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Preface

Oxide surface materials are widely used in many applications, in particular where
chemically modified oxide surfaces are involved. Indeed, indisciplines as separations,
catalysis, bioengineering, electronics, ceramics, etc. modified oxide surfaces are very
important. In all cases, the knowledge of their chemical and surface characteristics
is of great importance for the understanding and eventual improvement of their
performances.

The purpose of this book is essentially to cover techniques and procedures
characterizing and modifying the silica surface. We hope that this book will be useful
for all those who, working at the graduate student or research worker level, are
interested in the chemistry of silica and chemically modified oxide surfaces.

The content of this book reviews the latest developments in the characterization and
chemical modification of silica surfaces. No attempt has been made to survey
exhaustively the literature of any topic. The material has been collected from recent
publications and own research work in this field. Also, recent disclosures of research
activities in the former USSR are documented in detail in the text.

The book is divided into three major parts. The first part (Part I) reviews the
characterization of the silica surface, discussing the preparation and properties of pure
silica (Chapter 1), the physical characterization of the silica surface (Chapter 2), the
chemistry of silica (Chapter 3), the quantification of the silanol number (Chapter 4),
the distribution of the silanol types and their desorption energies (Chapter 5), the
effect of surface morphology on the dehydroxilation behaviour (Chapter 6) and the
related silicate materials (Chapter 7). Part II discusses the chemical modification of
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the silica surface, covering the procedures for a chemical modification of the silica
surface and their applications (Chapter 8), the modification with silicon compounds
(Chapter 9), the modification with boron compounds (Chapter 10) and the use of other
modifiers (Chapter 11} including the ammoniation of modified silicas to introduce
functional groups on the surface (Chapter 12). The third part (Part III) describes the
chemical surface coating technique (Chapter 14) with respect to other surface coating
methods (Chapter 13). Furthermore, the principles of the most frequently used
surface analysis techniques are briefly described in the annexes A, B, C and D.

We are grateful to the authors and publishers (The American Chemical Society,
Plenum Press, The American Institute of Chemical Engineering, Elsevier Science
Publishers, The Royal Society of Chemistry, Academic Press, VCH Verlaggeselschaft
mbH, VSP International Science Publishers, Marcel Dekker Inc., John Wiley and
Sons, Degussa AG, Gordon and Breach Science Publishers, Springer Verlag INC, and
The National Research Council of Canada) who granted us permission to reproduce
illustrations from their books, articles and journals.

We wish to express our appreciation to Prof. J. Riga (University of Namur), Prof. P.
Grobet (Catholic University of Leuven), Dr. B. Gilissen (Flemish Institute for
Technological Research), Prof. P. Geladi (University of Umea-Sweden) and Prof. J.
Van Landuyt (University of Antwerp) for their research collaboration.

Very special thanks to Mr. K. Possemiers for his help in the writing of Chapter 10
and Mrs. L.F. Quiroz and Mrs. I. De Ridder for typing and setting every letter and
every figure of this work.

Finally, we want to thank the NFWO (National Science Foundation of Belgium), the
University of Antwerp (UIA), the Commission of the European Communities and the
TUAP for their financial support.

E.F. Vansant
P. Van Der Voort
K.C. Vrancken



vil

Etienne F. Vansant is presently Professor in Inorganic Chemistry at the University of
Antwerp (UIA), Belgium. He has served as Visiting Professor, Research Associate
and Invited Consultant in several universities and companies in the field of material
science. Professor Vansant’s research interests include the optimalization of gas
separation and purification techniques for both industrial and ecological purposes, the
conditioning and purification of waste waters and soils, and the development of new
materials.

Pascal Van Der Voort is presently senior research assistant at the Laboratory of
Inorganic Chemistry (University of Antwerp). He was granted the title of Doctor in
Sciences for his pioneering work on Chemical Surface Coating. After that, Dr. Van
Der Voort stayed strongly involved in the research on chemically modified oxide
surfaces and their application as ceramics and catalysts.

Karl C. Vrancken is presently a researcher at the Laboratory of Inorganic Chemistry
(University of Antwerp). In this position he substantiated the development of the
Chemical Surface Coating method. In his young career as a Doctor in Sciences, he
gained full expertise in organosilane chemistry. His current work is concerned with
surface modifications and advanced materials preparation.



