
TABLE OF CONTENTS 

Page 

... 
LIST OF TABLES ......................................................................................................... VIII 

.......................................................................................................... LIST OF FIGURES ix 

LIST OF SYMBOLS ....................................................................................................... xv 

... ................................................................................................................. ABSTRACT xvm 

.................................................................................... CHAPTER 1 . INTRODUCTION 1 

................................................................................... 1.1 Inclusion Chromatography 1 
................................................ 1.2 Studies of Nonlinear Chromatographic Theories 3 

........................................................................ CHAPTER 2 . LITERATURE REVIEW -8 

........................................................................................................ 2.1 Cyclodextrins 8 
........................................................... 2.1.1 Historical Background (Szejtli. 1982) -8 

2.1.2 The Structures of CDs ................................................................................... -9 
.............................................................. 2.1.3 Some Important Properties of CDs 10 

.............................................. 2.1.4 Types of Guest Molecules in CD Complexes 1 
......................................... 2.1.5 Binding Forces of CD Complexes .................. .. 15 

............................................. 2.2 CDs as Catalysts (Bender and Korniyama. 1978) -15 
........................................................................................ 2.3 CD-Containing Resins 16 

............................................................................... 2.3.1 With Inorganic Support 1 6  
.................................................................................. 2.3.2 With Organic Support 18 

.................... 2.4 Applications of CDs. CD Derivatives and CD-Containing Resins 19 
.................................................................................... 2.4.1 Analytical Chemistry 19 

2.4.2 Applications in the Agricultural Industry .................................................... -20 
2.4.3 Applications in Food and Tobacco Indusmes .............................................. 20 
2.4.4 Applications in the Pharmaceutical Industry ............................................... 21 
2.4.5 Applications in the Chemical Industry ......................................................... 21 
2.4.6 Other Applications ...................................................................................... -22 

2.5 Dynamics of Nonlinear Multicomponent Chromatography in Fixed-Beds ....... 22 
2.5.1 Equilibrium Theory ..................................................................................... -22 
2.5.2 Plate Models ................................................................................................. 23 
2.5.3 Rate Models ................................................................................................. -24 



Page 

................... 2.5.3.1 Rate Expressions and Particle Phase Governing Equations 25 
............................... 2.5.3.2 Adsorption Kinetics and Affinity Chromatography 26 

............................................ 2.5.3.3 Governing Equations for Bulk Fluid Phase 26 
2.5.4 General Multicomponent Rate Models ........................................................ 27 
2.5.5 Solution to the General Multicomponent Rate Models ................................ 27 

2.5.5.1 Discretization of Particle Phase Equations ............................................. 28 
................................................. 2.5.5.2 Discretization of Bulk Phase Equations 28 

2.5.5.3 Solution to the ODE System .............................. .,,.,. + .....,,,,. . .............,,,,. 29 

CHAPTER 3 . MATERIALS AND EXPERIMENTAL PROCEDURES ..................... 31 

.................................................................. 3.1 Syntheses of CD- Containing Resins 31 
....................................................................................................... 3.1.1 Materials 31 

3.1.2 MMA Method ............................................................................................... 33 
3.1.3 BA Method ................................................................................................... 34 

........................................................................................ 3.2 Adsorption Isotherms -35 
3.2.1 Chromatographic Methods ........................................................................... 35 
3.2.2 Batch Adsorption Method ............................................................................ 36 

3.3 Inclusion Clrro~na~ography Using Cyclodexnin-Containing Resins .................. 37 
.......................................................................................... 3.3.1 Column Packing -37 

..................................................................................... 3.3.2 Nongradient Elution 37 
............ 3.3.3 Stepwise Displacement Experiments and Evaluation of Displacers 40 

...................................................... 3.3.4 Experiments with Real Sample Systems 40 
................................................................................... 3.3.4.1 Corn Steep Water 40 

3.3.4.2 Phenylalanine-Containing Industrial Waste Samples ............................ 41 

CHAPTER 4 . EXPERIMENTAL RESULTS AND DISCUSSIONS ........................... 43 

4.1 Properties of Synthesized CD-Containing Resins ............................................. -43 
4.2 Reaction Mechanisms ........................................................................................ 47 

......................................................................................... 4.3 Adsorption Isotherms 47 
4.4 Separation of a Binary Sample by Nongradient Elution .................................... 52 
4.5 Displacement Experiments and Evaluation of Displacers ................................. 54 
4.6 Application to Real Systems .............................................................................. 63 

4.6.1 Corn Steep Water ......................................................................................... 63 
4.6.2 Phenylalanine-Containing Industrial Waste Samples .................................. 63 

CHAPTER 5 . THEORY AND MATHEMATICAL MODELING ............................... 66 

5.1 A General Multicomponent Rate Model for Axial Flow Chromatography ....... 66 
5.1.1 Model Assumptions ...................................................................................... 66 
5.1.2 Model Formulation ...................................................................................... -68 

5.2 Numerical Solution to the Model ....................................................................... 70 



Page 

. . ................................................................................................ 5 .2.1 Discretmttlon 70 
....................... ....................................... 5.2.2 Solution to the ODE System ... 72 

.................................................................................... 5.2.3 Isotherm Expressions 73 
.................................... 5.3 Efficiency and Robustness of the Numerical Procedure 75 

5.4 Extension of the Rate Model .............................................................................. 79 
.............................................................. 5.4.1 Addition of Second Order Kinetics 80 

.......................................................................................... 5.4.2 Solution Strategy 81 
.............................................................. 5.4.3 Addition of Size Exclusion Effects 82 

5.4.4 Solution Strategy .......................................................................................... 84 
....... 5.5 Multicomponent Adsorption Systems with Uneven Saturation Capacities 85 

