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Abstract 

Chirality is a major concern in the modern pharmaceutical, food and agricultural 

industries. The importance of enantiopure drugs has risen dramatically in recent years 

due to Food and Drug Administration regulations requiring that all chiral bioactive 

molecules must be isolated and tested for the efficacy and safety, and have to be as pure 

as possible containing a single pure enantiomer. There are essentially three strategies that 

can be applied to obtain pure isomers: (a) extraction from plants and animal materials (b) 

enantio-selective asymmetric synthesis so that only one isomer is formed in the first 

place, or (c) making a racemate and finding a method for separating the enantiomers. 

Only few enantiomers exist in nature and most of them are racemates. A highly efficient 

chiral asymmetric synthesis route would be the ideal situation, but it usually takes about 

10-15 years to develop a synthesis recipe. Hence, the best strategy would be to synthesize 

the drug in racemate form and separate the isomers to produce single pure enantiomer.  

 Among the variety of enantioseparation methods, chromatography and crystallization 

are the most dominant methods for the recovery of pure enantiomers. However, both 

methods have limitations. Crystallization cannot obtain enantiopure enantiomers from the 

racemic compound directly. In Simulated Moving Bed (SMB), solvent consumption 

increases exponentially if desired purity requirement is close to 100%. In this work, the 

coupling of SMB for enrichment followed by direct crystallization is applied for the 

chiral resolution to circumvent limitations of each method. In order to take advantage of 

both the processes, SMB chromatography is used for partial enrichment thereby reducing 

solvent consumption followed by direct crystallization to obtain 100% pure enantiomers. 



 

iv 

 

Here, the chiral resolution of mandelic acid (MA) as racemic compound was considered 

to investigate the performance of the hybrid SMB-crystallization process theoretically as 

well as experimentally. The solubility and metastable zone limit of (R,S)-MA and (R)-

MA in water and the crystallization kinetics parameters of (R,S)-MA and (R)-MA by 

optimization of the crystallization model based on the necessary experimental data 

collected in unseeded cooling batch crystallizers were determined. For the SMB part, the 

choice of mobile phase and determination of binary competitive equilibrium isotherms 

parameters of (R,S)-MA and the experimental and modeling studies of SMB process have 

also been accomplished.  

Keywords: 

Mandelic acid, racemic compound solubility, metastable zone, cooling crystallization, 

parameter estimate, nucleation and growth kinetics, FBRM, ATR-FTIR, mobile phase 

composition, competitive adsorption isotherms, inverse method, frontal analysis, 

simulated moving bed. 

 

 

 

 

 



 

v 

 

Co-Authorship Statement  

Chapter 3: A version of chapter 3 was accepted by Journal of Separation Science: 

 Mao, S.; Zhang, Y; Rohani, S.; Ray, A.K. Chromatographic Resolution and 

Isotherm Determination of (R,S)-Mandelic Acid on Chiralcel OD Column, 

Accepted for publication in the Journal of Separation Science. 

The experiments were designed and conducted by the author. The manuscript was written 

by the author and revised by Dr. Y. Zhang and Dr. A.K. Ray. And the experiment 

materials were provided by Dr. A. K. Ray and Dr. S. Rohani.  

Chapter 4: A version of chapter 4 was submitted to Separation and Purification 

Technology: 

 Mao, S.; Zhang, Y; Ray, A.K.; Rohani, S. Enantioseparation of Racemic 

Mandelic Acid by Simulated Moving Bed Chromatography Using Chiralcel 

OD Column, Submitted to Journal of Separation Science. 

Writing the manuscript, collecting the data, designing and performing experiments are 

completed by the author. Dr. Y. Zhang and Dr. A.K. Ray revised the manuscript. Dr. S. 

Rohani also provided some suggestion on the manuscript. 

Chapter 5: A version of chapter 5 was published as: 

 Mao, S.; Zhang, Y; Rohani, S.; Ray, A.K. Kinetics of (R,S)-Mandelic Acid 

and (R)-Mandelic Acid in an unseeded cooling batch crystallizer, Journal of 

Crystal Growth, 312(22), 3340-3348(2010). 



 

vi 

 

All data were collected by the author. The design of the experiments was performed by 

Dr. Y. Zhang and author under the supervision of Dr. S. Rohani.  The manuscript was 

written by the author and revised by Dr. Y. Zhang and Dr. S. Rohani. Dr. A.K. Ray also 

provided some suggestion on the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

 

 

 

 

 

 

 

 

 

To my parents, grandparents and aunt for endless 

support and love 



 

viii 

 

Acknowledgments  

Acknowledgement and many thanks are due to Dr. Ajay K. Ray and Dr. Sohrab Rohani, 

my supervisors, for their enthusiasm, patience and advice, and for giving me the 

continuous support and encouragement on the occasions that I felt frustrated.   

I would also like to extend my gratitude to Dr. Yan Zhang who taught me how to do the 

research from scratch.  Many thanks to Dr. Quan He, Dr. Jie Lu and Dr. Milana Trifkovic 

for their help during my Ph.D study. And I would like to thank Ghodsieh Malekshoar, 

Housyn Mahmoud, Nillohit Mitra Ray, Noshin Hashim, Pankaj Chowdhury, Pegah 

Saremirad, Fate Hashemi and Souheil Afara for providing me with a good research 

environment.  

I would like to extend special thanks to my parents, my grandparents and my aunt for 

their endless love and extreme support and patience throughout this process. I couldn’t 

have done this without you.  



 

ix 

 

Table of Contents 

CERTIFICATE OF EXAMINATION ............................................................................... ii 

Abstract .............................................................................................................................. iii 

Co-Authorship Statement.................................................................................................... v 

Acknowledgments............................................................................................................ viii 

Table of Contents ............................................................................................................... ix 

List of Tables ................................................................................................................... xiii 

List of Figures ................................................................................................................... xv 

Nomenclature ................................................................................................................... xix 

Chapter 1 ............................................................................................................................. 1 

Introduction ......................................................................................................................... 1 

1.1 Background ............................................................................................................. 2 

1.2 Research objective and approaches ........................................................................ 7 

1.3 Thesis organization ............................................................................................... 10 

1.4 Contribution .......................................................................................................... 11 

1.5 Reference .............................................................................................................. 13 

Chapter 2 ........................................................................................................................... 16 

Literature Review.............................................................................................................. 16 

2.1 Simulated moving bed (SMB) .............................................................................. 17 

2.1.1 Background of SMB ................................................................................. 17 

2.1.2 Chromatography ....................................................................................... 18 

2.1.3 Continuous counter-current chromatography ........................................... 19 

2.1.4 Column model for SMB............................................................................ 24 

2.1.5 Competitive adsorption isotherm models ................................................. 27 



 

x 

 

2.1.6 Node model ............................................................................................... 30 

2.1.7 Design strategy for SMB .......................................................................... 31 

2.1.8 Performance parameters ............................................................................ 36 

2.2 Direct crystallization ............................................................................................. 38 

2.2.1 Background of crystallization ................................................................... 38 

2.2.2 The mathematical model of crystallization process .................................. 44 

2.2.3 Direct crystallization for the pure enantiomers ......................................... 48 

2.3 Coupling of simulated moving bed chromatography and direct crystallization ... 54 

2.4 Reference .............................................................................................................. 55 

Chapter 3 ........................................................................................................................... 66 

Chromatographic Resolution and Isotherm Determination of (R,S)-Mandelic Acid on 
Chiralcel-OD Column .................................................................................................. 66 

3.1 Introduction ........................................................................................................... 67 

3.2 Modeling ............................................................................................................... 70 

3.2.1 Competitive modified Langmuir adsorption isotherm model ................... 70 

3.2.2 Column model ........................................................................................... 71 

3.2.3 Isotherm parameters estimation ................................................................ 73 

3.3 Experimental ......................................................................................................... 73 

3.3.1 Equipment ................................................................................................. 73 

3.3.2 Materials ................................................................................................... 74 

3.3.3 Solubility measurement of (R,S)-MA ....................................................... 75 

3.3.4 Resolution of (R,S)-MA and isotherm determination ............................... 75 

3.4 Results and discussion .......................................................................................... 78 

3.4.1 Choice of mobile phase ............................................................................. 78 

3.4.2 Parameters estimation, optimization and validation for competitive 
adsorption isotherm ................................................................................... 82 



 

xi 

 

3.5 Conclusions ........................................................................................................... 91 

3.6 References ............................................................................................................. 93 

Chapter 4 ........................................................................................................................... 97 

Enantioseparation of Racemic Mandelic Acid by Simulated Moving Bed 
Chromatography Using Chiralcel OD Column ............................................................ 97 

4.1 Introduction ........................................................................................................... 98 

4.2 Theoretical background ...................................................................................... 100 

4.2.1 Isotherm model ....................................................................................... 100 

4.3 SMB model ......................................................................................................... 101 

4.3.1 SMB modeling ........................................................................................ 101 

4.3.2 Design of SMB ....................................................................................... 103 

4.4 Experiment setting .............................................................................................. 107 

4.4.1 Materials and equipments ....................................................................... 107 

4.4.2 SMB operation ........................................................................................ 108 

4.5 Results and discussion ........................................................................................ 109 

4.5.1 Isotherm parameters and rate coefficients .............................................. 109 

4.5.2 Complete separation region .................................................................... 110 

4.5.3 The effects of operating conditions on SMB performance ..................... 110 

4.5.4 Validation of the SMB model with the experimental data ..................... 121 

4.6 Conclusion .......................................................................................................... 125 

4.7 Reference ............................................................................................................ 126 

Chapter 5 ......................................................................................................................... 128 

Kinetics of (R,S)- and (R)-Mandelic Acid in an Unseeded Cooling Batch Crystallizer . 128 

5.1 Introduction ......................................................................................................... 129 

5.2 Materials and methods ........................................................................................ 131 

5.2.1 Calibration for IR spectrum .................................................................... 132 



 

xii 

 

5.2.2 Solubility determination.......................................................................... 134 

5.2.3 Measurement of metastable zone limit ................................................... 134 

5.2.4 Unseeded cooling batch crystallization .................................................. 134 

5.3 Modeling ............................................................................................................. 136 

5.4 Optimization and crystallization kinetics parameter estimation ......................... 138 

5.5 Results and discussion ........................................................................................ 139 

5.5.1 Calibration model.................................................................................... 139 

5.5.2 Solubility ................................................................................................. 144 

5.5.3 Metastable zone width (MSZW) ............................................................. 145 

5.5.4 Kinetics estimation, optimization and validation.................................... 147 

5.5.5 Supersaturation ....................................................................................... 150 

5.6 Conclusion .......................................................................................................... 156 

5.7 Reference ............................................................................................................ 157 

Chapter 6 ......................................................................................................................... 160 

Conclusions and Recommendations ............................................................................... 160 

6.1 Conclusions ......................................................................................................... 161 

6.1.1 Simulated moving bed ............................................................................ 161 

6.1.2 Crystallization ......................................................................................... 163 

6.2 Recommendation for future work ....................................................................... 165 

Appendix A: Introduction to genetic algorithm .............................................................. 167 

Appendix B: Column dimension .................................................................................... 170 

Appendix C: Copyrighted material and permissions ...................................................... 171 

Curriculum Vitae ............................................................................................................ 173 



 

xiii 

 

List of Tables 

Chapter 2 

Table 2- 1: Relationship between a TMB and SMB ......................................................... 24 

Chapter 3 

Table 3- 1: The operating conditions for the isotherm measurements .............................. 76 

Table 3- 2: The selectivity (α) and resolution (Rs)of the band profiles ............................ 80 

Table 3- 3: Axial dispersion coefficient values with different flow rates of mobile phase

 ........................................................................................................................ 83 

Table 3- 4: Competitive modified Langmuir isotherm parameters .................................. 84 

Table 3- 5: The experimental data for frontal analysis ..................................................... 90 

Chapter 4 

Table 4- 1: Transient model equations for SMB chromatography ................................. 102 

Table 4- 2: The void fraction of each column in SMB unit ............................................ 107 

Table 4- 3: Isotherm parameters and rate coefficients of (R)- and (S)-MA in SMB column

 ...................................................................................................................... 109 

Table 4- 4: Operation conditions and parameters for the SMB experiments ................. 111 

Table 4- 5: Separation performance of experiments on SMB ........................................ 112 

Chapter 5 

Table 5- 1: Mandelic acid solutions used for calibration model ..................................... 133 

Table 5- 2: Operating parameters of cooling crystallization of (R, S)-MA and (R)-MA 135 



 

xiv 

 

Table 5- 3: Estimated kinetics parameters ...................................................................... 148 

Table 5- 4: Comparison of nolume weighted mean size ................................................. 150 



 

xv 

 

List of Figures  

Chapter 1 

Figure 1- 1: Sketch of two enantiomers. ............................................................................. 2 

Figure 1- 2: Typical binary phase diagrams illustrating the three types of racemate (1. 

Conglomerate, 2. Racemic compound, 3. Pseudoracemate) [9]. ..................... 4 

Figure 1- 3: The scheme of the coupling process of SMB and crystallization process for 

resolution of mandelic acid. ............................................................................. 8 

Chapter 2 

Figure 2- 1: Analogy for elution chromatography. ........................................................... 19 

Figure 2- 2: Analogy for countercurrent elution chromatography. ................................... 20 

Figure 2- 3: Typical configuration of the true moving bed. ............................................. 22 

Figure 2- 4: Typical configuration of the simulated moving bed. .................................... 23 

Figure 2- 5: Triangle theory: the different separation regimes on the (m2, m3) plane for the 

binary separation with linear adsorption isotherm. ........................................ 34 

Figure 2- 6: Triangle theory: the different separation regimes on the (m2, m3) plane for the 

binary separation with Langmuir adsorption isotherm. ................................. 36 

Figure 2- 7: Equilibrium phase diagram, unseeded crystallization (dash line) and seeded 

crystallization (dot line). ................................................................................ 41 

Figure 2- 8: The setup of the crystallization experiment: 1.ATR-FTIR, 2.FBRM, 3.ATR-

FTIR monitor, 4.FBRM monitor, 5. Double jacketed 200 mL glass 

crystallizer, 6.Magnetic stirring bar, 7. Magnetic stirrer, 8.Bath circulator. .. 51 

Figure 2- 9: Principle of direct crystallization for racemic compound systems. .............. 53 



 

xvi 

 

Chapter 3 

Figure 3- 1: Molecular structure of mandelic acid. ........................................................... 68 

Figure 3- 2: Binary phase diagram of the racemic mandelic acid [16]. ............................ 70 

Figure 3- 3: Solubility of (R,S)-MA with different ethanol proportions in the mobile 

phase............................................................................................................... 79 

Figure 3- 4: Influence of IPA proportion in the mobile phase on the elution profiles of 

(R)-MA and (S)-MA....................................................................................... 80 

Figure 3- 5: Influence of TFA proportion in the mobile phase on the retention and 

enantioselectivity of (R,S)-MA. ..................................................................... 81 

Figure 3- 6: Best-fit of competitive modified Langmuir isotherm. .................................. 85 

Figure 3- 7:  Verification of the best-fit isotherm parameters with lower elution flow rate.

 ........................................................................................................................ 87 

Figure 3- 8: Verification of the best-fit isotherm parameters with medium elution flow 

rate. ................................................................................................................. 88 

Figure 3- 9: Verification of the best-fit isotherm parameters with higher elution flow rate.