Table of contents

PART I CHARACTERIZATION OF THE SILICA SURFACE
CHAPTER 1 SILICA: PREPARATION AND PROPERTIES

1. Introduction: natural and synthetic silica
2. Preparation of amorphous silica

2.1 Silica sols and gels

2.2 Pyrogenic silicas

2.3 Precipitated silicas

2.4 Comparative properties of silicas
3. The effect of particle packing on the surface area
4. The sol - gel process

4.1 Hydrolysis

4,2 Condensation

4.3 Gelation

4.4 Aging

4.5 Drying

4.6 Stabilization, consolidation

4.7 Advantages and applications
5. Applications of pure silicas and powders

5.1 Porosity

5.2 Active surface

5.3 Hardness

5.4 Particle size
References

CHAPTER 2 PHYSICAL CHARACTERIZATION OF THE SILICA

SURFACE

1. The isotherm
2. Determination of the specific surface area
3. Pore size characterization
3.1 Average pore diameter
3.2 Pore size distributions
3.2.1 Mesoporous silicas
3.2.2 Microporous silicas
3.2.3 Macroporous silicas
3.3 Modelling theories
References

ix

w

Kol JLARR A

13

16
19
22
24
24
25
27
27
27
28
28
28
28

31

32
34
37
37
38
38
41
53
55
55



X

CHAPTER 3 THE SURFACE CHEMISTRY OF SILICA

1. Surface species
2. The hydroxylated surface
3. Dehydroxylation and rehydroxylation
3.1 Dehydration and dehydroxylation
3.2 Rehydration and rehydroxylation
4. Infrared study of the silica surface
5. Deuteration
5.1 Deuteration of hydroxylated silica
5.2 Deuteration of partially dehydroxylated silica
References

CHAPTER 4 QUANTIFICATION OF THE SILANOL NUMBER

1. Introduction

2. The silanol number - a physicochemical constant
3. Hexamethyldisilazane as a silanol titrator

4. Conclusion

References

CHAPTER 5 THE DISTRIBUTION OF THE SILANOL TYPES AND
THEIR DESORPTION ENERGIES

1. The infrared models

2. The NMR models

3. TPD - models

4, Zhuravlev’s model

5. Comparison and conclusion
References

CHAPTER 6 THE EFFECT OF SURFACE MORPHOLOGY
ON THE DEHYDROXYLATION BEHAVIOUR

References
CHAPTER 7 RELATED MATERIALS: SILICATES

. Simple orthosilicates
. Other discrete, noncyclic silicate anions
. Cyclic silicate anions
. Infinite chain anions
. Infinite sheet anions
. Minerals
6.1 Clays
6.2 Zeolites
References

QAN e

59

59
62
62
62

65
68
68
71
74

79

79
81
83
88
89

93

94
104
109
118
122
125

127

131

133

133
133
134
134
135
135
136
137
145



PART I CHEMICAL MODIFICATION OF THE SILICA SURFACE

CHAPTER 8 CHEMICAL MODIFICATION OF SILICA:
APPLICATIONS AND PROCEDURES

1. Applications of modified silica gel
1.1 Introduction
1.2 Analytical
1.2.1 High Performance Liquid Chromatography (HPLC)
1.2.2 Ton Exchange Chromatography
1.2.3 Size Exclusion Chromatography
1.2.4 Gas Chromatography
1.2.5 Preconcentration of trace metals
1.3 Chemical
1.3.1 Heterogeneous catalysis
1.3.2 Phase transfer catalysis
1.4 Biochemical
1.4.1 Immobilization of enzymes
1.4.2 Affinity Chromatography (AC)
1.5 Industrial
1.5.1 Composites
1.5.2 S-emission monitoring
1.5.3 Modification of thin Si0, layers
2. Modification procedures
2.1 Introduction
2.2 Sol - gel
2.3 Aqueous solvent
2.4 Organic solvent
2.5 Self - assembled monolayers
2.6 Hydride intermediate
2.7 Vapour - phase reactions
References