5.5.1 Systems with Physically Induced Uneven Saturation Capacities ................ 86 
....................................................................... 5.5.2 Kinetic and Isotherm Models 86 

5.5.3 Systems with Chemically Induced Uneven Saturation Capacities .............. 88 
.................................................................................... 5.5.4 Isotherm Cross-Over 89 

5.6 Other Extensions of the Rate Model .................................................................. 98 
5.7 The Question of Column Boundary Conditions ................................................. 98 

CHAPTER 6 . OPTIMIZATION OF STEPWISE DISPLACEMENT ........................ 108 

............................................................. 6.1 Introduction 108 
6.2 Results and Discussion (Gu et al.. 1990c) ........................................................ 112 

6.2.1 Effect of Feed Concentration of Displacer (CO2) ....................................... 112 
6.2.2 Effect of Adsorption Equilibrium Constant of Displacer (bz) ................... 115 

....................................................................................... 6.2.3 Industrial Practice 119 
6.3 Summary .......................................................................................................... 120 

CHAPTER 7 . MASS TRANSFER EFFECTS IN 
............................. MULTICOMPONENT CHROMATOGRAPHY 124 

7.1 Effects of Parameters PeLi . Bii and qi ............................................................. 124 
.......................................................................................... 7.2 Effect of Flow Rate 128 

7.3 Effect of Mass Transfer in a Case with Unfavorable Isotherm ........................ 133 

CHAPTER 8 . DISPLACEMENT EFFECTS IN 
MULTICOMPONENT CHROMATOGRAPHY ................................. 137 

8.1 Introduction ..................................................................................................... -137 
....................................................... 8.2 Results and Discllssion (Gu et al.. 1990b) 138 

8.2.1 Displacement Operation ........................................................................... 139 
8.2.2 Frontal Adsorption ...................................................................................... 142 
8.2.3 Elution ....................................................................................................... -147 

8.2.3.1 Effect of the Adsorption Equilibrium Constants .................................. 149 
8.2.3.2 Low Adsorption Saturation Capacity ................................................... 152 



Page 

............. 8.2.3.3 High Sample Feed Concentrations (Concentration Overload) 152 
............................................... 8.2.3.4 Large Sample Size (Volume Overload) 152 

.............................................................................. 8.2.3.5 More Component(s) 155 
8.3 Summary ........................................................................................................... 155 

................... CHAPTER 9 . SYSTEM PEAKS IN MULTICOMPONENT ELUTION 160 

..................................................................................................... 9.1 Introduction -160 
........................................................ 9.2 Boundary Conditions for the Rate Model 162 
........................................................ 9.3 Results and Discussion (Gu et al., 1990e) 163 

..................... 9.3.1 Modifier Affinity Is Weaker Than Those of Sample Solutes 163 
............................. 9.3.2 Modifier Affinity Is Between Those of Sample Solutes 167 

.................... 9.3.3 Modifier Affinity Is Stronger Than Those of Sample Solutes 169 
....................... 9.3.4 Effect of Modifier Concentration on System Peak Patterns 173 

................................. .................. 9.3.5 Effect of Modifier on Sample Solutes .. 177 
........................................................................... 9.3.6 Effect of Type of Sample 182 

................................................. 9.3.7 Effect of Sample Solutes on the Modifier -184 
............................................................ 9.3.8 Summary of System Peak Patterns -187 

........... 9.3.9 Binary Elu~iorl with Two Different Modifiers in the Mobile Phase 190 
........................................................................................ 9.4 Concluding Remarks 190 

.................................................. CHAPTER 10 . AFFINlTY CHROMATOGRAPHY 196 

.................................................................................................... 10.1 Introduction 196 
........................................................................... 10.2 Effect of Reaction Kinetics -198 

................................................................................. 10.3 Effect of Size Exclusion 206 
10.4 Interaction Between Soluble Ligand and Macromolecule ............................. 210 

................................................. 10.4.1 Modeling of Reaction in the Fluid Phase 210 
...................................................................................... 10.4.2 Solution Strategy 212 

.......................... 10.5 Modeling of the Three S rages in Affinity Chromatography 213 
......................................................... 10.6 Inhibition in Affinity Chromatography 217 

10.7 Summary ......................................................................................................... 217 

CHAPTER 1 1 . MULTICOMPONENT RADIAL FLOW 
CHROMATOGRAPHY ..................................................................... -221 

1 1.1 Introduction ................................................................................................... 221 
............................................. 11.2 General Multicmponent Rate Model For RFC 225 

..................................................................................... 11.3 Numerical Solution ....229 
11.3.1 Using v value at V = 0.5 for averaging Dbi and ki ................................... 232 
11.3.2 Using v value at X = (XI + Xo)/2 for averaging Dbi and ki .................... 232 

11.4 Results and Discussion (Gu et al., 1990d) ................................................. 233 
1 1.4.1 Simulations of Different Chromatographic Operations ........................... 233 



vii 

Page 

1 1.4.2 Effect of Vo ........................................................................................... -238 
.. ................................................ 1 1.4.3 Effects of Pei. q; and Bii on elution ..... -241 

1 1.4.4 Effect of treating Dbi and ki as variables ................................................. 241 
1 1.4.5 Comparison of RFC and AFC ................................................................. -249 

........................................................... 11.5 Extensions of the General RFC Model 252 
......................................................................................................... 11.6 Summary 252 

............................. . CHAPTER 12 CONCLUSIONS AND RECOMMENDATIONS 256 

12.1 Syntheses of Cyclodextrin-Containing Resins ............................................... 256 
........................................... 12.2 Studies of Nonlinear Chromatographic Theories 257 

BIBLIOGRAPHY ......................................................................................................... 260 

VITA .............................................................................................................................. 275 