 ........................................................................................................................ 89 

Figure 3- 10: The competitive modifier Langmuir isotherm models for (R)- and (S)-MA 

obtained by frontal analysis and inverse method,  where q1=f(c1,c2=const) 

and q2=f(c1=const, c2). ................................................................................... 91 

Chapter 4 

Figure 4- 1: Schematic diagram of an open loop four section SMB unit. ........................ 99 

Figure 4- 2: Separation of (R,S)-MA racemic compound using Chiralcel OD SMB 

system. Regions of (m2, m3) plane based on the purity of both outlet stream 

over 99% when the feed concentration is 30g/L and column configuration is 



 

xvii 

 

1/2/2/1. The numbers with the parenthesis in areas present the four different 

separation regions: (1) pure raffinate and extract; (2) only pure extract; (3) 

only pure raffinate; (4) no pure raffinate and extract. .................................. 105 

Figure 4- 3: SMB performance as a function of switching time. .................................... 113 

Figure 4- 4: SMB performance as a function of feed concentration. .............................. 115 

Figure 4- 5: SMB performance as a function of feed flow rate. ..................................... 116 

Figure 4- 6: SMB performance as a function of extract flow rate. ................................. 118 

Figure 4- 7: SMB performance as the column configuration. ........................................ 120 

Figure 4- 8: The experimental and simulated separation performance of Run 2. ........... 122 

Figure 4- 9: The experimental and simulated separation performance of Run 6. ........... 123 

Figure 4- 10: The experimental and simulated separation performance of Run 12. ....... 124 

Chapter 5 

Figure 5- 1: IR spectra of mandelic acid water solutions with different concentrations. (a, 

raw data; b, intensity difference with respect to the intensity height at 1136 

cm-1 ) ............................................................................................................ 141 

Figure 5- 2: IR spectra of mandelic acid water solution at various temperatures. (a, raw 

data; b, intensity difference with respect to the intensity height at 1136 cm-1 )

 ...................................................................................................................... 142 

Figure 5- 3:Concentration measurement from gravimetry method and from the ATR-

FTIR calibration model at different temperatures. ....................................... 143 

Figure 5- 4: Solubility curves for (R)-MA and (R,S)-MA in water. ............................... 144 

Figure 5- 5: Metastable zone limits of (R)-MA and (R,S)-MA in water. ........................ 146 



 

xviii 

 

Figure 5- 6: (R)-MA and (R,S)-MA concentration profiles by experimental measurement  

and model prediction. ................................................................................... 149 

Figure 5- 7: Model validation based on concentration profiles. ..................................... 149 

Figure 5- 8: Effect of initial concentration on the nucleation and growth rate of (R)-MA 

and (R,S)-MA. .............................................................................................. 151 

Figure 5- 9: Comparison of nucleation and growth rates of (R)-MA and (R,S)-MA with 

the same initial saturated temperature. ......................................................... 153 

Figure 5- 10: Effect of cooling rate on the nucleation and growth rates of (R,S)-MA. .. 155 

 

 

 

 

 

 

 

 

 

 

 

 



 

xix 

 

Nomenclature 

Chapter 2 

a Activity coefficient of a component 

a* Activity coefficient of a saturation solution 

a0 Particle size distribution of the seeds based on the uniform crystal shape 

B Nucleation rate (no./(L∙min)) 

b Equilibrium constant (L/g) 

c Solution concentration (g/L) Note: solute mass per solvent volume 

c* Solubility (g/L) 

c0 Initial concentration (g/L) 

∆c Supersaturation (g/L) 

Da Apparent dispersion coefficient (cm2/min) 

DL Dispersion coefficients (cm2/min) 

DR Desorbent requirement (g mobile phase /g feed) 

Eb Activation energy of nucleation (kJ/mol) 

Eg Activation energy of growth (kJ/mol) 

f Function of the adsorption isotherm 

G Growth rate (m/min) 

H Coefficient for the  non-specific adsorption sites 

kb Nucleation rate coefficient (no./(m3∙min)) 

kb0 Nucleation frequency factor  

kg Growth rate coefficient (m/min) 

kg0 Growth frequency factor  

km Lumped rate coefficient (s-1) 

kv Volume shape factor 

L Column length (cm) in SMB and Crystal size (m) in crystallization 

Lmax Maximum size of the seeds (m) 

Lmin Minimum size of the seeds (m) 

MA Mandelic acid 



 

xx 

 

MT Magma or suspension density (g/g of solvent) 

m Flow rate ratio 

mi ith moment of the crystal size distribution (mi/L solvent) 

n Population density (no/μm. L) 

Pr Productivity (g feed/(g stationary phase∙min)) 

Pu Purity of the extract or raffinate stream (%) 

Q Mobile phase flow rate (mL/min) 

Qs Solid phase flow rate (mL/min) 

q* Adsorbed amount in the stationary phase (g/L) 

qs Saturation capacities (g/L) 

R Universal gas constant (J/(mol∙K)) 

Rac Racemic compound 

Re Recovery of the components (%) 

SMB Simulated moving bed 

Ss Fundamental supersaturation (g/L) 

T absolute temperature (K or ºC) 

Tend End temperature (ºC) 

Tstart Start temperature (ºC) 

T0 initial temperature (ºC) 

TMB True moving bed 

t Time (min) 

t* Switching time (min) 

tR Retention time (min) 

t0 Holdup time of the column (min) 

u Interstitial fluid velocity (cm/min) 

V Geometric column volume (mL) 

VD Dead volume (mL) 

Greek symbols 

ν Exponent constant 

ε Void fraction of the column 

εp Intraparticle void fraction 



 

xxi 

 

ρs Solid phase density (g/cm3) 

ρc Crystal density (g/m3) 

µ Chemical potential (J/mol) 

µ0 Standard chemical potential (J/mol) 

Subscripts and superscripts 

1 Non-selective sites 

2 Selective sites 

A More retained component of racemic compound ((R)-Mandelic acid) 

B Less retained component of racemic compound ((S)-Mandelic acid) 

b Nucleation order 

D Desorbent port 

E Extract port 

F Feed or feed port 

g Growth order 

i Component index  (i=A or B) 

k Section index 

R Raffinate port 

T Total  

z Space coordinate  

Chapter 3 

b Equilibrium constants (L/g) 

c Solution concentration (g/L) Note: solute mass per solvent volume 

cm Concentration of component in the first  plateau (g/L) 

DL Dispersion coefficients (cm2/min) 

Dm Molecular diffusion coefficient of the solute in the mobile phase 

dp Diameter of the particle size (µm) 

IPA Isopropyl alcohol 

TFA Trifluoroacetic acid 

k Total number of the experimental data 

kv Lumped rate coefficient (s-1) 



 

xxii 

 

L Column length (cm) 

m Coefficient for the  non-specific adsorption sites 

MA Mandelic acid 

q* Adsorbed amount in the stationary phase (g/L) 

qs Saturation capacities (g/L) 

R R-Mandelic acid 

Rs Resolution 

S S- Mandelic acid 

t Time (min) 

tp Length of a rectangular injection (min) 

t0 Holdup time of the column (min) 

t1 Retention time of the first breakthrough fronts (min) 

t2 Retention time of the second breakthrough fronts (min)  

tp Length of a rectangular injection (min) 

u Interstitial fluid velocity (cm/min) 

Va Molar volume (cm3/mol) 

w Molar fraction 

z Space coordinate  

Greek symbols 

α Selectivity 

ε Void fraction of the column 

µ Viscosity of solvent (kg/(s·m)) 

Subscripts and superscripts 

cal Calculated results from the model 

exp Experiment results  

F Feed 

i Component  (i=1 or 2, 1 represent (S)-MA and 2 represent (R)-MA) 

Chapter 4 

b Equilibrium constants (L/g) 

c Solution concentration (g/L)  



 

xxiii 

 

cF Feed concentration of each components (g/ L) 

DL Dispersion coefficients (cm2/min) 

H Coefficient for the  non-specific adsorption sites 

kv Lumped rate coefficient (s-1) 

L Column length (cm) 

m Flow rate ratio 

MA Mandelic acid 

N Number of switches 

NT Total number of the columns 

Pu Purity of the extract or raffinate stream (%) 

Q Mobile phase flow rate (mL/min) 

q* Adsorbed amount in the stationary phase (g/ L) 

qs Saturation capacities (g/ L) 

t Time (min) 

t* Switching time (min) 

t0 Holdup time of the column (min) 

u Interstitial fluid velocity (cm/min) 

V eometric column volume (cm3) 

VD Dead volume (cm3) 

x Column number 

z Space coordinate (cm)  

Greek symbols 

ε Void fraction of the column 

Subscripts and superscripts 

A More retained component of racemic compound ((R)-Mandelic acid) 

B Less retained component of racemic compound ((S)-Mandelic acid) 

Ex Extract stream 

F Feed 

g Section index 

i Component index  (i=A or B) 

j Column index 



 

xxiv 

 

Ra Raffinate stream 

Re Recovery of the components (%) 

Chapter 5 

ABS Absorbance 

ATR-FTIR Attenuated total reflection Fourier transform infrared spectroscopy 

B Nucleation rate (no/ L·s) 

C Solute concentration (g/ L)  Note: solute mass per solvent volume 

C* Solubility of solution (g/L) 

C*
Tl Concentration of solution at the metastable zone limit(g/L) 

∆C Supersaturation (g/L) 

ΔCmax Maximal attainable supersaturation (g/L) 

Eb Nucleation activation energy (kJ/mol) 

Eg Growth activation energy (kJ/mol) 

FBRM Focused beam reflectance measurement 

G Growth rate (μm/s) 

kb Nucleation rate coefficient 

kb0 Nucleation frequency factor 

kg0 Growth frequency factor 

kg Linear growth rate coefficient 

kv Volume shape factor 

L Crystal size (μm) 

L[4,3] Volume weighted mean particle size (μm) 

MA Mandelic acid 

n Population density (no/μm. L) 

N Number of experimental data 

P Absorbance value of the peak 

R Gas constant(8.314 J/(K·mol)) 

t Time (s) 

T Temperature of solution (ºC) 

Tl Temperature at metastable zone limit (ºC) 



 

xxv 

 

Ts Temperature of the saturation concentration (ºC) 

ΔTmax Maximal attainable supercooling of the metastable zone (ºC) 

Greek symbols 

∆ Differential, difference 

μ ith moment of the crystal size distribution (mi/L) 

ρc Crystal density (g/μm3) 

Subscripts and superscripts 

b Nucleation order 

cal Results calculated by the crystallization model 

exp Experiment results measured for ATR-FTIR 

g Growth order 

grav Results measured by the gravimetric method 

 



 

1 

 

 

 

 

 

 

 

1.                                    Chapter 1 

 

 

 

Introduction 

 

 

 

 

 

 

 

 



 

2 

 

 

1.1 Background 

Chirality is referred to the geometric property of an object that cannot be superposed onto 

its’ mirror image. The original object and its mirror image are considered as the two 

enantiomorphic forms of the chiral object which could be a hand or a snail shell. In 

chemistry, that object is indicated as the molecules, and the two enantiomorphic forms are 

named as enantiomers. A chiral center shown in Figure 1-1 is composed of a carbon atom 

and four different atoms or groups. The chiral molecules are commonly found in nature, 

such as amino acids, sugar and enzymes, even DNAs. 

 

 

Figure 1- 1: Sketch of two enantiomers. 

Chirality has attracted more and more attention in the modern pharmaceutical, food 

and agricultural industries. The sale of chiral drugs is close to one-third of all drug sales 

worldwide. Ordinary chemical production methods for chiral drugs produce a racemic 

mixture containing enantiomers having identical chemical compositions but different 
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structural orientations in space. It is quite common to find that one isomeric form has a 

therapeutic effect on the human body while its enantiomer is ineffective or even harmful. 

The tragedy caused by thalidomide happened in 1960s’ is a frequently quoted example: 

(R)-thalidomide was the beneficial agent for preventing morning sickness in pregnant 

women while the other caused serious birth defects [1]. Hence, there is obvious benefit 

from separating the two enantiomers to enhance drug’s safety and tolerability. The 

importance of enantiopure drugs has risen dramatically in recent years due to new FDA 

regulations requiring that all chiral bioactive molecules must be isolated and tested for the 

efficacy and safety, and has to be as pure as possible containing a single pure enantiomer 

[2]. More and more other countries have also established guidelines on development and 

marketing of enantiopure drugs. Until 2007, FDA approved 70% of the new small 

molecules which had one chiral center at least [3]. The percentage of single-enantiomeric 

drugs in the market increased from 27% in 1996 to about 39% in 2002 [4]. A survey by 

Frost & Sullivan estimated that the worldwide revenue of single-enantiomer compounds 

was about $4.8 billion in 1999 and would reach about $15 billion by the end of 2009 [5]. 

Regulation and market sales stimulate the development of the techniques to get pure 

enantiomers in industry and academic research. 

Not all the chiral compounds can be found in pure enantiomer forms. Many chiral 

compounds are racemates defined as the compounds composed of two enantiomers with 

equimolar. Roozeboom [6] classified the racemates into three fundamental types by their 

melting points: conglomerate, racemic compound and pseudoracemate (solid solution), 

which are shown in Figure 1-2. Conglomerate is a mechanical mixture with 

equimolecular of two enantiomers. For the racemic compound, the two enantiomers 
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coexist in the same unit cell with an order 1:1 ratio, which causes the difficult chiral 

separation. However, more than 90% of racemates belong to the racemic compound [7]. 

As homogenous racemic solid solution, pseudoracemate is racemic modification in the 

solid state and composed of the equal amount of two enantiomers disarrayed in the crystal 

lattice [8].  

 

Figure 1- 2: Typical binary phase diagrams illustrating the three types of racemate 

(1. Conglomerate, 2. Racemic compound, 3. Pseudoracemate) [9]. 

There are essentially three methods that can be applied to obtain single pure 

enantiomers: extraction, synthesis and separation. 
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Some of chiral molecules are pure enantiomers in nature, such as carbohydrates, 

terpense and alkaloids, which can be obtained by extraction method from the plant or 

animal materials [7]. Pure enantiomers can also be synthesized from the chirality pool by 

chemical manipulation or asymmetrically synthesized by prochiral substrates. For 

example, enantiopure pyrroline N-oxides was used as the chiral pool molecules for α-

cyclopropyl-β-homoprolines [10] and Mitsunaga et al. applied the asymmetric synthesis 

to produce the cyclic α-amino acid derivatives by the intramolecular reaction of 

magnesium carbenoid with an N-magnesio arylamine [11]. The limitation of this method 

is the availability of a molecule or an enantioselective catalyst suitable for the synthesis of 

the target enantiomer and the long period for the development of a synthesis recipe. 

Whereas, the chemistry involved in making a racemate form is much faster and less 

expensive. Therefore, the best approach would be to synthesize the drug in racemate form 

and separate the racemate to produce single pure enantiomer. 

 The process for the separation of the racemate, called enantiochiral resolution, 

enantioseparation or chiral separation, includes the kinetic, membrane, capillary 

electrophoresis, chromatography, and crystallization resolution. Kinetic resolution is 

based on the different reaction rates of two enantiomers with a chiral entity, such as 

catalysts [12]. The membrane resolution applies the chiral recognized sites on the 

membrane to achieve the separation of the racemate [13]. The limitations of those two 

methods are that the lifetime of catalysts and membranes is short and the recovery of 

catalysts and membranes is energy and time consuming. Capillary electrophoresis can be 

used to separate ionic species by their charge and frictional forces [14]. Although this 

method has been proved to be quite efficient, it has the limitation of the concentration 
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detection and the low productivity [15]. Crystallization is a very powerful technique but is 

more system-specific. For a given racemate, finding a suitable crystallization process 

usually involves elaborate experimental investigation. Crystallization resolution includes 

the diastereomeric crystallization and direct crystallization. For diastereomeric 

crystallization, diastereomeric salts, which are the products from the reaction of the 

racemate with an optically active base, have different solubility and then they can be 

separated by crystallization [16]. The direct crystallization can produce pure enantiomers 

in the supersaturated partially enriched solution with the desired enantiomer seeds adding 

[17, 18]. Crystallization resolution can produce the pure enantiomers in industrial scale. 

However, it needs a large amount of the optically active base and the partially enriched 

solution which cannot be obtained easily. Chromatography resolution is used to separate 

the racemate by chiral stationary phase (CSP) with a single or a multi-column process, 

such as high performance liquid chromatography (HPLC) [19] and simulated moving bed 

(SMB) chromatography [20, 21]. This method can generate the pure enantiomers 

efficiently in preparative scale, but a large amount of the chiral stationary phase and 

mobile phase are required. A simulated moving bed unit is comprised of several fixed-bed 

chromatographic columns in series and is divided into four sections by valves and 

inlet/outlet ports, which can be switched periodically in the direction of the fluid flow 

synchronously or non-synchronously to mimic the continuous countercurrent movement 

of the solid phase. Compared with the conventional chromatographic techniques, SMB 

has advantages with its continuous, stable, the less solvent consumption and the 

productivity per mass of the chiral stationary phase [22].  
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To overcome the drawbacks of these single separation processes, a “Hybrid” process 

has been proposed, combining two or more single separation processes to produce pure 

enantiomers with the minimization of  the costs and energy [23, 24].  

1.2 Research objective and approaches 

The major objective of this thesis is as follows: 

Apply and evaluate the coupling process of SMB and direct crystallization to 

separate racemic compound (i.e. mandelic acid). 

In this coupling process, SMB chromatography is used to obtain a partially enriched 

stream and followed by direct crystallization to achieve the complete chiral separation. 

The lower purity requirement for SMB and solvent recycle can reduce the consumption of 

the solvent and chiral stationary phase for SMB operation. The scheme of this coupling 

process for racemic mandelic acid system is shown in Figure 1-3. 
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Figure 1- 3: The scheme of the coupling process of SMB and crystallization process 

for resolution of mandelic acid. 

It is noticed that only the enantioseparation of the racemic compound (R,S)-mandelic 

acid by SMB and the crystallization process of the enantiomer and racemic compound 

have been investigated in this thesis. I did some studies about the coupling process. 

However, the results were not good. So, I didn’t include in this thesis. The simulation and 

optimization for the coupling process will be studied in future. 

Specifically, this study aims to achieve the following objectives: 

• Chiral separation by SMB technology 

 Choice of mobile phase  
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 Determination of the adsorption isotherm of the racemic compound on the 

 chiral stationary phase 

 Chiral separation of the racemic compound  

• Direct crystallization 

 Development of metastable zone (MSZ) of the crystallization 

 Estimate the kinetics parameters for the crystallization process 

 Online-monitor the crystallization process 

The following research activities have been carried out in this study to meet the major 

objectives: 

 The mobile phase has been chosen based on the selectivity and resolution of the 

racemic compound on the chiral stationary phase using HPLC. 

 The adsorption isotherm of the racemic mandelic acid has been determined by 

inverse method and frontal analysis method. 

 Separation of the racemic mandelic acid was accomplished using a semi-

preparative SMB unit. 

 The metastable zone limit of mandelic acid in water was measured by ATR-FTIR 

and FBRM. 

 The crystallization kinetic parameters of (R,S)-mandelic acid and (R)-mandelic 

acid from aqueous solution have been determined by fitting the experimental data 

with calculated crystallization process model. 

 Online monitoring of the crystallization process of mandelic acid has been carried 

out using ATR-FTIR and FBRM. 
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1.3 Thesis organization 

This thesis is organized based on the article-integrated format and is composed of 6 main 

chapters. 

Chapter 1 gives a general overview of this thesis and followed by a comprehensive 

review for the background of simulated moving bed technology and the crystallization 

process in Chapter 2. 

