catalytic Kinetics

Dmitry Murzin and Tapio Salmi




Contents

vil

Preface

Chapter 1. Setting the scene
1.1. History
1.2. Catalysis
1.3. Formal kinetics
1.4. Acquisition of kinetic data
1.4.1. Batch reactors
1.4.2. CSTR
1.4.3.Plug flow reactors
1.4.4. Gradient-free recycle reactors
1.5. Kinetics and thermodynamics

Chapter 2. Catalysis
2. Homogeneous catalysis
2.1.Gas-phase catalysis
2.2.Acid-base catalysis
2.3, Catalysis by transition metals
2.4. Biocatalysis (catalysis by enzymes)
2.5 Heterogeneous catalysis
2.5.1.Classification
2.5.2. Kinetics in heterogeneous catalysis
2.5.3. Elementary steps
2.5.4. Adsorption isotherms — ideal surfaces
2.5.5. Adsorption isotherms — real surfaces
2.5.5.1. Adsorption isotherms — induced nonuniformity
2.5.6, Adsorption isotherms — multicentered adsorption
2.5.7. Different adsorption modes

Chapter 3. Elementary reactions
3.1. Reaction rate theory
3.2. Reaction mechanism
3.3. Quasi-equilibrium approximation
3.4, Relationship between thermodynamics and kinetics
3.5. Transition state theory of surface reactions
3.6. Rates of reactions on nonideal surfaces
3.6.1. Biographical nonuniformity
3.6.2. Lateral interactions
3.6.3. Limited mobility of adsorbed species
3.7. Determenistic and stochastic models
3.8. Micro kinetic modelling
3.9. Compensation etfect

Chapter 4. Complex reactions
4.1. Steady-state kinetics of complex reactions

100
103
104
107
108

111
111



viii

4.2, Basic routes of complex reactions

4.3. Single-route steady-state reaction

4.4, Topological analysis of complex reactions
4.5, Kinetic aspects of selectivity

4.6. Parallel reactions : kinetic coupling

4.7. Reduction of complexity

Chapter 5. Homogeneous catalytic kinetics

5.1. Homogeneous acid-base catalysis

5.2. Nucleophilic catalysis

5.3. Catalysis by metal ions

5.4, Catalysis by organometallic compexes
5.4.1. Single catalytic cycles
5.4.2. Ligand deficient catalysis and inhibition
5.4.3. Multiple cycles

Chapter 6. Enzymatic Kinetics

6.1. Enzymatic catalysis

6.2. Cooperative kinetics

6.3. Inhibition

6.4, Effects of pH

6.5. Heterogeneos systems/immobilized enzymes

Chapter 7. Heterogeneous catalytic kinetics
7.1. Reactions on ideal surfaces
7.2. Reactions on nonideal surfaces
7.2.1. Intrinsic nonuniformity
7.2.2. Induced nonuniformity
7.2.3. Thermodynamic considerations of kinetics on non-ideal surfaces
7.2.4. Ammonia synthesis
7.2.5. Linear sequence on nonuniform surfaces
7.2.6. Kinetic considerations of optimum catalyst for two-step sequence
7.3. Selectivity
7.4. Polyatomic nature of reactants and coverage dependent adsorption mode
7.5. Tonic species
7.6, Transfer of labeled atoms in heterogeneous catalytic reactions
7.7. Electrocatalytic kinetics
7.8. Combined heterogeneous-homogeneous reactions

Chapter 8. Dynamic catalysis
8.1. Transient kinetics A
8.1.1. Relaxation to steady state
8.2. Relaxation methods
8.3. Temperature programmed desorption
8.4. Oscillations
8.4.1. Homogeneous catalysis
8.4.2, Enzymatic catalysis
8.4.3. Heterogeneous catalysis
8.5. Activity changes (deactivation)

121
123
127
135
143
148

149
149
158
162
164
164
172
176

189
189
202
212
220
222

225
225
235
235
240
241
242
247
251
253
256
263
265
270
278

285
285
285
288
304
307
307
312
314
317



8.5.1. Heterogeneous catalysis

8.5.1.1. Coking

8.5.1.2. Batch reactors

8.5.1.3. Multilayer coking -

8.5.1.4. Poisoning

8.5.1.5. Enhancement of activity while deactivating
8.5.2. Enzyme deactivation

Chapter 9. Mass transfer and catalytic reactions
9.1. Catalytic multi-phase systems
9.2. Simultancous reaction and diffusion in fluid films and in porous materials
9.3. Gas-liquid reactions
6.3.1. Slow reactions
9.3.2. Reactions with a finite liquid film reaction velocity
9.3.3. Zero-order reactions
9.3.4. First order reactions
9.3.5. Utilization factor
9.4. Liquid-liquid diffusion, phase transfer catalysis
9.5. Catalytic two-phase systems
9.5.1. Chemical reaction and diffusion inside a catalyst particle
9.5.2. First-order reaction i
9.5.2.1. Sphere and first order kinetics
9.5.2.2. Slab and first order kinetics
9.5.3. Asymptotic effectiveness factors for arbitrary kinetics
9.5.4. Non-isothermal conditions
9.6. Mass transfer and enzymatic kinetics
9.7. External mass transfer
9.8. Internal diffusion and selectivity
9.9, Internal diffusion and deactivation
9.10. Elucidation of the impact of mass transfer
9.10.1. Criteria for the absence of mass and heat transfer limitations (fixed bed)
9.10.2, Mass transfer coefficients
9.10.3. Calculation of diffusion coefficients
9.10.4. Heat conductivity
9.11. Three-phase systems

Chapter 10. Kinetic modelling
10.1. Basic principles
10.2. Heuristic design of experiments
~ 10.3. Parameter estimation : clasical methods
10.4. Parameter estimation: regression
10.5. Numerical strategies
10.5.1. Solution of algebraic equation systems
10.5.2. Solution of differential equations
10.5.2.1. Ordinary differential equations
10.5.2.2. Partial differential equations
10.6. Analysis of parameters
10.6.1. Statistical analysis
10.6.2. Supression of the correlation between parameters

X

317
321
330
332
334
336
337

341
341
342
345
350
351
351
354
356
358
362
362
365
366
372
375
379
385
390
392
397
398
398
401
404
411
411

419
419
425
428
431
435
435
437
437
440
440
440
443



10.6.3. Systematic deviations and normalization of experimental data
10.6.4. Physico-chemical testing
10.6.5. Significance of kinetic parameters

10.7. Model discrimination

10.8. Software

10.9. Case study

Recommended literature

Subject Index

446
450
451
452
454
462

469

477



