 Union Carbide scientists reported the discovery and optimization of oxi-
dative dehydrogenation catalysts for converting ethane into ethylene that were
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based on mixed metal oxides consisting of Mo, V, and Nb [3]. This study de-
scribed a systematic evaluation of the effect of composition (i.e., the ratio of the
three metals in the tertiary composition) on performance as measured by space–
time yield. The composition Mo0.72V0.26Nb0.02Ox was reported to be optimum.

More than a decade after the publication of the MoVNb catalyst system, scien-
tists at Mitsubishi Chemical reported that modifying this family of mixed metal
oxides with Te produced a catalyst for the amoxidation of propane to acrylonitrile
[4] and the oxidation of propane to acrylic acid [5]. Modification of the Union Car-
bide catalyst system with Te was probably not a random choice as it is a known
propylene activator [5b] and the molybdate phase TeMoOx oxidizes propylene into
acrolein and ammoxidizes propylene to acrylonitrile [6], a key intermediate in the
commercial production of acrylic acid using Mo-based oxides. Significant efforts
to optimize this and related mixed metal oxides continues for the production of
both acrylic acid and acrylonitrile, with the main participants being Asahi, Rohm
& Hass, BASF, and BP.

In 1998 scientists at Hoechst reported that the addition of Pd to the MoVNb
ethane dehydrogenation catalyst enabled the efficient production of acetic acid
from ethane [7]. Doping of this known ethane dehydrogenation catalyst with Pd
was probably not random, but predicted on the basis of the classical Wacker cata-
lysis.

Fig. 1.2 summarizes the lineage of discoveries based on the MoVNb “hit” pub-
lished in 1978 and is included to emphasize the importance of the discovery of
new starting points in chemical catalysis.

Symyx entered this competition in 1997 in collaboration with Hoechst with the
goal of creating and validating primary and secondary synthesis and screening
technologies and the use of this workflow to broadly explore mixed metal oxide
compositions so as to discover and optimize new “hits”. The initial goal was a 10-
fold increase in the space–time yield relative to the state-of-the-art MoVNb system
for the ethane oxidative dehydrogenation reaction to ethylene.

In the workflow used in this program (Fig. 1.3) primary screening is carried out
in “wafer” format. The libraries are synthesized from soluble metal precursors
using specialized library design software [8] and liquid-dispensing robots in a ter-
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tiary phase diagram format. The automated process involves creating arrays of
mixtures of metal precursors under conditions where the mixtures remain in so-
lution and then depositing 1–2 �l aliquots onto a quartz wafer that has been
etched to create an ordered array of micro-wells. Multiple “daughter” wafers are
prepared and then calcined under various conditions to minimize the chances of
false negatives and/or to help identify optimal processing conditions for bulk cata-
lyst synthesis. Variable space for primary screening includes elemental composi-
tion, choice of support (starting material wafers with microgram quantities of
powders derived from any commercial or proprietary supports can be produced
using similar robotics), choice of metal precursor, and calcining conditions. The
wafer-based libraries can be characterized by scanning XRD using commercially
available equipment and proprietary methods [9] when appropriate.

The performance of each library member can be screened by several proprietary
primary screening technologies [10], including the scanning mass spectrometer
(SMS) technology shown in Fig. 1.3. The wafer is placed on a motion control
stage capable of positioning a single library element approximately 100 microns
below a probe that flows the feed of the starting material over the catalyst surface
and removes reaction products to a mass spectrometer and/or other detector tech-
nologies. The individual catalyst elements are heated to a preset reaction tempera-
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ture using an IR laser from the backside of the quartz wafer and an IR camera is
used to monitor temperature. The power of the laser is adjusted to control tem-
perature. This is a rapid serial method requiring approximately 2–3 min per sam-
ple. The system is fully automated and, after the library is placed on the motion
control stage and the experiment initiated, the entire library can be screened unat-
tended.