In Chapter 3, the resolution of racemic mandelic acid ((R,S)-MA) and numerical 

determination of binary competitive isotherm of (R,S)-MA on the Chiralcel OD column 

have been investigated in this study. The effects of the alcohol modifier and acidic 

additive in the mobile phase on the retention and enantioseparation of (R,S)-MA were 

studied at first. The inverse method was then used to determine the competitive isotherm 

parameters of (R,S)-MA by minimizing the sum of square deviations between the model 

predictions and the measured elution profiles. And the adsorption isotherm was verified 

by frontal analysis method. 

Chapter 4 depicts the chiral separation of the racemic mandelic acid ((R,S)-MA) by 

simulated moving bed chromatography with Chiralcel OD columns experimentally and 

numerically. The transport dispersion model combined with the modified Langmuir 

isotherm was applied to predict the dynamic behaviour and separation performance of the 

SMB process. The triangle theory was used to obtain the complete separation region of 

the SMB operation. The influences of the switching time, loading, extract flow rate and 

column configuration on the SMB performance were also studied. Good agreement 
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between the experimental data and model predictions proved the efficiency and reliability 

of SMB modeling and triangle theory in the design as well as the operation of SMB 

chromatography. 

Chapter 5 presents the determination of the nucleation and growth kinetics of (R,S)-

mandelic acid ((R,S)-MA) and (R)-mandelic acid ((R)-MA) in aqueous solutions using an 

unseeded cooling crystallization process. To obtain the nucleation and growth kinetics, 

the solubility, metastable zone limits and supersaturation were measured by in-situ 

attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and 

focused beam reflectance measurement (FBRM). The nucleation rate and growth rate 

parameters were determined by a nonlinear optimization algorithm. The effects of initial 

concentration and cooling rate on supersaturation and the nucleation rate were also 

discussed. 

In Chapter 6, the overall conclusion is made according to the results shown in the 

previous chapters. It is also summarized that the limitations and recommendations of this 

thesis. In addition, the future works are listed in final.  

1.4 Contribution 

The major contributions of this study are threefold. First of all, the adsorption isotherm of 

the racemic mandelic acid on the preparative column by inverse method is studied at the 

first time. The transport dispersive column model is combined with competitive modified 

Langmuir isotherm model to simulate the chiral separation process on the HPLC. Those 

parameters of the adsorption isotherm are vital for the design of the SMB. Secondly, it is 
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also the first time to report the separation of the racemic mandelic acid on SMB unit in 

preparative scale as well as the effects of operating conditions for mandelic acid systems 

on SMB with Chiralcel OD columns. Those optimal operating conditions on the SMB are 

significant to get the partially enriched solution for the crystallization. Moreover, the 

solubility and metastable zone limit of mandelic acid in water as well as nucleation and 

growth kinetics of mandelic acid have been studied systematically, which is essential to 

get the pure enantiomers by direct crystallization. 
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2.1 Simulated moving bed (SMB) 

2.1.1 Background of SMB 

The increasing awareness of the importance of chirality in terms of therapeutic effects has 

stimulated a stricter regulation and a growing market demand for the pure enantiomers. 

The ever-increasing demand for the pure enantiomers makes the development of the 

efficient approaches for the separation of the racemic mixture. Chromatographic 

separation has become one of the most efficient methods for the chiral separation. 

Compared to the traditional batch chromatography, the continuous counter current 

chromatography has its advantages with the maximization of the mass transfer driving 

force, the reduction of the solvent consumption and the increase of the purity and 

productivity[1]. However, the movement of the solid phase leads to the problems of 

attrition and mixing. To overcome those drawbacks of the true moving bed (TMB), the 

concept of the simulated moving bed (SMB), a continuous countercurrent multi-column 

chromatographic separation technique as the practical implement of the true moving bed 

(TMB) process, was invented by Broughton and Gerhold [2] in 1961. 

SMB process was first applied in 1960s by the UOP Inc. to separate the p-xylene from 

the mixture on zeolites. In the early stage of the development, commercial large-scale 

SMB units were widely implemented not only in the petro-chemical industry but also in 

the sugar industry, such as separation of glucose and fructose on ion exchange resins.  

The development of the HPLC techniques and the stationary phases made the shorter 

columns operated under the high pressure with smaller stationary phase particles 
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available for the chromatographic separation process in 1970s. In addition, SMB unit was 

downscaled based on the HPLC separation technology in the earlier 1990s. Due to the 

increasing demand for the pure enantiomers by the regulation of FDA, SMB has been 

increasingly adopted in fine chemistry, biological technology and pharmaceutical science, 

especially for chiral separation [3-6]. The first chiral resolution by SMB was performed 

on phenyl-ethyl alcohol by Negawa and Shoji in 1992 [4]. Daicel chemicals and UCB 

pharma have applied SMB unit to produce the pure enantiomers since 1998 with the 

production of several tons per year [7]. With the pioneering works and the development 

of the chiral stationary phase, SMB is more popular as the method of chiral resolution in 

the pharmaceutical area [8-11]. 

2.1.2 Chromatography 

Chromatography is a separation process based on the different partition between a 

flowing fluid (mobile phase) and a solid adsorbent (stationary phase). This technology 

was first applied by Mikhail Tswett (1872-1919) for the separation of the plant pigments 

with the calcium carbonate in 1906.  

The principle of the elution chromatography can be illustrated in Figure 2-1, where the 

blue triangle with the letter ‘A’ and the yellow triangle with the letter ‘B’ are considered 

as the more and less retained substances, respectively. Although starting together, the 

triangle ‘B’ will be completely separated from the triangle ‘A’ and washes out with the 

fluid flow first and then the triangle ‘A’ flows out later, since the triangle ‘B’ has less 

interaction with the steady conveyor belt than triangle ‘A’. 
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Figure 2- 1: Analogy for elution chromatography. 

2.1.3 Continuous counter-current chromatography 

The counter-current chromatography is that the mobile phase and solid phase move in the 

opposite direction, which can be illustrated in Figure 2-2. The triangle ‘A’ and ‘B’ are 

pushed by the fluid flow on the convey belt moving in the opposite direction. The triangle 

‘A’ is more affinity to the convey belt than triangle ‘B’ which is easier to leave the convey 

belt with the flowing fluid. So the triangle ‘A’ moves slower than ‘B’. Then there are 

three cases in terms of the velocity of the convey belt. If the velocity of the convey belt is 

larger than that of ‘B’ or less than that of ‘A’, the net velocity with one direction will push 

both of the triangles to the right end or to the left end of the belt. Another case is that the 

velocity of the convey belt is intermediate to that of two triangles which leads to two 

opposite directions of the net velocities, one for ‘A’ to the left and the other for ‘B’ to the 

right. Then the ‘A’ and ‘B’ can be separated and collected in two ends of the belt, 
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respectively. The key of the process design is to determine the intermediate velocity 

which will be discussed in the following section. In the counter-current flow, the 

maximization of the separation driving force between the solid and liquid phase makes 

the separation more efficient.  

 

Figure 2- 2: Analogy for countercurrent elution chromatography. 

Here, ‘continuous’ means the continuous injection of the feed stream. The continuous 

chromatography has its advantages with the minimum capital operating costs and 

maximum throughput.  

2.1.3.1 True moving bed (TMB) 

It is called true moving bed because the solid phase is moving naturally. A typical 

configuration of the true moving bed is illustrated in Figure 2-3 for the binary separation 

of species A and B. Here, A and B are assumed as the more and less retained component, 

respectively. The column is divided into four sections by the inlet (feed and desorbent) 
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and outlet (raffinate and extract) ports. The solid phase is introduced at the top of the 

column and moves downward with gravity. Meanwhile, the mobile phase comes from the 

bottom and moves upward. The sample with species A and B is fed continuously in the 

middle of the column between section II and III and diluted by the desorbent flow D. The 

strongly adsorbed A is absorbed by the sinking solid phase in section II and III. And then 

that solid phase with A is washed by the rising mobile phase in section I. So A can be 

collected in the extract port. As a less adsorptive product, B is gradually desorbed by the 

rising mobile phase from the solid phase in section II and III and can be collected in the 

raffinate port. The solid phase can be regenerated in section I by desorbing A with the 

rising mobile phase. And the desorbent (mobile phase) can also be cleaned by removing B 

with the sinking solid phase in section IV.  

The earliest large-scale moving bed process is known as the hypersorption process [12, 

13]. Although the true moving bed system can be used to carry out a lot of work [14], the 

practical problems in design and operation are insuperable. The physical movement of the 

solid phase leads a number of problems such as the particle attrition, expansion of the bed 

and so on. 
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Figure 2- 3: Typical configuration of the true moving bed. 

2.1.3.2 Simulated moving bed (SMB) 

The simulated moving bed process overcomes the problems caused by the movement of 

solid phase in true moving bed process. A simulated moving bed unit is comprised of 

several fixed-bed chromatographic columns in series and is divided into four sections by 

valves and inlet/outlet ports, which can be switched periodically in the direction of the 
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fluid flow synchronously or non-synchronously to mimic the continuous countercurrent 

movement of the solid phase [15]. A typical configuration of the SMB is shown in Figure 

2-4.  

 

Figure 2- 4: Typical configuration of the simulated moving bed. 

Compared with the TMB, SMB system uses the fixed solid phase in the series columns 

instead of the moving solid phase to reduce the particle attrition and bed expansion 

effectively and make the system cleaner and more environmentally attractive. Meanwhile, 

the countercurrent movement of the solid phase is accomplished by shifting all the ports 

over one column simultaneously in the same direct as fluid flow instead of moving by 

gravity, which is much easier to control the movement of solid. When the length of SMB 

columns becomes infinitesimal and the number of the columns becomes infinite, the SMB 

can be assumed as TMB. The relationship between TMB and SMB is illustrated in Table 

2-1[16]. 
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Table 2- 1: Relationship between a TMB and SMB 

TMB SMB 

Solid phase Fixed SMB columns 

Steady state Periodic steady state 

Solid flow rate 

 Qs 

Shift all ports periodically 

𝑡∗ = 𝑉(1 − 𝜀)/𝑄𝑠                       (2-1) 

Internal flow rate 

𝑄𝑘𝑇𝑀𝐵,𝑘 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼, 𝐼𝑉   

Internal flow rate 

𝑄𝑘𝑆𝑀𝐵 = 𝑄𝑘𝑇𝑀𝐵 + � 𝜀
1−𝜀

�𝑄𝑠          (2-2) 

Nowadays, the simulated moving bed process has replaced true moving bed as a 

popular technique of the continuous counter-current chromatography in the industry.   

2.1.4 Column model for SMB 

In this section, the column model for the SMB process is presented. The assumptions of 

the model are listed as follows [17]. 

1) The column is radial homogeneous for the column, i.e. homogeneity and stability 

of column packing. 

2) The axial dispersion coefficient is constant. 

3) The fluid flow is constant and the void fraction is the same in the column. 

4) The compressibility of the mobile phase is neglected. 



 

25 

 

 

5) Both of the phases have the same partial molar volumes of the sample components. 

6) In the isotherm definition, the solvent or the weak solvent is not adsorbed by the 

stationary phase. 

7) There are no thermal effects and the heat effects on the adsorption. i.e. the 

migration of a band is not effected by temperature. 

8) Operating condition is constant, i.e. constant temperature, pressure, mobile phase, 

flow rate. 

2.1.4.1 Ideal model 

The assumption of the ideal model is that the equilibrium between solid and liquid phases 

is instantaneous and the column efficiency is infinite. But the axial dispersion and the 

mass transfer resistance are neglected. The column mass balance under the ideal model is 

written as 

𝜕𝑐𝑖𝑘
𝜕𝑡

+ 1−𝜀
𝜀
∙ 𝜕𝑞𝑖𝑘
𝜕𝑡

+ 𝑢 ∙ 𝜕𝑐𝑖𝑘
𝜕𝑧

= 0, (𝑖 = 𝐴, 𝐵)                                                                (2-3) 

where cik and qik are the concentrations of the solute in the liquid and solid phases of the 

enantiomer i in the section k, respectively. z is space coordinate and t is time. ε is the void 

fraction of the column. u is interstitial fluid velocity. Several cases [18-20] with ideal 

model showed an excellent agreement between the concentration profiles calculated from 

the model and from the experiment data. 
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2.1.4.2 Equilibrium dispersive (ED) model 

The equilibrium dispersive model assumes instantaneous and constant equilibrium 

between the both phases, and takes account for the axial dispersion and the mass transfer 

resistance. However, the mass transfers are fast. A lumped apparent dispersion coefficient, 

Da, is used to generalize both effects. That dispersion coefficient is assumed as constant in 

all the columns of the SMB process for the sake of the simplicity. The column mass 

balance under the equilibrium dispersive is written as 

𝜕𝑐𝑖𝑘
𝜕𝑡

+ 1−𝜀
𝜀
∙ 𝜕𝑞𝑖𝑘
𝜕𝑡

+ 𝑢 ∙ 𝜕𝑐𝑖𝑘
𝜕𝑧

= 𝐷𝑎 ∙
𝜕2𝑐𝑖𝑘
𝜕𝑧2

, (𝑖 = 𝐴,𝐵)                                                     (2-4) 

The apparent dispersion coefficient can be derived from the column efficiency which 

is expressed by the number of theoretical plates, Np. 

𝐷𝑎 = 𝑢𝐿𝑐
2𝑁𝑝

                                                                                                                     (2-5) 

where u is interstitial fluid velocity and Lc is column length. This numerical solution of 

the model was successfully applied in many cases [11, 17, 21]. 

2.1.4.3 Transport dispersive (TD) model 

The transport dispersive (TD) model is frequently applied to describe the mass transfer in 

the solid phase and the mass balance between solid phase and liquid phase along the 

column in liquid chromatography. In this model, the kinetics of adsorption–desorption is 

infinitely fast but not for the mass transfer kinetics [22-24]. The mass transfer kinetics of 

the solute to the surface of the adsorbent is given by the linear driving force model. Here, 
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the solid film linear driving force is used in the model. The differential mass balance and 

the lumped kinetic models are shown in the following equations. 

𝜕𝑐𝑖𝑘
𝜕𝑡

+ 1−𝜀
𝜀
∙ 𝜕𝑞𝑖𝑘
𝜕𝑡

+ 𝑢 ∙ 𝜕𝑐𝑖𝑘
𝜕𝑧

= 𝐷𝐿 ∙
𝜕2𝑐𝑖𝑘
𝜕𝑧2

, (𝑖 = 𝐴,𝐵)                                                     (2-6) 

𝜕𝑞𝑖𝑘
𝜕𝑡

= 𝑘𝑚(𝑞𝑖𝑘∗ − 𝑞𝑖𝑘)                                                                                                  (2-7) 

where DL is the dispersion coefficient. km is the lumped rate coefficient.  q*
ik is the 

adsorbed amount of each enantiomers in the stationary phase equilibrated with the mobile 

phase at the concentration cik. That can be evaluated by the competitive adsorption 

isotherm for the binary separation. 

The initial and boundary conditions for this problem are  

𝑐𝑖𝑘(𝑧, 𝑡 = 0) = 0, 𝑞𝑖𝑘(𝑧, 𝑡 = 0) = 0                                                                         (2-8) 

 𝑐𝑖𝑘(𝑧 = 0, 𝑡) = 𝑐𝑖𝑘𝑖𝑛, 𝑞𝑖𝑘(𝑧 = 0, 𝑡) = 𝑓𝑖�𝑐𝐴,𝑘
𝑖𝑛 , 𝑐𝐵,𝑘

𝑖𝑛 �                                                   (2-9) 

where f is the function of the adsorption isotherm. 

2.1.5 Competitive adsorption isotherm models 

The competitive adsorption isotherm is the equilibrium isotherm which describes the 

distribution of dilute sample solutes with two components between the stationary and the 

mobile phase. Those adsorption behaviours are described by several models [17] which 

are used to determine the possible adsorption isotherm on the column. In this section, 

three models are introduced. 
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2.1.5.1 Competitive Langmuir isotherm 

The competitive Langmuir isotherm model assumes that the monolayer of the adsorbate 

molecules can be held by a homogeneous adsorbent surface [17]. At equilibrium, the rate 

of adsorption and desorption is equal for each component. The model is given as 

𝑞𝑖∗ = 𝑞𝑠𝑏𝑖𝑐𝑖
1+𝑏𝐴𝑐𝐴+𝑏𝐵𝑐𝐵

                                                                                                     (2-10) 

where qs is the monolayer capacity for the stationary phase, bi is the ratio of the rate 

constants of adsorption and desorption. This model is widely used to study the adsorption 

behaviour on the chiral stationary phase. Enmark et al. [25] applied this model to 

determine the adsorption behaviour of racemic methyl mandelate on a tris-(3,5-

dimethylphenyl) carbamoyl cellulose chiral stationary phase. Asnin et al. [26] used it to 

study the adsorption of Naproxen enantiomers on the chiral stationary phase Whelk-O1. 

That model can also be used in SMB. For example, Mihlbachler et al. [27, 28] studied the 

effect of the homogeneity of the column set on the SMB performance based on the 

competitive Langmuir isotherm model. 