CHAPTER 9 MODIFICATION WITH SILICON COMPOUNDS:
MECHANISTIC STUDIES

1. Modification with aminosilanes

1.1 Modification of silica gel with aminosilanes from aqueous solution

1.1.1 The APTS structure in aqueous solution
1.1.2 Modification from aqueous solvent
1.2 The influence of water in the reaction of silica with APTS
1.2.1 Reaction on hydrated silica gel
1.2.2 Water in the solvent - silica system
1.2.3 Air humidity in the curing stage
1.2.4 Conclusion

xi

149

149
149
151
154
158
158
159
159
160
160
162
163
163
165
167
168
171
171
172
172
173
175
177
180
183
185
187

193

194
196
196
198
200
200
205
206
209



Xii

1.3 Modelling of the interactions in the loading step
1.3.1 Adsorption kinetics and isotherms
1.3.2 Limitations by substrate structure
1.3.3 Conclusion
1.4 Characterization of the aminosilane modified silica
1.4.1 Chemical condensation of aminosilanes with the
silica surface
1.4.2 Limitations by substrate structure
1.4.3 Conclusion
1.5 Interactions at the amine side
1.5.1 Stability and surface interaction
1.5.2 Coordination of the amine group
1.5.3 Conclusion
1.6 The role of silanols in the modification of silica with aminosilanes
1.6.1 The role of surface silanols
1.6.2 The role of silane silanols
1.6.3 Conclusion
2. Modification with chlorosilanes
2.1 Vapour - phase reactions with (methyl) chlorosilanes
2.1.1 A review
2.1.2 Effectiveness, surface coverage and stoichiometry
2.2 Liquid - phase reactions with alkylchlorosilanes (C; - Cig)
3. Modification with other silicon compounds
3.1 Halogenosilanes (R, SiBr,, R, ,Sil)
3.2 Alkoxysilanes (R,,Si(OR),)
3.3 Alkylsiloxanes
References

CHAPTER 10 MODIFICATION WITH BORON COMPOUNDS

1. Introduction
2. Modification with boronhalides
2.1 Reaction mechanism
2.2 Influencing factors
2.2.1 The effect of the pretreatment temperature
2.2.2 The effect of the reaction temperature
2.2.3 The effect of the degassing temperature
2.2.4 The effect of the transition state
2.2.4 The effect of the reaction time
2.3 Stability of the modified surface
3. Modification of the silica surface with diborane
3.1 Introduction
3.2 Reaction mechanism
3.2.1 Reaction with hydroxyls
3.2.2 Reaction with siloxanes
3.3 Hydroxy! specificity
3.4 Kinetic study of the boronation reaction

209
210
219
225
225

226
233
239
240
240
243
244
255
256
262
263
266
266
266
270
282
288
288
289
290
292

299

299
300
300
304
304
311
312
313
315
315
319
319
320
320
331
335
339



3.5 Influence of the boronation reaction on porosity of the silica
References

CHAPTER 11 MODIFICATION WITH OTHER COMPOUNDS

1. Modification with Ti - compounds
1.1 Reaction mechanisms
1.2 Analysis techniques
1.3 Applications
2. Modification with Al - compounds
2.1 Reaction mechanisms
2.2 Analysis techniques
2.3 Applications
2.3.1 Model systems for cracking catalysts
2.3.2 Ziegler - Natta catalysts
3. Modification with P - compounds
3.1 Reaction mechanisms
3.2 Analysis techniques
3.3 Applications
4. Modification with transition metal compounds
References

CHAPTER 12 AMMONIATION OF MODIFIED SILICA:
INTRODUCTION OF FUNCTIONAL GROUPS

1. Introduction
2. Ammoniation of the unmodified silica
2.1 At room temperature
2.2 At moderate temperatures
2.3 At high temperatures
2.4 At very high temperatures
2.5 Summary
3. Ammoniation of halogenated silica
4. Ammoniation of chlorosilylated silica
4.1 Room temperature ammoniation
4.2 Ammoniation at higher temperatures
4.2.1 Silazane functions
4.2.2 Nitride functions
4.3 Diagnostic value of the Si - H vibration
4.3.1 Quantitative determination of the surface species,
using PLS
4.3.2 Mechanistic study of the perturbation of the silane band
4.3.3 Conclusion
5. Ammoniation of silica, activated with boron compounds
5.1 The boron - nitrogen chemistry
5.2 Ammoniation of boronated silica
5.3 Ammoniation of silica, activated with BCI,