Several proprietary secondary screening technologies for fixed bed processes
have been described [11], one of which is depicted in Fig. 1.3. The 48-channel re-
actor includes a single feed system that supplies reactants to a set of flow restric-
tors. The flow restrictors divide the flows evenly among the reactors. The back
pressure created by the flow restrictors is designed to be large compared with any
pressure drop caused by the catalyst bed or downstream plumbing to ensure that
an even flow occurs through each reactor. The multichannel fixed bed reactor
(MCFB) shown in Fig. 1.3 and used in the ethane oxidative dehydrogenation pro-
gram is in a 6 �8 rectangular array format and can accommodate up to 100 mg of
solid catalyst in each reactor.

A more detailed description of heterogeneous catalyst library synthesis (primary
and secondary), primary screening, and secondary screening technologies is given
in Chapter 3 and references therein.

The first step in this or any new HT-R&D program is to validate the workflow.
In the oxidative dehydrogenation of ethane program, primary screening validation
was accomplished by “rediscovering” the trends and optimum composition for the
MoVNb catalyst system described in 1978 by Union Carbide. Duplicate 66-mem-
ber libraries (11 members on each diagonal of the phase diagram) were synthe-
sized using soluble Mo, V, and Nb precursors. The libraries were calcined and
then characterized by scanning XRD, confirming that the thick film library ele-
ments had similar phase composition to bulk samples prepared using traditional
methods. The libraries were placed on the SMS motion control stage and
screened in a rapid serial mode using a mass spectrometer to quantify COx and a
laser pump–probe measurement to quantify ethylene. These detectors were cali-
brated and together allowed the ranking of both activity and selectivity at low con-
version.

Fig. 1.4 compares, in topological format, the space–time yield versus composi-
tion for the data presented in the 1978 Union Carbide publication and the activity
rankings observed in the SMS in an experiment that took less than 4 h, most of
which was unattended. The correlation is remarkable. The primary synthesis and
screening components of the workflow were thus validated. “Hit” criteria were es-
tablished that involved ranking the yield of the reaction over the various catalysts
(the activity figure of merit multiplied by selectivity). The “hit” criteria perfor-
mance bar increased as the discovery program evolved and improved systems
were discovered.

The 48-channel MCFB reactor and the catalyst synthesis workflow components
were similarly validated in experiments where bulk samples were prepared in li-
brary format, screened in the array format, and the data compared with known ex-
amples. This part of the workflow was used for initial hit validation and to opti-
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mize those systems that exhibited acceptable performance under commercially
realistic conditions.

The discovery program began by broadly screening ternary mixed-metal oxide
compositions. Although many catalyst compositions can be prepared and
screened using this workflow, testing of all possible ternary mixed-metal oxide
compositions is impractical. The combination of all possible ternary combinations
(assuming 70 metal oxides) with 10% gradient steps results in millions of unique
compositions. This number increases by many factors as one explores multiple li-
brary processing conditions and alternate metal precursor options. Thus, priority
decisions based on sound chemical knowledge were made. Since the focus of the
research was the low temperature partial oxidation of ethane to ethylene the scope
of the search could be reduced by the assumption that the ternary mixed-metal
oxides should contain at least two different metal oxides that can be reduced by
hydrocarbons and their reduced forms oxidized by molecular oxygen at low tem-
perature. The third metal oxide component was generally designed to act as a ma-
trix or stabilizer and was not required to be redox-active under catalytic condi-
tions. In this way, synergy between different redox-active metals could be ex-
plored. With these assumptions the diversity space was narrowed to about 100000
composition and processing experiments.

Nickel-based systems containing certain other metals such as Ta, Nb and Ce
emerged as lead candidates. The best Ni-based catalysts showed activities as mea-
sured by SMS that were 50–100 � that of the best MoVNb systems. In secondary
screening the Ni-based systems distinguished themselves from the Mo-based sys-
tems in terms of both space–time yield and the unique and highly desired prop-
erty of having a flat selectivity versus conversion (i.e., selectivity vs. temperature)
relationship relative to the state-of-the-art MoNbV systems. Fig. 1.5 shows a time-
line of how the performance characteristics of the best Ni-based systems evolved
in terms of activity measured in the primary screen, space–time yield measured
in the MCFB secondary screen, and in a ternary screen carried out in pilot plant
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the composition as measured by
Thorsteinson et al. [3] using tra-
ditional methods and by Symyx
scientists using wafer-based
primary screening technologies
where the innermost enclosed
areas represent the highest STY.