2.1.5.2 Competitive biLangmuir isotherm 

This model assumes two different types of binding sites with either one being 

homogeneous on the surface of the stationary phase. Competitive bi-Langmuir isotherm 

model is written as: 

𝑞𝑖∗ = 𝑞1𝑠𝑏1,𝑖𝑐𝑖
1+𝑏1,𝐴𝑐𝐴+𝑏1,𝐵𝑐𝐵

+ 𝑞2𝑠𝑏2,𝑖𝑐𝑖
1+𝑏2,𝐴𝑐𝐴+𝑏2,𝐵𝑐𝐵

, (𝑖 = 𝐴,𝐵)                                                  (2-11) 
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where q1s and q2s are the saturation capacities of the two sites; b1,i and b2,i are the 

equilibrium constants of the two sites for two enantiomers i. The competitive biLangmuir 

adsorption isotherm is widely applied to describe the competitive retention mechanism of 

chiral molecules on various chiral stationary phases. This model was applied in the 

numerical determination of the competitive isotherm of the racemic mixture of the 1-

phenyl-1-propanol enantiomers [29] and in the development of a new approach about the 

inverse method on plateaus for isotherm determination[30]. And it was also used to study 

the isotherm behaviour of the mandelic acid enantiomers mixture on cellulose-based 

chiral stationary phase [24]. 

2.1.5.3 Competitive Tóth isotherm 

The competitive Tóth model [31] can also be applied to describe adsorption isotherm. 

This model assumes that the sites on the sorbent are heterogeneous and there exists the 

maximum adsorption energy which is larger than the sorption energy generated by the 

most sites. 

𝑞𝑖∗ = 𝑞𝑠𝑏𝑖𝑐𝑖

[1+(𝑏𝐴𝑐𝐴+𝑏𝐵𝑐𝐵)𝜐]
1
𝜐 

 (0 < 𝜐 < 1), (𝑖 = 𝐴,𝐵)                                                     (2-12) 

where qs is the monolayer capacity of the chiral stationary phase, bi is the equilibrium 

constants of the adsorption and υ is an exponent constant. Felinger et al. [32] applied this 

model to determine the adsorption isotherm of the 1-indanol enantiomers. This model was 

also applied by Zhang et al. [24] to analyze the isotherm behaviour of the mandelic acid 

enantiomers.   
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2.1.6 Node model 

For a classic SMB process, the node models describing the mass balances of flow rates at 

each node are given as [16] 

Desorbent inlet node (Eluent) 

𝑄𝐷 = 𝑄1 − 𝑄4                                                                                                          (2-13) 

𝑐𝑖,𝐷 =
𝑄1𝑐𝑖,1

𝑖𝑛−𝑄4𝑐𝑖,4
𝑜𝑢𝑡

𝑄𝐷
                                                                                                   (2-14) 

Extract withdrawal node 

𝑄𝐸 = 𝑄1 − 𝑄2                                                                                                          (2-15) 

𝑐𝑖,𝐸 = 𝑐𝑖,1𝑜𝑢𝑡 = 𝑐𝑖,2𝑖𝑛                                                                                                      (2-16) 

Feed inlet node 

𝑄𝐹 = 𝑄3 − 𝑄2                                                                                                          (2-17) 

𝑐𝑖,𝐹 =
𝑄3𝑐𝑖,3

𝑖𝑛−𝑄2𝑐𝑖,2
𝑜𝑢𝑡

𝑄𝐹
                                                                                                   (2-18) 

Raffinate withdrawal node 

𝑄𝑅 = 𝑄3 − 𝑄4                                                                                                          (2-19) 

𝑐𝑖,𝑅 = 𝑐𝑖,3𝑜𝑢𝑡 = 𝑐𝑖,4𝑖𝑛                                                                                                      (2-20) 
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where QD is the desorbent flow rate, QE is the extract flow rate, QF is the feed flow rate 

and QR is the raffinate flow rate. The superscripts “in” and “out” refer to the inlet and 

outlet streams, respectively.  

2.1.7 Design strategy for SMB 

The operation of a given SMB process to isolate the racemates is dictated by several 

parameters, namely the flow rates in the four sections and the switch time, based on the 

target performance [33]. Morbidelli groups [34, 35] exploited a triangle theory to 

ascertain these parameters for the design of SMB process. They introduced the net flow 

rate ratio, mk, based on the assumption that all kinetics is neglected and the SMB is 

similar to TMB which means that the internal mobile phase velocity of SMB is the same 

as that of TMB columns, and the solid phase velocity in the TMB units is equal to the 

simulated solid velocity in the SMB. The TMB and SMB process have been proven to be 

equivalent if the conversion rules in Table 2-1 are fulfilled.  

Then, the net flow rate ratio can be written as 

𝑚𝑘 = 𝑄𝑘𝑡∗−𝑉𝜀−𝑉𝑘
𝐷

𝑉(1−𝜀)
 (𝑘 = 𝐼, … , 𝐼𝑉)                                                                            (2-21) 

where Qk
SMB and Qk

TMB are the flow rates of the fluid phase in section k of a SMB unit 

and in the equivalent TMB unit, respectively. Qs is the solid phase flow rate in TMB unit. 

V is the column volume and t* is the switching time. A triangle shape region, formed in 

the (m2, m3) plane for linear and nonlinear isotherms, with or without mass transfer 

resistant, is identified as the complete separation region.  
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2.1.7.1 Linear isotherm 

Triangle theory with linear adsorption isotherm was applied to the SMB design firstly. 

The linear isotherm is described as 

𝑞𝑖 = 𝐻𝑖𝑐𝑖                                                                                                                  (2-22) 

𝐻𝑖 = 𝑡𝑖,𝑘
𝑅 −𝑡0,𝑘

𝑡0,𝑘

𝜀
(1−𝜀)

                                                                                                     (2-23) 

𝑡0,𝑘 = 𝑉𝜀
𝑄𝑘

                                                                                                                   (2-24) 

where Hi is the Henry constant of the component i. tik
R and t0k are the retention time and 

the dead time of component i in section k, respectively.  

Considering the specific function of each section in SMB, the criteria of the complete 

separation of the binary mixture in linear case can be determined. The complete 

separation requires the switch time in the section II and III should be larger than the 

retention time of component B and smaller than that of component A. It ensures the 

component B goes out in the raffinate port without the pollution of component A. That 

also assures the component B completely removes from the stationary phase and does not 

contaminate the extract port after next switch whereas component A remains in the 

stationary phase and is eluted by the desorbent flow to the extract port. Section I is used 

for the solid phase regeneration which means component A should be completely wash 

out stationary phase. So, the switch time should be larger than the retention time of 

component A. To ensure the desorbent regeneration in section IV, i.e. no component in the 
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mobile phase, the switch time in this section should be smaller that the retention time of 

component B. Those conditions can be expressed as following constrains [1]: 

𝑡𝐴,1
𝑅 ≤ 𝑡∗                                                                                                                 (2-24a) 

𝑡𝐵,2
𝑅 ≤ 𝑡∗ ≤ 𝑡𝐴,2

𝑅                                                                                                       (2-24b) 

𝑡𝐵,3
𝑅 ≤ 𝑡∗ ≤ 𝑡𝐴,3

𝑅                                                                                                       (2-24c) 

 𝑡∗ ≤ 𝑡𝐵,4
𝑅                                                                                                                 (2-24d) 

Those constrains can be converted into the inequalities of the net flow rate ratio [35]  

based on Eqs.(2-1), (2-2),(2- 21), (2- 23) and (2-24) 

𝐻𝐴 < 𝑚1 < ∞                                                                                                        (2-25a) 

𝐻𝐵 < 𝑚2 < 𝐻𝐴                                                                                                      (2-25b) 

𝐻𝐵 < 𝑚3 < 𝐻𝐴                                                                                                      (2-25c) 

−𝜀𝑝
1−𝜀𝑝

< 𝐻𝐵 < 𝑚4                                                                                                    (2-25d) 

To get the positive feed flow rate, the condition should enforce to m2 < m3. So 

combining with Eqs. (2-25b , c), the constraints are shown as 

𝐻𝐵 < 𝑚2 < 𝑚3 < 𝐻𝐴                                                                                            (2-25e) 

The projection of the triangle region of the complete separation zone defined by the 

inequality (Eq. (2-25e)) on the (m2, m3) and (m1, m4) planes is shown in Figure 2-5. 
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Figure 2- 5: Triangle theory: the different separation regimes on the (m2, m3) plane 

for the binary separation with linear adsorption isotherm. 

The triangle region in the (m2, m3) plane indicates that 100% pure enantiomers can be 

collected both in the extract and raffinate ports. The upper-right square is the region in 

which the operating conditions lead to only the pure extract, but not the pure raffinate. 

The opposite results are shown in the lower-left square when m2< HB. Neither pure extract 

nor pure raffinate can be found under the operating conditions located in the upper-left 

square where m2< HB and m3 > HA. 

2.1.7.2 Nonlinear Isotherm 

The triangle theory is extended to the adsorption behaviour which is described by 

nonlinear adsorption isotherm. The competitive Langmuir isotherm was given as an 

example as follows. 
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The design conditions on the net flow rate ratio mk to complete separation is derived 

from the equilibrium model equation with the adsorption isotherm, Eqs. (2-4) and (2-10), 

and the following constrains [34, 36, 37]: 

𝐻𝐴 = 𝑚1,𝑚𝑖𝑛 < 𝑚1 < ∞                                                                                        (2-26a) 

𝑚2,𝑚𝑖𝑛(𝑚2,𝑚3) < 𝑚2 < 𝑚3 < 𝑚3,𝑚𝑎𝑥(𝑚2,𝑚3)                                                (2-26b) 

−𝜀𝑝
1−𝜀𝑝

< 𝐻𝐵 < 𝑚4,𝑚𝑎𝑥(𝑚2,𝑚3) =

1
2
�𝐻𝐵 + 𝑚3 + 𝑏𝐵𝑐𝐵,𝐹(𝑚3 −𝑚2) −��𝐻𝐵 + 𝑚3 + 𝑏𝐵𝑐𝐵,𝐹(𝑚3 −𝑚2)�2 − 4𝐻𝐵𝑚3�(2-26c) 

Compared with boundary for m2 and m3, the lower bound on m1 and upper bound on 

m4 are found to be explicit. However, the region for the complete separation in the (m2, 

m3) plane is still a triangle-shaped illustrated in Figure 2-6. 



 

36 

 

 

 

Figure 2- 6: Triangle theory: the different separation regimes on the (m2, m3) plane 

for the binary separation with Langmuir adsorption isotherm. 

Triangle theory is now widely used for SMB process design. Those procedures 

employed for binary separation is further applied to the design of multi-component 

systems subject to a number of different nonlinear isotherm, namely the modified 

Langmuir isotherm [27, 38], biLangmiur [11, 39] and the generalized Langmuir isotherm 

[40, 41]. 

2.1.8 Performance parameters 

The performance parameters are used to evaluate the performance of the separation 

process and optimize SMB operation. In this section, several parameters are introduced. 
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2.1.8.1 Purity 

The purity, Pu, is defined as the ratio of the component B concentration to the solute 

concentration of the raffinate stream or the ratio of the component A concentration to the 

solute concentration of the extract stream. 

𝑃𝑢𝑅 = ∫ 𝑐𝐵,𝑅
𝑐𝐴,𝑅+𝑐𝐵,𝑅

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                         (2-27a) 

𝑃𝑢𝐸 = ∫ 𝑐𝐴,𝐸
𝑐𝐴,𝐸+𝑐𝐵,𝐸

𝑡+𝑡∗

𝑡 𝑑                                                                                          (2-27b) 

where PuR and PuE are the purities of the raffinate and extract eluent, respectively. And 

ci,R and ci,E are the concentrations of the solute in the raffinate and extract stream of the 

component i, respectively.  

2.1.8.2 Recovery 

The recovery, Re, is determined by the ratio of the mass flow rate of component B in the 

raffinate stream or that of the component A in the extract stream to that in the feed flow.  

𝑅𝑒𝐴 = 𝑄𝐸
𝑄𝐹
∫ 𝑐𝐴,𝐸

𝑐𝐵,𝐹

𝑡+𝑡∗

𝑡                                                                                                  (2-28a) 

𝑅𝑒𝐵 = 𝑄𝑅
𝑄𝑓
∫ 𝑐𝐵,𝑅

𝑐𝐵,𝐹

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                            (2-28b) 

where ci,R and ci,E are the concentrations of the solute in the raffinate and extract eluent of 

the component i, respectively.  
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2.1.8.3 Productivity 

The productivity, Pr, is measured by the ratio of the mass of feed to that of the chiral 

stationary phase.  

𝑃𝑟 = 𝑄𝐹𝑐𝑇,𝐹
(1−𝜀)𝜌𝑠𝑉𝑇

                                                                                                         (2-29) 

where cT,F is the overall concentration of feed mixture. And ρs is the density of the solid 

phase. 

2.1.8.4 Desorbent requirement 

The desorbent requirement, Dr, is defined as the ratio of the mass of desorbent to that of 

feed. 

𝐷𝑅 = (𝑄𝐷+𝑄𝐸)𝜌𝐷
𝑄𝐹𝑐𝑇,𝐹

                                                                                                       (2-30) 

where ρD is the desorbent density.  

2.2 Direct crystallization 

2.2.1 Background of crystallization 

Crystallization from the solution is known as one of the oldest unit operations in the 

chemical engineering discipline. As the solid-liquid separation and purification process, it 

is widely applied in the pharmaceutical, food, bulk chemicals and agriculture industries 

with a significant impact on the overall process efficiency and cost. In addition, this 

process can control the properties of the final product, such as size, shape and the mass of 
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crystals produced, especially for the pharmaceutical industry [42]. Crystallization can be 

performed by cooling [43], evaporation [44], addition of antisolvent [45], reaction [46] or 

isoelectric precipitation [47] and can be classified into batch [48-51] and continuous [52-

54] process. Here, the cooling batch crystallization [43, 49, 55-59] as the dominate 

technology of the crystallization in the pharmaceutical industry will be investigated in this 

thesis.  

2.2.1.1 Solubility, metastable zone width and supersaturation 

The fundamental driving force for the crystallization is the difference between the 

chemical potential (µ) of the given substance in solution and in the crystal. The chemical 

potential is the molar Gibbs free energy of a substance and is a measure of the potential 

that a substance has and is defined as [60] 

𝜇 = 𝜇0 + 𝑅𝑇𝑙𝑛𝑎                                                                                                      (2-31) 

where µ0 is the standard chemical potential, R is the universal gas constant, T is the 

absolute temperature, and a is the activity of a component. So, for the crystallization from 

a binary solution, the chemical potential difference is  

∆𝜇 = 𝑅𝑇𝑙𝑛 � 𝑎
𝑎∗
� = 𝑅𝑇𝑙𝑛𝑆𝑠                                                                                      (2-32) 

𝑆𝑠 = 𝑒
∆𝑢
𝑅𝑇                                                                                                                   (2-33) 

where a* is the activity of a saturation and Ss is the fundamental supersaturation.  

Therefore, supersaturation is assumed as the driving force for the nucleation, growth of 

fresh nuclei, agglomeration and breakage in crystallization and it also has a major effect 
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on the polymorphism, and crystal size distribution [42]. 

The supersaturated solution refers to the solution containing more solute than its 

solubility under the unstable conditions. The supersaturation can be produced in the 

crystallizer by cooling, evaporation, addition of antisolvent, reaction or isoelectric 

precipitation. The cooling method is the most economical approach to generate the 

supersaturation by reducing the solubility with the temperature.  But the prerequisite of 

this method is that the solubility of the solute should be a strong function of the 

temperature. This kind of crystallization is named cooling crystallization, which will be 

studied in this thesis. The supersaturation is determined by the difference between 

solution concentration and solubility(c*) at the same temperature ∆c=c-c*, or the ratio of 

the two concentrations Ss = c/c*.  

Solubility refers to the concentration of a saturated solution which is equilibrated with 

the solute and cannot dissolve any more solute under certain temperature and pressure. As 

a foremost thermodynamical factor, the solubility curve is used to determine the starting 

and ending point of the crystallization.  

The solution is unstable when it is supersaturated. But the spontaneous nucleation 

occurs only when the level of supersaturation is high enough. So, the maximum of the 

supersaturation degree without the spontaneous nucleation is named as metastable limit 

and the difference between the solubility curve and the metastable limit is referred to as 

the metastable zone width (MSZW). Solubility curve, red line in Figure 2-7, consists of a 

series of ‘clear points’ at which the suspended solid material disappears from a solution. 

While metastable limit curve, blue line in Figure 2-7, consists of a series of ‘cloud points’ 
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on the falling temperature profile at which the crystal nucleation is first observable.  

 

Figure 2- 7: Equilibrium phase diagram, unseeded crystallization (dash line) and 

seeded crystallization (dot line). 

An accurate measurement of the solubility, metastable zone width (MSZW) and 

supersaturation is essential to design, operate and control the crystallization processes. 

There are several methods to measure the solubility curve. The polythermal method 

measures the temperature at which an incremental amount of solute just dissolves in the 

solution. The isothermal method determines the solubility by adding extra small portions 

of fresh solvent repeatedly into the known composition of the solution where the solid 
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phase is still visible until the solution becomes homogenous liquid phase under the 

isothermal conditions [60]. The solubility measurement can be completed only by 

differential scanning calorimetry (DSC) [61] according to the detection of release or 

absorption of heat when the solute dissolves in the solvent. The solubility also can be 

determined by measuring the concentration of the supernatant fluid in the solution where 

the solid phase is in excess by offline approaches, such as HPLC and gravimetric 

methods, or by online ways, such as density meter [62] and conductivity meter [63]. 