Xiii

347
353

357

357
357
361
363
364
364
368
368
368
369
370
370
374
375
375
378

383

383
384
384
386
388
389
389
390
393
393
396
399
401
404

405
413
417
418
418
422
425



Xiv
PART I CHEMICAL SURFACE COATING
CHAPTER 13 COATING TECHNIQUES

1. Chemical Vapour Deposition (CVD)
1.1 Conventional Chemical Vapour Deposition
1.2 Metal - organic CVD (MOCVD)
1.3 Plasma - Enhanced CVD (PECVD)
1.4 Laser CVD (LCVD)
1.5 Fluidized CVD (FBCVD)
1.6 Chemical Vapour Infiltration (CVI)
1.7 Materials and applications
2. Physical Vapour Deposition (PVD)
2.1 Thermal Physical Vapour Deposition (PVD)
2.2 Sputtering
2.3 Ton plating
3. Atomic Layer Epitaxy
4. Molecular Layering
5. Chemical Surface Coating
References

CHAPTER 14 CHEMICAL SURFACE COATING

1. Principles of Chemical Surface Coating
2. Gas-phase modification
2.1 Creation of the precursor
2.1.1 Cycle 1
2.1.2 Cycles 2 - 4
2.1.3 Further optimization of the CSC precursor
2.2 Thermal conversion of the precursor
2.2.1 Quantitative determination of the surface species
2.2.2 Conversion of silanes, some reflections
2.2.3 Conclusion
3. Liquid phase CSC
3.1 The synthesis of silicon carbides
3.2 Silicon (oxy)carbide coatings by Chemical Surface Coating
3.3 Conclusion
References

437

437
4338
440
441
442
443
4435
445
449
450
451
452
453
455
458
458

461

461
463
464
464
465
469
471
47
474
475
476
476
478
485
485



APPENDICES SURFACE ANALYSIS TECHNIQUES

APPENDIX A FTIR-PAS
Fourier Transform Infrared Spectroscopy with Photoacoustic
detection

1. Introduction
2. Fourier Transform Infrared Spectroscopy
2.1 Principles
2.2 The interferogram
2.3 Apodization and phase correction
3. Photoacoustic spectroscopy
3.1 Principles
Bibliography

APPENDIX B XPS
X-Ray Photoelectron Spectroscopy

1. Principles
2. Instrumentation
Bibliography

APPENDIX C #Si CP MAS NMR
Cross Polarization Magic Angle Nuclear Magnetic Resonance

1. Principles

2. Magic Angle Spinning
3. Cross Polarization
Bibliography

APPENDIX D SURFACE SCIENCE TECHNIQUES

AUTHOR INDEX

SUBJECT INDEX

Xv

439

489
491
491
492
495
496
496
499

501
501
503
504
505
505
507
509
510

511

529

3543









PART 1: THE SILICA SURFACE

Chapter 1

Silica: preparation and properties

1 Introduction: natural and synthetic silica

The name silica comprises a large class of products with the general formula SiO, or
Si0,.xH,0. Silica is a naturally occurring material in minerals, such as quartz and
flint, and in plants such as bamboo, rice and barley. Most of the silica used in
chemical applications however, has a synthetic origin. In its natural form it mostly
occurs as a crystalline phase. Various phases may be formed, depending on
temperature, pressure and degree of hydration. At atmospheric pressure the
anhydrous crystalline silica may be classified in the following phases, according to the
temperature:

1143 K 1743 K
quartz = tridymite <= cristobalite

At 1973 K cristobalite is transformed to amorphous vitreous silica glass. The
crystalline form involves a high degree of ordering in a dense structure. The active
surface, which may participate in any chemical or physical interaction, is limited to
the external surface of the crystalline particles. The specific surface area therefore is
similar to the geometric surface.