Recently, the attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR) has emerged as an in-situ tool for the solubility measurement [43]. ATR-FTIR can 

be used to monitor the liquid concentration by measuring the changes of a totally 

internally reflected infrared beam when the attenuated evanescent wave of that beam is in 

contact with a sample. Since the small depth of penetration of the evanescent wave results 

in little or no interference of the solid phase on the ATR infrared spectrum of the solution, 

the solute concentration in the liquid phase can be determined by ATR-FTIR even in the 

presence of the solid phase. In addition to the experimental measurements, the solubility 

can also be predicted by model, in which our group has made a significant contribution 

[62, 64-67].  

The MSZW is the maximum level of the supersaturation that can be influenced by 

mixing [68], cooling rate[69] and the presence of impurities [70]. The MSZW can be 

obtained accurately by cooling the supersaturated solution with known concentration until 

the first nuclei appear. Various technologies are adopted to obtain the MSZW [43, 71, 72]. 

The focused beam reflectance measurement (FBRM) is commonly applied to detect the 

occurrence of nucleation [71, 73, 74]. The principle of the FBRM is based on the 
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measurement of  the chord length distribution (CLD) of the particles in front of the probe 

window by a rotating focused laser beam [73]. The technology of the ATR-FTIR couple 

with the FBRM is not only used to measure the solubility and MSZW but also to 

determine the degree of the supersaturation [57, 75-81]. The technology is verified to be a 

powerful method to monitor the polymorphism transformation [82-84] and the particle 

size [58, 85] during the crystallization process. 

2.2.1.2 Nucleation and growth in a cooling batch crystallizer 

During the crystallization process, the nucleation and growth are incurred by 

supersaturation. The nucleation refers to a phenomenon of the birth of nuclei within a 

fluid. Primary nucleation occurs in a supersaturated solution which is the absence of 

crystals. It always happens in the unseeded process. Secondary nucleation is induced by 

the presence of crystals in the supersaturated solution. Following the nucleation, the 

crystal growth initiates immediately where the crystal size increases. Then the crystal 

growth competes with the nucleation to consume the available supersaturation in the 

solution until the solution concentration reaches the solubility of the solute at certain 

temperature. Those stages play a crucial role in determining the property of the final 

crystals, such as crystal size and crystal size distribution (CSD). However, the study of 

theoretical treatment of the nucleation kinetics is still not clear since the critical size of 

the clusters which lead to the nucleation is too small and cannot be measured by the 

current technology [86]. So, the nucleation kinetics in solution just can be characterized 

based on the empirical method [87-89]. The study of the growth process is easier than the 

nucleation. An excellent overview of published growth theory is available in literature 

[60, 90]. The desirable final product with uniform crystal size and the narrow CSD cannot 
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be achieved without the control of the supersaturation, nucleation and growth. Nowadays, 

these two stages can be detected by the in-suit technologies, such as FBRM, particle 

vision and measurement (PVM) [71] and process video imaging (PVI) [91].  

2.2.2 The mathematical model of crystallization process 

The crystallization process can also be described mathematically. The cooling batch is 

considered as a perfectly mixed batch crystallizer of constant volume with the crystal 

breakage and agglomeration neglected. The population balance equation (PBE), Eq. 2-34, 

for the size independent growth rate [52] and mass balance for the solute concentration in 

continuous phase, Eq. 2-35, are the main equations for the model. 

𝜕𝑛(𝐿,𝑡)
𝜕𝑡

+ 𝐺(𝑡) 𝜕𝑛(𝐿,𝑡)
𝜕𝐿

= 0                                                                                          (2-34) 

𝑑𝑐(𝑡)
𝑑𝑡

= −𝜌𝑐𝑘𝑣
𝑑𝑚3(𝑡)
𝑑𝑡

= −3𝜌𝑐𝑘𝑣𝐺(𝑡)𝑚2(𝑡)                                                            (2-35) 

where n is the population density, G is the size-independent crystal growth rate, L is the 

crystal length, c is the solute concentration, ρc is the crystal density, and kv is the volume 

shape factor, mi is the ith moment of the crystal size distribution, shown as 

𝑚𝑖(𝑡) = ∫ 𝑛(𝐿, 𝑡)𝐿𝑖∞
0 𝑑𝐿                                                                                                     (2-36) 

where n(L,t) is the population density. 

2.2.2.1 Unseeded cooling batch crystallization  

In an unseeded cooling batch crystallizer, the nucleation (B) dominates the growth 

process. The primary nucleation occurs in the one phase solution when the 
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supersaturation of the solution exceeds the metastable zone limit at this temperature and 

leads to the generation of a large number of the nuclei. The primary nucleation rate per 

unit mass of solvent can be represented by an empirical expression [87] as 

𝐵(𝑡) = 𝑘𝑏∆𝑐(𝑡)𝑏                                                                                                     (2-37) 

which is frequently used for the unseeded crystallizer [43, 56]. The secondary nucleation 

starts after the primary nucleation, which will be discussed in the following section. 

Following the nucleation, the nuclei grow in size. The size-independent growth rate 

[52] is given as 

𝐺(𝑡) = 𝑘𝑔∆𝑐(𝑡)𝑔                                                                                                     (2-38) 

In the above equations, B is the nucleation rate, b is the nucleation order, G is the 

growth rate, and g is the growth order. kb, kg are the nucleation and growth rate 

coefficients as functions of the temperature.  

𝑘𝑏 = 𝑘𝑏0𝑒𝑥𝑝 (−𝐸𝑏
𝑅𝑇

)                                                                                                  (2-39) 

𝑘𝑔 = 𝑘𝑔0𝑒𝑥𝑝 (−𝐸𝑔
𝑅𝑇

)                                                                                                  (2-40) 

where kb0 and Eb are the frequency factor and the activation energy of nucleation, 

respectively. And kg0 and Eg are the frequency factor and the activation energy of growth, 

respectively.  Here, the supersaturation is defined as 

∆𝑐 = 𝑐 − 𝑐∗                                                                                                             (2-41) 
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where c is the solution concentration calculated by the crystallization model and c* is the 

solubility of the solute which is the function of the temperature. In a cooling batch 

crystallizer, temperature is a function of the time determined by the cooling profile.       

The initial and boundary conditions for the unseeded crystallization are 

𝑐(0) = 𝑐0                                                                                                                 (2-42) 

𝑇(0) = 𝑇0                                                                                                                (2-43) 

𝑛(0, 𝑡) = 𝑛0 = �𝐵(𝑡)
𝐺(𝑡)

�
𝐿=0

                                                                                           (2-44) 

𝑛(𝐿, 0) = 0                                                                                                              (2-45) 

where c0 is the initial concentration and T0 is the initial temperature. n0 and n(L,0) are the 

boundary and initial conditions for population density. 

The kinetics of the nucleation and growth, as well as the final crystal quality, in an 

unseeded crystallizer depends on the initial saturation concentration and the cooling rate. 

The unseeded crystallizer is not a common method of the cooling batch crystallization 

applied in the industry, since the nucleation as the dominant process causes a wide crystal 

size distribution and small crystal size. Compared with unseeded crystallizer, the seeded 

crystallizer can avoid those disadvantages under the certain operating conditions. 
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2.2.2.2 Seeded cooling batch crystallization   

The secondary nucleation is the dominant nucleation in the seeded crystallization since 

the crystals already exist in the solution. The secondary nucleation rate can be described 

[49, 92]as 

𝐵(𝑡) = 𝑘𝑏𝑀𝑇∆𝑐(𝑡)𝑏                                                                                                (2-46) 

where MT is called the magma or suspension density and can be obtained by  

𝑀𝑇 = 𝜌𝑐𝑘𝑣𝑚3                                                                                                          (2-47) 

The crystal growth rate in the seeded crystallization is the same as that in the unseeded 

crystallization shown in Eq. (2-38) since it occurs only when the solid phase exists.  

The initial and boundary conditions are given by 

𝑐(0) = 𝑐0                                                                                                                 (2-48) 

𝑇(0) = 𝑇0                                                                                                                (2-49) 

𝑛(0, 𝑡) = 𝑛0 = �𝐵(𝑡)
𝐺(𝑡)

�
𝐿=0

                                                                                           (2-50) 

𝑛(𝐿, 0) = �𝑎0(𝐿𝑚𝑎𝑥 − 𝐿)(𝐿 − 𝐿𝑚𝑖𝑛)          𝐿𝑚𝑖𝑛 < 𝐿 < 𝐿𝑚𝑎𝑥
0                                            𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

�                                (2-51) 

where the coefficient for the parabolic distribution of the seeds, a0, is based on the 

uniform crystal shape, and can be determined by the mass balance. Lmax and Lmin are the 

maximum and minimum size of the seeds.  
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To solve the PBE, the partial differential equation (PDE) was discretized and then 

transformed into a set of ordinary differential equations (ODEs). Since the ODEs proved 

to be stiff, the ode15s function in Matlab™ was used to solve these initial value problems 

(IVP) – ODEs.  

The characteristics of the desired final produced crystals are the unimodal peak of the 

crystal size distribution (CSD) and the maximum of the crystal size. They can be induced 

by suppressing the secondary nucleation and increasing the crystal growth rate in the 

seeded crystallizer. In the cooling batch crystallization, the following approaches can be 

employed to achieve the desired final product. One approach is the optimization of the 

cooling profile or cooling rate. Many authors proved that the cooling rate should be slow 

in the beginning of the stage where the nucleation and crystal growth just occur and 

accelerate when the surface area of the solid is increased [55, 93-95]. Another approach is 

the control of the seed loading and the seed size. The seed should be added in the 

crystallizer before the nucleation happens to restrain the nucleation process. The larger 

seed loading leads to reduce the nucleation and increase the crystal growth, and the 

smaller seed size increases the surface area per unit mass and promotes the growth 

phenomenon as the dominant process [63, 96].  

2.2.3 Direct crystallization for the pure enantiomers 

Gernez is first to uncover that the resolution of the double salt sodium ammonium 

racemate could be accomplished by adding the seeds of the object enantiomer in the 

supersaturated solution of the racemate in 1865 [97]. However, this method was not 

explained theoretically for almost a century until Secor summed up the studies of the 
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previous researchers and raised the rational approach for the direct crystallization in 1962 

[97]. “Enantiomer, Racemate and Resolution”, as the classic book published in 1981, 

elaborated the characteristics of the racemates and their enantiomers and the principle of 

the resolution, which revitalized the interest in the resolution by direct crystallization. An 

upsurge for the study of direct crystallization came from the introduction of policy about 

the pure enantiomers by FDA in 1992 [98]. This resolution method has been drawing the 

significant attention since it has been demonstrated as a powerful solid-liquid separation 

technology for the purification of the enantiomers [51, 99-104]. Potter et al. [105] studied 

the oscillating crystallization of the enantiomers of the bicyclic lactam during the direct 

crystallization. The performance of the resolution of DL- threonine by direct 

crystallization had been studied by Proir et al. [106]. The research group led by Seidel-

Morgenstern in Germany made significant contributions in the study of the direct 

crystallization. They used the polarimeter to online monitor the direct crystallization 

process [107], described this crystallization process by simplified mathematical model 

which was verified experimentally [108], extended the direct crystallization to the 

resolution of the racemic compound [109], experimentally and mathematically 

investigated the enantioseparation by direct crystallization in the  two coupled vessels 

[103, 110], studied the direct crystallization in the chiral solvent [111, 112]  and so on 

[113-117]. Ching’s group in Singapore also did some work on the direct crystallization. 

They applied the direct crystallization to the resolution of propranolol hydrochloride 

[102], 4-hydroxy-2-pyrrolidone [118] and so on [104, 119]. Our group has also studied 

the nucleation and growth kinetics of (R)- mandelic acid during the resolution of 

mandelic acid by direct crystallization [51]. Compared with other enantioseparation 
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technologies, direct crystallization allows to achieve high purity and low energy 

consumption. However, the main drawback of the direct crystallization is the requirement 

for the raw racemates and partially enriched solution. That means only the conglomerate 

and some racemic compound with close eutectic points can be separated using the direct 

crystallization with high purity and productivity. In this thesis, the pure enantiomers are 

obtained in a cooling batch crystallizer from a partially enriched solution with the desired 

enantiomer seeds. The set up of the crystallizer is shown in the Figure 2-8.  
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Figure 2- 8: The setup of the crystallization experiment: 1.ATR-FTIR, 2.FBRM, 

3.ATR-FTIR monitor, 4.FBRM monitor, 5. Double jacketed 200 mL 

glass crystallizer, 6.Magnetic stirring bar, 7. Magnetic stirrer, 8.Bath 

circulator. 
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Figure 2-9 shows the ternary solubility phase diagram for the racemic compound 

(Rac). The different enantiomeric excess compounds can be considered as the physical 

mixture of the enantiomers and racemic compound, since the racemic compound is also 

the stable solid phase, which is the same as the two pure enantiomers (R and S). So, the 

one racemic compound diagram can be regarded as the combination of two conglomerate 

ternary solubility phase diagrams, R-Rac and S-Rac. They are both same, because of the 

symmetry in chiral system. In this figure, point A and C represent the solubility of the 

pure enantiomer and racemic compound, respectively, in the solvent at a given 

temperature Tstart. Point B represents the eutectic point at this temperature. The tie line, A-

B-C, is the solubility curve at this temperature. And Solvent-B-E is the eutectic line in the 

ternary phase diagram. One-phase region, unsaturated solution, is the area of Solvent-A-B-

C, where enantiomer and racemic compound coexist as liquid phase. The areas of A-B-R 

and C-B-Rac represent the two-phase regions where pure enantiomers or racemic 

compound as solid phase or supersaturated solution coexist with saturated solution of a 

composition. And the triangle area R-B-Rac is the three-phase region for the two solid 

phases with solution at equilibrium [120].  

To generate the pure R, we want the solution composition falls in the area of Solvent-

B-R, since in these areas, the enantiomer is more than racemic compound in the solution, 

which is opposite with the area of Solvent-B-Rac-C. Because the two solid phases coexist 

in the area of R-B-Rac, the pure enantiomer cannot be obtained by enrichment method in 

this region. For a partially enriched solution of composition in the Solvent-B-A (point D), 

i.e. the solution from the Simulated Moving Bed (SMB) is dilute and undersaturated, it 

can be evaporated to remove a certain amount of solvent and then achieve to point F. The 
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mixture at point F is saturated at the Tstart. But the R-enantiomer is more than the racemic 

compound in the solution. Then the solution is crystallized by cooling with R-enantiomer 

seeds as the enantiopure resolving agent until Tend. Using the seeds is to induce the 

growth of the R-enantiomer and inhibit the occurrence of the instantaneous nucleation of 

the racemic compound from the solution. The R-enantiomer is deposited along line FG 

until point G where the racemic compound and enantiomers are in equilibrium with the 

eutectic composition at Tend. 

 

Figure 2- 9: Principle of direct crystallization for racemic compound systems. 
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2.3 Coupling of simulated moving bed chromatography and 

direct crystallization 

The concept of coupling the simulated moving bed technology and direct crystallization 

refers to the partially enriched solution obtained from the SMB chromatography to be 

introduced into the seeded cooling batch crystallizer to gain the pure enantiomers. Lim et 

al. was first to propose and apply the coupling of SMB chromatography and selective 

crystallization for the Praziquantel system [121, 122]. Lorenz et al. analyzed the 

efficiency of the coupling process by designing the two processes separately [123]. 

Ströhlein et al. developed the design method for the optimal coupling process [124]. 

Amanullah et al. used and optimized this process for the Tröger’s base system [125, 126]. 

Kaspereit et al. evaluated the hybrid process by a shortcut approach [127]. Gedicke et al. 

studied the design and feasibility of this process for stereoisomer separations [128]. 

Recently, Kaemmerer et al. employed the coupling process for the racemic bicalutamide 

[129].  

It is obvious that the coupling process is an efficient method for the chiral separation. 

The lower purity requirement for SMB and solvent recycle can reduce the consumption of 

the solvent and chiral stationary phase demand to achieve the high purity enantiomers and 

high productivity economically. And the partially enriched solution can be obtained easily 

from the SMB chromatography. 
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3.1 Introduction 

There is an increased demand for the separation of racemic compounds into their chiral 

constituents in the pharmaceutical and biochemical industries due to the recognition of 

differences in pharmacological activity of enantiomeric molecules. In recent years, 

preparative high performance liquid chromatography (HPLC) using chiral stationary 

phase (CSP) has become one of the best technologies for chiral separations because of its 

wide range of applications, ease of operation, high efficiency and reproducibility. 

Nowadays, simulated moving bed (SMB) chromatography, a well-developed continuous 

liquid chromatographic technique, has been widely used for the enantioseparation. 

Enantioseparation by SMB chromatography is usually operated under strongly nonlinear 

conditions. Therefore, a good understanding of the competitive adsorption isotherms is 

essential for the design and optimization of such separation process [1, 2] 

The competitive isotherm data can be acquired by several chromatographic methods. 

All have their advantages and limitations in terms of rapidity, consumption of chemicals, 

and accuracy[3, 4]. Frontal analysis (FA) is considered to be the most accurate method for 

adsorption isotherm determination[5, 6]. In frontal analysis, the equilibrium amounts 

adsorbed in the stationary phase are determined directly from the experimental data. 

Isotherm parameters can then be acquired by fitting the equilibrium data to different 

isotherm models. The other commonly used method is the pulse or perturbation method 

(PM), which derives the isotherm parameters from a least square fitting of the simulated 

eluted times of perturbations at different feed concentrations to the experimental ones[3, 
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7]. Both methods are of high accuracy, however, they suffer a large amount of solute and 

time consumptions. 

Numerical methods can also be used for determining competitive adsorption 

isotherms from overloaded elution profiles. The so-called inverse method (IM) allows the 

rapid estimation of the best values of the isotherm parameters by minimizing the 

difference between the overloaded band profiles generated from the model and those 

measured from the experiment [1, 8-11]. IM was first used to determine the competitive 

adsorption isotherm parameters of the ketoprofen enantiomers on a cellulose-based chiral 

stationary phase by James et al. [8]. Recently, comparison of the front analysis and 

inverse method on the estimation of adsorption isotherm of the proline in hydrophilic 

interaction chromatography was studied by Vajda et al.[12]. And Cornel et al. developed 

the direct inverse method which used directly the overloaded profiles from the detector 

signals without any calibration [11]. Compared to FA and PM, inverse method is fast and 

consumes the least amount of solutes, however, the isotherm derived from this method 

can be accurate only within the range of concentration extending from zero to the band 

maximum.  

 

Figure 3- 1: Molecular structure of mandelic acid. 
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The purpose of this work is to study the resolution of racemic mandelic acid ((R, S)-

MA, Fig. 3-1) and the competitive adsorption isotherm of its chiral constituents, i.e., (R)-

MA and (S)-MA under nonlinear conditions. Kaspereit et al. [13] has studied the 

influence of the adsorption isotherm parameters of the mixture of (R)-MA and (S)-MA on 

the performance of the SMB with the different column and mobile phase. Zhang et al. 

[14] has studied the competitive adsorption isotherm of (R)-MA and (S)-MA based on the 

solution of an equimolar mechanical mixture of pure (R)-MA and (S)-MA. However, 

mandelic acid usually exists as the racemic compound [15, 16] which is present in equal 

quantities in a well-defined arrangement within the crystal lattice. The solid-liquid 

equilibria of mandelic acid system are shown in Figure 3-2 [16]. It can be seen from 

Figure 3-2 that melting temperature of (R,S)-MA is much higher than that of equimolar 

mechanical mixture of pure (R)-MA and (S)-MA . Therefore, the solubility of (R,S)-MA 

in liquid solvent is much lower and this lower solubility of (R,S)-MA will have some 

effect on its resolution by liquid chromatography [14, 17]. In this work resolution and 

competitive adsorption isotherm study of (R,S)-MA is carried out as the first step toward 

a future achievement of enantioseparation of (R,S)-MA using the hybrid SMB 

chromatography and crystallization process. The selection of the optimal mobile phase for 

the resolution of (R,S)-MA on the cellulose tris(3,5-dimethylphenylcarbamate) chiral  

stationary phase as well as the determination of the competitive isotherms of (R,S)-MA by 

inverse method is majorly presented in this study.  
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Figure 3- 2: Binary phase diagram of the racemic mandelic acid [16]. 

3.2 Modeling 

3.2.1 Competitive modified Langmuir adsorption isotherm model 

To determine the most suitable isotherm parameters by inverse method, different isotherm 

models need to be used. The competitive modified Langmuir adsorption isotherm was 

applied to describe the competitive retention mechanism of chiral molecules on cellulose-

based chiral stationary phase [18]. Two different types of binding sites with either one 

being homogeneous on the surface of the stationary phase are assumed in this model. 

Competitive modified Langmuir isotherm model is written as: 

𝑞𝑖∗ = 𝑚𝑖𝑐𝑖 + 𝑞𝑠𝑏𝑖𝑐𝑖
1+∑ 𝑏𝑗𝑐𝑗2

𝑗=1
  (3-1)
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where q*
i is the adsorbed amount of component i in the stationary phase equilibrated with 

the mobile phase at the concentration ci. mi is the coefficient for the  non-specific 

adsorption sites.  And qs and bi are the saturation capacities and the equilibrium constants 

for component i (i=1 or 2), respectively. The components 1 and 2 represent the less 

retained component ((S)-MA) and more retained component ((R)-MA), respectively. It 

should be noticed that the adsorption isotherm was studied here only for the final mobile 

phase we used without considering the effects of acid and alcoholic content, which have 

been studied by other researchers [19-21]. 

3.2.2 Column model 

The transport dispersive (TD) model is applicable in liquid chromatography to describe 

the mass balances of solutes in liquid and solid phases as well as the mass transfer of 

solutes between phases. In this model, the isothermal operation of a chromatographic 

column is described by a dispersed plug-flow model with linear-driving-force 

approximation for mass transfer [5, 6, 14]. The lumped solid-diffusion version of the 

model can be written as: 

𝜕𝑐𝑖
𝜕𝑡

+ 1−𝜀
𝜀
∙ 𝜕𝑞𝑖
𝜕𝑡

+ 𝑢 ∙ 𝜕𝑐𝑖
𝜕𝑧

= 𝐷𝐿 ∙
𝜕2𝑐𝑖
𝜕𝑧2

    (3-2) 

𝜕𝑞𝑖
𝜕𝑡

= 𝑘𝑣(𝑞𝑖∗ − 𝑞𝑖)   (3-3) 

where ci and qi are the concentrations of the solute in the liquid and solid phases, 

respectively; z is space coordinate and t is time; ε is the void fraction of the column; u is 

interstitial fluid velocity; DL is the dispersion coefficient and calculated in section 

4.2.1[22]; while kv is the lumped rate coefficient. 
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The initial conditions for Eqs. (3-2) and (3-3) are given by   

𝑐𝑖(0, 𝑧) = 0, 𝑞𝑖(0, 𝑧) = 0                                                                                        (3-4) 

The boundary conditions at the column: 

𝑐𝑖(𝑡, 0) = 𝑐𝐹,𝑖    𝑤ℎ𝑒𝑛 0 < 𝑡 < 𝑡𝑝                                                                            (3-5) 

𝑐𝑖(𝑡, 0) = 0    𝑤ℎ𝑒𝑛 𝑡 > 𝑡𝑝                                                                                      (3-6) 

𝐷𝐿 �
𝜕𝑐𝑖
𝜕𝑧
�
𝑧=𝐿

= 0                                                                                                           (3-7) 

where cF,t is the feed concentration of the component, tp is the length of a rectangular 

injection and L is the column length. The rectangular injection profiles have been 

employed in the calculation for the sake of simplicity. Although the use of real injection 

profiles would give us slightly more accurate results of the isotherm parameters, this 

would generate much complexity in the simultaneous fitting of the isotherm parameters 

because the injection profiles become more eroded with the increasing flow rates and size 

of the solute [23-25]. The error generated from the simplified injection profiles is 

maximum 2-3% [14, 23], which is acceptable in this case.  

To solve these equations, the partial differential equations (PDEs) in Eqs. (3-2) and 

(3-3) were discretized and transformed into a set of ordinary differential equations 

(ODEs) using the method of lines. These resultant ODEs together with Eqs. (3-4)-(3-7) 

were then solved by a stiff ODE solver, DIVPAG which is based on Gear’s method in 

IMSL (International Mathematics and Statistics Library), to get the calculated 

concentration profiles. 
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3.2.3 Isotherm parameters estimation 

To determinate the isotherm parameters, inverse method was used to minimize the 

difference between the experimental and calculated concentration profiles by the isotherm 

model and column model. The optimal set of the parameter values, [m1, m2, qs, b1, b2, kv], 

can be generated by minimizing the error function f(k) defined as below,  

𝑓(𝑘) = min𝜃 ∑ �𝑐𝑗
𝑒𝑥𝑝 − 𝑐𝑗𝑐𝑎𝑙�

2 , 𝜃 = [𝑚1,𝑚2, 𝑞𝑠, 𝑏1, 𝑏2,𝑘𝑣]𝑘
𝑗=1                           (3-8)                  

where k is the total number of the experimental data. There are 2001 experiment data for 

the band profile of Runs 7 to 15. The optimization is carried out by tuning those seven 

variables to minimize the error function. Non-dominated sorting genetic algorithm 

(NSGA-II-JG) [23] was used in this study to obtain the best-fit values of the isotherm 

parameters.  

3.3 Experimental 

3.3.1 Equipment  

The experiments for the screening of mobile phase and the frontal analysis were 

performed on an Agilent 1200 series liquid chromatography system (Agilent 

Technologies, Palo Alto, CA, USA), which consists of a vacuum degasser, a quaternary 

pump, an auto injector with a 100µL sample loop, a thermostatted column compartment, 

a diode array and multiple wave length UV detector and the Agilent chemstation 

software. The detector was calibrated for each of the mobile phases used, at each 

temperatures set, and at the wavelengths of 254 and 280 nm. Linear calibration curve was 
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obtained in each case, which was further employed to determine the concentrations of the 

solutes. 

The overload band profiles for inverse method were measured using the laboratory 

preparative chromatographic system, which includes the online vacuum degasser (Agilent 

Technologies, CA, USA), the Jasco PU-2080 pump (Jasco, Tokyo, JP), an injector with 

50uL (Vici Valco, TX, USA) and  the Jasco UV-2075(Jasco, Tokyo, JP). All the 

wavelength of UV detectors was set at 254nm and calibration of detector was made using 

standard mandelic acid solutions with different concentrations. The calibration curve 

shows extremely good linearity. 

A 100mm×10mm semi-preparative Chiralcel OD column (Chiral Technologies, West 

Chester, PA, USA), packed with cellulose tris(3,5-dimethylphenylcarbamate) coated on 

20 µm silica-gel substrate, was used for all measurements. The total column void fraction 

was 0.708, determined by the retention volume of 1,3,5-tri-tert-butylbenzene (TTB) (TCI 

American, Portland, USA). 

3.3.2  Materials 

The (R,S)-MA (99%) was purchased from Alfa Aesar (Heysham Lancashire, UK). 

Hexane (Calendon, Gergetown, ON, CA), isopropyl alcohol (IPA), (Calendon, 

Gergetown, ON, CA), and trifluoroacetic acid (TFA), (Alfa Aesar, MA, USA) were all 

HPLC grade.  
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3.3.3 Solubility measurement of (R,S)-MA  

Solubility of (R,S)-MA in the mobile phase with different compositions of hexane and 

IPA (hexane/IPA: 100/0, 90/10, 85/15, 80/20, 70/30, 60/40 (v/v)) was measured under 

room temperature (23±0.5ºC). This measurement was conducted by adding the weighted 

solute in the 2mL prepared solvent followed by equilibrium for 2 hours and repeated 

those steps until the solutions became saturated. After the equilibrium of the final solution 

for 24 hours, pipet 100 μL of supernates into individual 10 mL volumetric flask. Dilute to 

volume with the corresponding mobile phases. The solubility of (R,S)-MA in different 

mobile phases was then determined by measuring the concentration of the diluted 

solutions using HPLC. It should be mentioned that all the sample solutions used for 

isotherm determination were below the solubility of (R,S)-MA in the corresponding 

mobile phases. 

3.3.4 Resolution of (R,S)-MA and isotherm determination  

All experiments were performed at room temperature (23 ± 0.5ºC). Experiments with 

either small injection (pulse test) or large injection (frontal analysis) were conducted. The 

major purposes of the pulse test are twofold. Firstly, screening the best mobile phase for 

the resolution of (R,S)-MA was performed by pulse test. Secondly, pulse tests also aimed 

to obtain elution concentration profiles of (R,S)-MA, which would have been used to 

derive the isotherm parameters by inverse method. Mobile phase with different 

compositions of hexane/IPA/TFA were used to resolve (R,S)-MA. Different flow rates of 

mobile phase were also tested for the good resolution of (R,S)-MA with different injection 

amounts. Details for the operating parameters can be found in Table 3-1. 
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Table 3- 1: The operating conditions for the isotherm measurements 

Run 
Mobile phase  Flow rate  Injection amount  

Hexane/IPA/TFA (v/v/v) (mL/min) (µg) 

1 90/10/0.3 4 500 

2 85/15/0.3 4 500 

3 80/20/0.3  4 500 

4 70/30/0.3 4 500 

5 85/15/0 4 500 

6 85/15/0.15 4 500 

7 85/15/0.3 2 300 

8 85/15/0.3 2 900 

9 85/15/0.3 2 1500 

10 85/15/0.3 3 300 

11 85/15/0.3 3 900 

12 85/15/0.3 3 1500 

13 85/15/0.3 4 300 

14 85/15/0.3 4 900 

15 85/15/0.3 4 1500 

The single step frontal analysis method was used to verify the adsorption isotherm 

derived by inverse method. Frontal analysis experiment was carried out using Agilent 
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1200 series liquid chromatography system equipped with the semi-preparative Chiralcel 

OD column. Two pump channels were used, with one for pure mobile phase and the other 

one for the sample solution with a concentration of 26.2 g/L. After the column was pre-

equilibrated with the mobile phase, the sample solution, mixed with mobile phase 

proportionally, was fed into the column. The flow rate of the mixed solution was 3.0 

mL/min. When the first plateau was reached, the effluent was collected before the next 

breakthrough appeared. After the column was equilibrated with the solution and the 

elution of the breakthrough curves was recorded by the DAD detector at 280nm 

wavelength, the column was regenerated by washing the sample away with the pure 

mobile phase and ready for the next injection. The sample solution of (R,S)-MA and the 

collected effluent were analyzed with HPLC.  The series of frontal analysis experiments 

was performed by the proportions of the sample solution in the mixed solution with 1, 

2.5, 5, 7.5, 10, 25, 50, 75, 100%. The amount adsorbed in stationary phase, q*
i, in 

equilibrium with a mobile phase concentration, cF,i,  can be calculated by [24] 

𝑞𝑖∗ = (𝑡2−𝑡0)×�𝑐𝐹,𝑖−𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖�−(𝑡2−𝑡1)×�𝑐𝑚,𝑖−𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖�
1−𝜀
𝜀 ∙𝑡0

                                                       (3-9) 

where the value of cinitial,i  is 0 in this case and cm,i is the concentration of component i in 

the first  plateau; t0 is the holdup time of the column , t1 and t2 are the retention time of the 

first and the second breakthrough fronts, respectively. 

These measured equilibrium data will be used to verify the accuracy of the isotherm 

derived from inverse method. 
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3.4 Results and discussion 

3.4.1 Choice of mobile phase 

Selection of a suitable mobile phase for the enantioseparation of (R,S)-MA is a little bit 

challenging. As normal phase liquid chromatographic mode was used to resolve (R,S)-

MA in this study, the choice for mobile phase has been restricted to the non-polar or 

weakly polar organic solvent, usually the mixture of hydrocarbon (hexane or heptane) and 

alcohol. Nevertheless, (R,S)-MA has very limited solubility in weakly polar organic 

solvents. In order to increase the solubility of (R,S)-MA in mobile phase, strongly polar 

alcohol needs to be used, which may result in a decrease in resolution.  

3.4.1.1 Effect of isopropanol content 

Alcohol concentration in the mobile phase has been proved to have great influence on the 

resolution of racemic compounds on the polysaccharide-based CSPs [25-28]. In this 

study, the effects of isopropanol (IPA) concentration in mobile phase on the resolution of 

(R,S)-MA are twofold. Firstly, IPA concentration has a remarkable influence on the 

solubility of (R,S)-MA. The solubility of (R,S)-MA with the different IPA concentrations 

in the mobile phase is shown in Figure 3-3. It is observed that (R,S)-MA is insoluble in 

pure hexane and the solubility of (R,S)-MA increases exponentially with the increase of 

IPA concentrations. This experiment result coincides with the research observation by 

Miller et al. [29] which reported that the racemic compounds have higher solubility in 

alcoholic solvents than the mixed alcohol-hydrocarbon solvent with high hydrocarbon 

content. In liquid chromatography, the concentration overloading conditions typically 
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result in better performance than volume overloading, therefore, mobile phase resulting in 

high solute solubility is preferred.  

 

Figure 3- 3: Solubility of (R,S)-MA with different ethanol proportions in the mobile 

phase. 

Secondly, IPA concentrations in mobile phase also affect the retention, band profile 

shapes and enantioseparation of the two enantiomers. It was found that retention times of 

(R)-MA and (S)-MA become shorter with the increasing amount of IPA in mobile phase. 

But poor resolution from Table 3-2 was obtained when higher isopropanol concentrations 

were used in the mobile phase. Comparison of the elute profiles for different isopropanol 

contents is demonstrated in Figure 3-4. These results once again prove that alcoholic 

modifier molecules, IPA in this case, compete with solute molecules for the chiral 

adsorption sites on the CSP. As a result, the separation performance, i.e. the retention, 
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enantioselectivity and resolution, has been altered by changes of the IPA concentration in 

the mobile phase. 

Table 3- 2: The selectivity (α) and resolution (Rs) of the band profiles 

Run 1 2 3 4 5 6 

*α 1.48 1.57 1.64 1.73 1 1.56 

*Rs 2.37 2.24 2.07 1.69 0 2.22 

*Selectivity (α) and resolution (Rs) are defined as 𝛼 = 𝑡2−𝑡0
𝑡1−𝑡0

 and 𝑅𝑠 = 𝑡2−𝑡1
0.5(𝑤2+𝑤1)

, 

respectively. 

 

Figure 3- 4: Influence of IPA proportion in the mobile phase on the elution profiles 

of (R)-MA and (S)-MA. 
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3.4.1.2 Effect of the trifluoroacteic acid  

When polysaccharide-based CSPs are used, it has long been recognized that basic or 

acidic additives enhance the separation quality, both in terms of selectivity and peak 

shape efficiency [30, 31]. In this study, trifluoroacetic acid (TFA) was added into the 

mobile phase to increase the enantioselectivity and minimize peak broadening. In Figure 

3-5 the impact of TFA on retention and peak shapes is shown. It is observed that retention 

decreases with increasing additive level between 0 and 0.3v%. Enantioselectivity and 

column efficiency also increase between 0 and 0.3v% TFA. These observations indicate 

that TFA exerts it effect by minimizing interactions between solute molecules and non-

selective binding sites of the CSP. However, TFA higher than 0.5v% in mobile phase is 

not recommended because CSP may be damaged under high concentration of acidic 

additives.   

 

Figure 3- 5: Influence of TFA proportion in the mobile phase on the retention and 

enantioselectivity of (R,S)-MA. 
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The mixed solution, hexane/IPA/TFA with 85/15/0.3 (v/v/v) were selected as the 

mobile phase for the enantioseparation of (R,S)-MA in this study based on the overall 

consideration of the solubility, retention time, resolution performance of (R,S)-MA as 

well as the column limitation, 

3.4.2 Parameters estimation, optimization and validation for 

competitive adsorption isotherm 

3.4.2.1 Axial dispersion coefficient, DL 

The axial dispersion coefficient, DL, can be calculated by the molecular diffusion and 

eddy diffusion [22] in terms of 

𝐷𝐿 = 0.7𝐷𝑚 + 0.5𝑢𝑑𝑝                                                                                           (3-10) 

where dp is the diameter of the particle size. Dm is the molecular diffusion coefficient of 

the solute in the mobile phase which can be determined as follows 

𝐷𝑚 = [𝐷𝑚(𝑤ℎ𝑒𝑥𝑎𝑛𝑒 = 1)]𝑤ℎ𝑒𝑥𝑎𝑛𝑒[𝐷𝑚(𝑤𝐼𝑃𝐴 = 1)]𝑤𝐼𝑃𝐴                                        (3-11) 

where whexane and wIPA are molar fractions of hexane and IPA which are 0.77 and 0.23, 

respectively. The equation above is based on the diffusion coefficient in the dilute 

solutions [32]. The Dm(whexane=1) and Dm(wIPA=1) represent the molecular diffusion 

coefficient of (R,S)-MA in pure hexane and pure IPA, respectively, which can be 

computed from Hayduk-Laudie correlation[33] 

𝐷𝑚 = 13.25×10−5

𝜇1.4𝑉𝑎0.589                                                                                                       (3-12) 
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where µ is the viscosity of solvent whose value is 0.29 cps for hexane and 1.96 cps for 

IPA. And based on the Le Bas additivity constants[34], the molar volume Va can be 

estimated as 200 cm3/mol. So, the value of DL is changed by the interstitial mobile phase 

velocity which is shown in Table 3-3.  

Table 3- 3: Axial dispersion coefficient values with different flow rates of mobile 

phase 

Flow rate (mL/min) DL ×10-3(cm2/min) 

2 3.48 

3 4.86 

4 5.57 

3.4.2.2 Parameter estimation and optimization 

The isotherm parameters and the lumped rate coefficient kv were derived from three 

overloaded band profiles with different amount of injections. To get the possible range of 

each decision variable, numerical simulations were performed initially. The isotherm 

parameters were then determined by minimizing the square difference between 

experimental and model predicated band profiles through optimization. The best-fit 

isotherm parameters for the competitive modified Langmuir isotherm models are listed in 

Table 3-4, respectively. Figure 3-6 illustrates the comparison of the three sets of 

experimental and simulated concentration profiles with competitive modified Langmuir 

isotherm. A good agreement between the measured and calculated band profiles can be 

seen from Figure 3-6. 
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Table 3- 4: Competitive modified Langmuir isotherm parameters 

kv(s-1) m1 m2 qs(g/L) b1(L/g) b2(L/g) 

13.3 1.99 2.45 5.5 0.13 0.31 

Note: Confidence interval of the data above at the confidence level = 95% 
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Figure 3- 6: Best-fit of competitive modified Langmuir isotherm. 
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To verify the accuracy and reliability of the derived isotherm parameters from inverse 

method, chromatographic experiments performed at higher (4mL/min), medium 

(3mL/min) and lower (2mL/min) elution flow rates with different injection amounts were 

used to examine the predicted elution profiles calculated from the best-fit isotherm 

parameters. Comparison of the measured and calculated band profiles at different elution 

flow rates are shown in Figures 3-7 to 3-9. All these comparisons demonstrate that the 

calculated and experimental elution profiles have a satisfying agreement. In addition, the 

adsorption isotherm obtained by frontal analysis was also used to verify the accuracy of 

the estimated isotherm parameters. The experiment data for the frontal analysis are shown 

in Table 3-5. Isotherm derived from inverse method has an acceptable agreement with 

that acquired from frontal analysis as shown in Figure 3-10. It shows that the inverse 

method is a reliable approach to estimate the parameters of adsorption isotherm and 

predict the elution profiles.  
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Figure 3- 7:  Verification of the best-fit isotherm parameters with lower elution 

flow rate. 
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Figure 3- 8: Verification of the best-fit isotherm parameters with medium elution 

flow rate. 
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Figure 3- 9: Verification of the best-fit isotherm parameters with higher elution 

flow rate. 
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Table 3- 5: The experimental data for frontal analysis 

cF,1_or_cF,2 (g/L) t0 (min) t1 (min) t2 (min) cm,1 (g/L) 

0 0 0 0 0 

0.13 2.13 4.63 5.64 0.11 

0.33 2.13 4.57 5.61 0.35 

0.66 2.13 4.43 5.46 0.69 

0.98 2.13 4.39 5.42 1.03 

1.31 2.13 4.25 5.25 1.33 

3.28 2.13 4.24 4.98 3.30 

6.55 2.13 4.09 4.73 6.75 

9.83 2.13 4.08 4.56 11.80 

13.10 2.13 3.98 4.42 14.73 
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Figure 3- 10: The competitive modifier Langmuir isotherm models for (R)- and (S)-

MA obtained by frontal analysis and inverse method,  where 

q1=f(c1,c2=const) and q2=f(c1=const, c2). 

However, it still can be observed that there are small deviations between the 

calculated and experimental elution profiles from Figures 3-6 to 3-9. The main reason for 

the peak tailing comes from a heterogeneous thermodynamics. The strong and specific 

interactions taking place between solute molecules and certain regions of the surface of 

the packing materials could be the main origin of peak tailing, but this cannot be reflected 

precisely from the isotherm model.   

3.5 Conclusions 

Different mobile phases have been used to resolve (R,S)-MA on the cellulose tris(3,5-

dimethylphenylcarbamate) chiral  stationary phase. Results indicate that mobile phase 

consisting of hexane/IPA/TFA with 85/15/0.3 (v/v/v) gives the best resolution of (R,S)-

MA. Both IPA and TFA concentrations in the mobile phase have great influence on the 
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retention and enantioseparation of (R,S)-MA. The retention time is decreasing with the 

increase of isopropanol content. And the higher TFA level in the mobile phase helps to 

reduce the peak broadening and decrease retention times of (R)- and (S)-MA.  

Inverse method was used in this study to determine the competitive isotherm of (R)- 

and (S)-MA on the cellulose tris(3,5-dimethylphenylcarbamate) chiral  stationary phase. 

By fitting three chromatograms simultaneously with different injection amounts and flow 

rates, the best-fit isotherm parameters for the competitive modified Langmuir were 

determined.  Results suggest that competitive modified Langmuir isotherm gives better 

representation of the experimental data. Accuracy and reliability of the derived isotherm 

parameters were verified by comparing the model predicted band profiles with the 

experimental elution profiles under various experimental conditions. Results from the 

current study indicate the inverse method offers a rapid determination of competitive 

isotherm parameters of (R,S)-MA with minimal sample and solvent consumption and a 

satisfactory accuracy.  
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4.1 Introduction 

The enantioseparation of chiral compounds continues to be of great interest due to their 

prevalence in the pharmaceuticals, agrochemicals, and food additives [1-3]. It is well 

recognized that enantiomers often exhibit different biological and pharmacological 

responses. Chiral separation remains challenging due to the identical physical and 

chemical properties of enantiomers in an achiral environment, and research on 

specialized separation techniques continues to be developed to resolve individual 

enantiomers [4-7].  

Direct resolution of enantiomers by high performance liquid chromatography has 

become the most popular and highly applicable technology due to the concomitant 

development of chiral stationary phases and efficient chromatographic techniques [8-12]. 

SMB technology, a continuous chromatographic technique, first developed by Broughton 

and Gerhold [13] has been proven efficient in resolution various enantiomers from their 

racemates and has been successfully applied to industrial-scale enantioseparations [14-

17]. As an implement of continuous countercurrent chromatographic process, SMB unit 

as illustrated in Figure 4-1 is composed of several fixed-bed columns separated into four 

sections by valves and ports which can be switched periodically in the direction of the 

mobile phase to simulate the countercurrent movement. The separation takes place in 

sections 2 and 3. Sections 1 and 4 are functioned for the solid and solvent regenerations, 

respectively. The desired separation performance of binary mixtures can be reached by 

tuning the flow rate of mobile phase in each section and the switching time. Compared to 

the batch chromatography, SMB allows the maximization of the mass transfer driving 
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force which leads to less chiral stationary phase requirements and solvent consumptions 

as well as high efficiency. Moreover, the fixed-bed columns overcome the movement and 

erosion of the solid phase in the true moving bed process. 

 

Figure 4- 1: Schematic diagram of an open loop four section SMB unit.  

During the last decades, a large number of chiral stationary phases (CSPs) have been 

developed to achieve chiral separation of a wide variety of racemic compounds [16, 18-

20]. Among more than one hundred commercially available CSPs, those based on the 

phenylcarbamates of polysaccharides including cellulose and amylase have been 

recognized as the most powerful for the resolution of a wide range of racemates, and 

nearly 90% of chiral compounds can be resolved at the analytical level using the 

polysaccharide-based CSPs [21] . 
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In this study we have theoretically and experimentally investigated the preparative 

enantioseparation of racemic mandelic acid, (R,S)-MA, on the cellulose tris(3,5-

dimethylphenylcarbamate) chiral stationary phase (Chiralcel OD column) by SMB 

chromatography. The goal of this study is to apply the triangle theory to the design and 

complete separation of (R)- and (S)-MA by SMB chromatography and then discuss the 

effects of switching time,  feed concentration and column configuration on the separation 

performance. 

4.2 Theoretical background 

4.2.1 Isotherm model 

Polysaccharide chiral stationary phases usually offer many interacting sites where pairs 

of enantiomers are discriminated. Therefore, isotherm models based on homogeneous 

surfaces are invalid for the resolution of enantiomers on this type of chiral stationary 

phases. In this study a competitive modified Langmuir isotherm model which assumes 

two different types of binding sites with either one being homogeneous on the surface of 

the stationary phase has been used to describe the phase equilibrium of (R)- and (S)-MA 

on the cellulose tris(3,5-dimethylphenylcarbamate) chiral  stationary phase. Competitive 

modified Langmuir isotherm model is written as: 

𝑞𝑖∗ = 𝐻𝑖𝑐𝑖 + 𝑞𝑠𝑏𝑖𝑐𝑖
1+∑ 𝑏𝑖𝑐𝑖2

𝑖=1  
                                                                                              (4-1)

                                                    
 

where q*
i is the adsorbed amount of component i in the stationary phase equilibrated with 

the mobile phase at the concentration ci. Hi is the coefficient for the non-specific 
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adsorption sites.  And qs and bi are the saturation capacities and the equilibrium constants 

for component i (i=A or B), respectively. The components A and B represent the more 

retained component ((R)-MA) and less retained component ((S)-MA), respectively. 

4.3 SMB model  

4.3.1 SMB modeling 

The column model, mass balance of nodes and the SMB performance equations 

constitute the mathematical model of SMB process. That is essential to the successful 

design and operation of SMB chromatography. In addition, the adsorption isotherm in the 

SMB shows the competitive behaviour since the SMB runs under overload operating 

conditions, which must be taken into account of the SMB design. 

The column model was used to describe the migration of the mixture components 

concentration along the columns of a SMB system. The transport dispersive (TD) model 

assumes that the kinetics of adsorption–desorption is infinitely fast but not for the mass 

transfer kinetics [22-24]. The solid film linear driving force (LDF) model, which 

decouples the effect of finite mass transfer and axial dispersion, provides sufficient 

accuracy in modeling various chromatographic processes. The LDF model is based on 

the assumptions that the adsorbent particles are homogeneous; the flow in the column is 

characterized by a convective and a dispersive term, and a linear driving force for the 

mass transfer of the solute from fluid phase to the surface of the adsorbents. The LDF 

model is also capable to handle any kind of adsorption equilibrium isotherm. In the 

current study, TD model with the solid film linear driving force is used for the SMB 
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column model. The model equations as well as the initial and boundary conditions of 

each column in a SMB system are listed in Table 4-1.   

Table 4- 1: Transient model equations for SMB chromatography 

Mass balance equations for component i in column j 

𝜕𝑐𝑖𝑗
𝑁

𝜕𝑡
+ 1−𝜀

𝜀
∙
𝜕𝑞𝑖𝑗

𝑁

𝜕𝑡
+ 𝑢𝑗 ∙

𝜕𝑐𝑖𝑗
𝑁

𝜕𝑧
= 𝐷𝐿 ∙

𝜕2𝑐𝑖𝑗
𝑁

𝜕𝑧2
  

Lumped kinetic models 

𝜕𝑞𝑖𝑗
𝑁

𝜕𝑡
= 𝑘𝑣(𝑞𝑖𝑗𝑁∗ − 𝑞𝑖𝑗𝑁)  

Initial conditions 

𝑊ℎ𝑒𝑛 𝑁 = 0, 𝑐𝑖𝑗0 = 0 𝑎𝑛𝑑 𝑞𝑖𝑗0 = 0  

𝑊ℎ𝑒𝑛 𝑁 ≥ 1, 𝑐𝑖𝑗𝑁 = 𝑐𝑖,𝑗+1𝑁−1  𝑓𝑜𝑟 𝑗 = 1~(𝑁𝑇 − 1) 𝑎𝑛𝑑 𝑐𝑖𝑗𝑁 = 𝑐𝑖,1𝑁−1 𝑓𝑜𝑟 𝑗 = 𝑁𝑇   

Boundary conditions 

�𝑐𝑖,1𝑁 �𝑧=0 = �𝑄4
𝑄1
𝑐𝑖,𝑁𝑇
𝑁−1�

𝑧=𝐿
 𝑓𝑜𝑟 𝑒𝑙𝑢𝑒𝑛𝑡 𝑛𝑜𝑑𝑒  

�𝑐𝑖,𝑁1+1
𝑁 �

𝑧=0
= �𝑐𝑖,𝑁1

𝑁 �
𝑧=𝐿

 𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑛𝑜𝑑𝑒  

�𝑐𝑖,𝑁1+𝑁2+1
𝑁 �

𝑧=0
= 𝑄2

𝑄3
�𝑐𝑖,𝑁1+𝑁2
𝑁 �

𝑧=𝐿
+ 𝑄𝐹

𝑄3
𝑐𝐹,𝑖 𝑓𝑜𝑟 𝑓𝑒𝑒𝑑 𝑛𝑜𝑑𝑒  

�𝑐𝑖,𝑁1+𝑁2+𝑁3+1
𝑁 �

𝑧=0
= �𝑐𝑖,𝑁1+𝑁2+𝑁3

𝑁 �
𝑧=𝐿

 𝑓𝑜𝑟 𝑟𝑎𝑓𝑓𝑖𝑛𝑎𝑡𝑒 𝑛𝑜𝑑𝑒  

4.3.1.1 SMB performance parameters 

Purities and recoveries of the two components in extract and raffinate streams were used 

to evaluate the performance of SMB process. The purities of raffinate and extract 
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streams, PuRa and PuEx and the recovery of the two enantiomers are defined as below for 

SMB operation.  

𝑃𝑢𝑅𝑎 = ∫ 𝑐𝐵,𝑅𝑎
𝑐𝐴,𝑅𝑎+𝑐𝐵,𝑅𝑎

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                     (4-2) 

𝑃𝑢𝐸𝑥 = ∫ 𝑐𝐴,𝐸𝑥
𝑐𝐴,𝐸𝑥+𝑐𝐵,𝐸𝑥

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                      (4-3) 

𝑅𝑒𝐵 = 𝑄𝑅𝑎
𝑄𝐹

∫ 𝑐𝐵,𝑅𝑎
𝑐𝐵,𝐹

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                          (4-4) 

𝑅𝑒𝐴 = 𝑄𝐸𝑥
𝑄𝐹

∫ 𝑐𝐴,𝐸𝑥
𝑐𝐴,𝐹

𝑡+𝑡∗

𝑡 𝑑𝑡                                                                                           (4-5) 

4.3.2 Design of SMB  

The prerequisite for the successful separation by SMB is choosing the operating 

conditions. Those conditions can be determined by the flow rate ratio between the net 

mobile and solid phase mass flow in each section, mg, which are vital parameters to 

control the SMB performance. 

𝑚𝑔 = 𝑄𝑔𝑡∗−𝑉𝜀−𝑉𝑔𝐷

𝑉(1−𝜀)
 (𝑔 = 1, … ,4)                                                                              (4-6) 

𝜀 = 𝑡0𝑄𝑗−𝑉𝐷

𝑉
                                                                                                              (4-7) 

According to the triangle theory, if complete regeneration of the adsorbent and 

desorbent is confirmed, a specific plane formed by m2 and m3 values, which are 

independent of m1 and m4 values, can be applied to determine the binary separation 

performance of a SMB unit. As demonstrated in Figure 4-2, a total of four regions, i.e. 
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the complete separation region, pure extract region, pure raffinate region and no pure 

outlet region, can be found in the (m2, m3) plane corresponding to different operating 

regimes. Certainly, the determination of the complete separation region in the (m2, m3) 

plane is of paramount importance.  However, for nonlinear system in the presence of 

mass transfer resistance, determination of the complete separation region is not 

straightforward. Numerical simulation has to be applied to determine the boundaries of 

complete separation region because none of constraints for mg values are explicit.    
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Figure 4- 2: Separation of (R,S)-MA racemic compound using Chiralcel OD SMB 

system. Regions of (m2, m3) plane based on the purity of both outlet 

stream over 99% when the feed concentration is 30g/L and column 

configuration is 1/2/2/1. The numbers with the parenthesis in areas 

present the four different separation regions: (1) pure raffinate and 

extract; (2) only pure extract; (3) only pure raffinate; (4) no pure 

raffinate and extract. 

In this study, a simplified design method has been applied to obtain the complete 

separation region of (R,S)-MA using our laboratory SMB setup. Firstly, the explicit 

constraints of m1 and m4 for the complete regeneration of adsorbent and desorbent in 

sections 1 and 4 were obtained using the approach proposed by Susanto et al. [25]  as 

given below:  
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𝑚1 > �𝑑𝑞𝐴
𝑑𝑐𝐴

�
𝑐𝐴→0,𝑐𝐵=0 

                                                                                                (4-8) 

𝑚4 < �𝑞𝐵
𝑐𝐵
�
𝑐𝐴=0,𝑐𝐵=𝑐𝐹 

                                                                                                 (4-9) 

These simplified constraints of  m1 and m4 was proposed based on the analyses of the 

propagations of shock fronts and desorption fronts in various SMB systems and have 

been proved to be accurate when mass transfer between the fluid phase to the surface of 

the adsorbents in the TD model  is fast [26]. 

The estimation of the flow rate in section 1, Q1, is based on the limitations of the 

press drop of the SMB system and the pump performance since it is the highest flow rate 

in the unit. Coupling Q1 with m1, the switching time can be determined by 

𝑡∗ = 𝑉[(𝑚1(1−𝜀)+𝜀)]+𝑉1𝐷

𝑄1
                                                                                           (4-10) 

The flow rate in section 4, Q4 can then be determined directly by applying the 

constraint of m4 in Eq. (4-9). But the boundaries for complete separation region in the 

(m2, m3) plane has to be determined by numerical simulation. Once the complete 

separation in the (m2, m3) plane was obtained, operating parameters (Q2 and Q3) derived 

from any combination of m2 and m3 within the complete separation region could be 

selected for the SMB operation to achieve the complete separation of (R)- and (S)-MA. 
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4.4 Experiment setting 

4.4.1 Materials and equipments 

The 99% (R,S)-MA (Alfa Aesar, MA, USA) was isolated by the Chiralcel OD column 

(Chiral Technologies, PA, USA) which was packed with cellulose tris(3,5-

dimethylphenyl carbamate) coated on 20 µm silica-gel substrate with a length of 100mm, 

and a diameter of 10mm. The 99% (R)- and (S)-MA (Alfa Aesar, MA, USA) were used 

for calibration. The mixture of hexane, isopropanol (IPA) (85:15,v/v) (Calendon, 

Gergetown, ON, CA) and 0.3v% trifluoroacetic acid (Alfa Aesar, MA, USA) was used as 

the mobile phase. It is noted that all mobile phased used in this study is same and the 

solvents used in this study were all HPLC grade. The column void fraction, ε, was 

determined by injecting 1,3,5-tri-tert-butylbenzene (TTB) (TCI American, Portland, 

USA)  on each column and using Eq. (4-7), which is shown in Table 4-2. The value of 

average column void fraction is 0.698 which was used in the SMB simulation. 

Table 4- 2: The void fraction of each column in SMB unit 

Column 1 2 3 4 5 6 Average 

ε 0.708 0.697 0.699 0.699 0.693 0.694 0.698 

The final products were analyzed on an analytical Chiralcel OD-H (Chiral 

Technologies, PA, USA) column (4.6mm×250mm, 5µm) and an Agilent 1200 series 

liquid chromatography system (Agilent Technologies, CA, USA), equipped with a 

vacuum degasser, a quaternary pump, an auto injector with a 100µL sample loop, a 

thermostatted column compartment, a diode array, multiple wave length UV detector and 
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the Agilent chemstation software. The UV detector was set at 254nm and the flow rate of 

the mobile phase was 0.5mL/min under the column temperature 23ºC.  

4.4.2 SMB operation 

A SMB unit is composed of six semi-preparative Chiralcel OD columns arranged in a 1-

2-2-1 configuration. Five 8-port multi-position valves (Vici-Valco, TX, USA) are applied 

for port switching to achieve the continuous movement of the solid phase, which is in the 

opposite direction of mobile phase flow. The check valves located at the inlet of each 

column are used to enforce the fluid direction. The two inlet streams, feed and desorbent 

flows, are delivered by two Jasco PU-2080 pumps (Jasco, Tokyo, JP), coupled with the 

online vacuum degasser (Agilent Technologies, CA, USA). And the two outlet steams, 

raffinate and extract flows are controlled by two mass flow controllers (Brooks 

Instrument, PA, USA). The flow rate of effluent leaving from the section 4 is determined 

by the overall mass balance. Since open loop operation of SMB unit is adopted, the outlet 

stream from the section 4 is collected in a glass container and recycled offline.  

Before the SMB separation experiments were performed, the unit was firstly flushed 

with mobile phase for 3 hours under the selected operating conditions until the flow rates 

of the inlet and outlet streams were constant. Then feed was continuously injected into 

the system. The products of each cycle were collected from the raffinate and extract port 

separately. After 15 cycles, the SMB system reached the steady state. After the SMB 

experiment, each column in the system was washed by anhydrous ethyl alcohol (Et-OH) 

(Greenfield, ON, CA) for 3 hours with 1.25mL/min flow rate and then flushed with 

hexane and IPA(90/10,v/v) for storage. 
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4.5 Results and discussion 

4.5.1 Isotherm parameters and rate coefficients 

Acute equilibrium data is one of the most important keys to predict the overall SMB 

performance for chiral separation. Competitive isotherm parameters plus the rate 

coefficients used in the SMB simulation have been determined from the single column 

experiments presented elsewhere [27]. In addition, the apparent axial dispersion 

coefficient in each section of the SMB unit has been corrected with the real flow rate in 

that section based on the value obtained from the single column experiments. The 

isotherm and model parameters for the design and simulation of chiral separation of 

(R,S)-MA in the SMB chromatography were given in Table 4-3.  

Table 4- 3: Isotherm parameters and rate coefficients of (R)- and (S)-MA in SMB 

column 

Competitive isotherm parameters 

HA  HB  qs (g/L) bA(L/g) bB (L/g) 

2.45 1.99 5.5 0.31 0.13 

Model parameters    

kv  (s-1) DL (×10-3cm2/min)  at Q = 4.0 mL/min 

13.3 5.57 



 

110 

 

 

4.5.2 Complete separation region 

Based on the design strategy described in section 2.3, complete separation of (R)- and 

(S)-MA in the SMB unit requires m1 value to be higher than 4.36 while m4 value to  lower 

than 2.26. The total dead volume of the SMB unit was measured to be 0.95 mL. The 

other operating conditions, i.e. switching time (t*), the flow rate in section 2, 3 and 4 (Q2, 

Q3, Q4) can be estimated based on the purity criteria. The operating conditions are listed 

in Table 4-4. The complete separation region for the (R,S)-MA, with a feed concentration 

of 30g/L was obtained when the purities of extract and raffinate outlet stream were over 

99%, which is shown in Figure 4-2.  

4.5.3 The effects of operating conditions on SMB performance 

In this section, the influences of the operating conditions on SMB performance are 

discussed. The operating conditions are list in Table 4-4 and the SMB performance are 

shown in Table 4-5. 
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Table 4- 4: Operation conditions and parameters for the SMB experiments 

Run Operation conditions Operation parameters 

 cfeed 

(g/L) 

Flow rate (mL/min) t* 

(min) 

Flow rate ratio  

 Q1 Q2 Q3 Q4 m1 m2 m3 m4 

1 30 6 4 4.02 2.32 3.0 5.21 2.68 2.71 0.56 

2 30 6 4 4.02 2.32 3.2 5.72 3.02 3.05 0.75 

3 30 6 4 4.02 2.32 3.7 6.98 3.86 3.89 1.24 

4 30 6 4 4.02 2.32 3.5 6.48 3.52 3.55 1.05 

5 30 6 4 4.03 2.32 3.5 6.48 3.52 3.57 1.05 

6 30 6 4 4.05 2.32 3.5 6.48 3.52 3.60 1.05 

7 30 6 4 4.2 2.5 3.5 6.48 3.52 3.82 1.31 

8 20 6 4 4.2 2.5 3.5 6.48 3.52 3.82 1.31 

9 10 6 4 4.2 2.5 3.5 6.48 3.52 3.82 1.31 

10 1 6 4 4.2 2.5 3.5 6.48 3.52 3.82 1.31 

11 30 6 4.1 4.12 2.32 3.5 6.48 3.67 3.70 1.05 

12 30 6 3.8 3.82 2.32 3.5 6.48 3.23 3.26 1.05 

13* 1 6 4 4.2 2.5 3.5 6.48 3.52 3.82 1.31 

*  The column configuration of Run 13 is 1/1/1/1.  
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Table 4- 5: Separation performance of experiments on SMB 

 Run             

% 1 2 3 4 5 6 7 8 9 10 11 12 13 

PuEx 97.60 99.04 88.98 99.15 99.19 99.22 98.62 99.33 100 99.8 98.86 99.1 95.99 

PuRa 99.69 99.64 51.28 81.47 71.33 60.07 51.82 52.21 56.93 91.68 70.47 99.75 82.13 

ReA 92.27 89.13 5.67 77.4 60 33.71 7.12 11.83 24.16 90.94 55.42 97.17 78.8 

ReB 90.10 93.27 99.3 99.33 99.51 99.73 99.9 91.29 96.78 99.82 99.36 98.3 96.6 

4.5.3.1 Switching time, t* 

Runs 1 to 4 were carried out by varying different switching time while keeping the flow 

rate and feed concentration constant as list in Table 4-4. 

As shown in Figure 4-3a, the raffinate purity decreases from 99.69% to 51.58% with 

the switching time increasing from 3 to 3.7 min, while the extract purity increases from 

97.60% to 99.15% initially but then decreases to 88.98% when the switching time 

increasing from 3.5 to 3.7 min. The increase of the switching time causes the values of m2 

and m3 increasing. Along the diagonal line on the plane (m2, m3), the operating points 

move from the left side of complete separation region where only the pure raffinate 

stream can be obtained, go through the complete separation region where both outlet 

streams are pure and reach the right side of triangle where both outlet streams are 

polluted. The changes of the purities of raffinate and extract streams are confirmed in 

Figure 4-3a. Moreover, the increasing switching time which leads to a relative high fluid 

to solid flow rate ratio, makes the more amount of the (S)-MA and (R)-MA elute with 
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mobile phase from the raffinate stream. This is why the recovery of (S)-MA in raffinate 

stream grows from 90.1% to 99.3% whereas the recovery of (R)-MA in extract stream 

declines from 92.27% to 5.67% as illustrated in Figure 4-3b.  

  

 

Figure 4- 3: SMB performance as a function of switching time. 
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4.5.3.2 Feed concentration and flow rate, cf and Qf   

The SMB performance can be affected by the loading change in the SMB system which 

can be achieved by varying the feed concentration or flow rate. Runs 4 to 10 were carried 

out for those purposes. 

It can be observed in the Figure 4-4a the extract purity decreases slightly from around 

100% to 98.62%, whereas, the raffinate purity drops quickly from 91.68% to 51.82% 

with the feed concentration rising from 1g/L to 30g/L. The capacity of the adsorption 

sites on the solid phase remains constant with the same mobile phase. With the feed 

concentration increasing, the migration of concentration fronts of (R)-MA and (S)-MA 

becomes faster within the SMB system, as a result, certain amount of  (R)-MA also elutes 

from the raffinate stream along with (S)-MA, which leads to a significant decline of the 

raffinate purity. The extract recovery as shown in Figure 4-4b also decreases from 

90.94% to 7.12% due to the considerable loss of (R)-MA in the extract stream. 
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Figure 4- 4: SMB performance as a function of feed concentration. 
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Figure 4- 5: SMB performance as a function of feed flow rate. 
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Increasing the feed flow rate causes the values of m3 increasing. The operating points 

on the plane (m2, m3) move from the complete separation region to the pure extract region 

or even the no pure outlet region. Similarly, the increased m3 value makes the more 

amount of (S)-MA and (R)-MA elute with mobile phase from raffinate stream. This can 

be verified from Figure 4-5 that the purity of extract stream is almost same while the 

purity of raffinate stream and the recovery of (R)-MA decrease remarkably.  

4.5.3.3 Extract flow rate, Qex 

Effect of the extract flow rate on the SMB performance was studied by keeping the feed 

flow rate, the flow rate of section 1 and 4 and the feed concentration constant as Runs 4, 

11 and 12 shown in Table 4-4. 

Figure 4-6 illustrates that the raffinate purity increases from 70.47% to 99.75% and 

the extract purity ascends from 98.86% to around 99.10% when the extract flow rate rises 

from 1.9 mL/min to 2.2 mL/min. The reason is that the increased extract flow rate leads 

to the decrease of flow rates in section 2 and 3, hence lower m2 and m3 values. As a result, 

with the increase of the extract flow rate, the operating points on the (m2, m3) plane move 

downward from the pure extract region to complete separation and finally reach the pure 

raffinate region or no pure outlet region.   

 



 

118 

 

 

  

 

Figure 4- 6: SMB performance as a function of extract flow rate. 
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4.5.3.4 Column configuration 

The SMB performance for the column configuration 1/1/1/1 of Run 13 and 1/2/2/1 of 

Run 14 are compared in Figure 4-7. With one more column being used in the two 

separation sections, the number of the theoretical plates in sections 2 and 3 doubled.   

Consequently, as illustrated in Figure 4-7, the purities and the recoveries of the raffinate 

and extract streams are both increased due to the enhanced separation power of the SMB 

system.  
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Figure 4- 7: SMB performance as the column configuration. 
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4.5.4 Validation of the SMB model with the experimental data 

The experimental data of the purities and recoveries of the extract and raffinate streams 

obtained from different operating conditions were used to be compared with those 

calculated from the simulation. Here, take the data from Runs 2, 6 and 12 as examples. A 

good agreement between the experimental and simulated data in Figures 4-8 to 4-10 

implies that this model with those parameters can reflect the separation process in the 

SMB properly.  Although small deviations between the experimental data and model 

predictions caused either by numerical errors or the fluctuation of the flow rates of the 

outlet streams on the SMB experiments are observed from Figures 4-8 to 4-10, model 

predictions in this study can be considered with satisfactory accuracy in predicting the 

SMB performance.  
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Figure 4- 8: The experimental and simulated separation performance of Run 2. 
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Figure 4- 9: The experimental and simulated separation performance of Run 6. 
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Figure 4- 10: The experimental and simulated separation performance of Run 12. 
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4.6 Conclusion 

The results of this study prove that the racemic mandelic acid can be successfully 

separated on the Chiralcel OD columns using the four-section SMB unit. The dynamic 

behaviour of the SMB was simulated by the transport dispersive column model with a 

competitive modified Langmuir isotherm. The triangle theory was used to design of 

SMB. 13 experiments were performed to study the effect of the operation conditions on 

the SMB performance. With the switching time increasing, the raffinate recovery grows 

while the (R)-MA in extract stream declines. The raffinate purity decreases while the 

extract purity increases by the switching time increasing from 3 to 3.5 min. However, 

both of the raffinate and extract purities decline steeply when the switching time reaches 

3.7 min. Increasing feed concentrations causes the purity and recovery of extract and 

raffinate stream decrease. And extract purity and recovery and raffinate purity also 

decrease when the feed flow rate decreases.  With the extract flow rate increasing, the 

purities of raffinate and extract streams increase. The column set 1/2/2/1 is superior to 

1/1/1/1 with the higher purities and recoveries of extract and raffinate. The SMB model 

and parameters are robust and can be used to predict the separation process on SMB with 

satisfactory accuracy.  
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5.                                     Chapter 5 

 

 

 

 

Kinetics of (R,S)- and (R)-Mandelic Acid in an 

Unseeded Cooling Batch Crystallizer 

 

 

 

A version of this chapter was published as: 

Mao, S.; Zhang, Y; Rohani, S.; Ray, A.K. Kinetics of (R,S)-Mandelic Acid and (R)-

Mandelic Acid in an unseeded cooling batch crystallizer, Journal of Crystal Growth, 

312(22), 3340-3348(2010). 
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5.1 Introduction 

The recognition of differences in the pharmacological activity of enantiomeric molecules 

has created the need to obtain them as isolated enantiomers. Two alternative approaches, 

i.e. asymmetric synthesis or racemate resolution can be used to obtain the isolated 

enantiomers. Although remarkable progress has been achieved in the field of asymmetric 

synthesis in recent years, the enantiomeric excess obtained from this method is often not 

sufficient to fulfill the requirements of regulation authorities [1, 2]. Resolution methods 

are of great importance in acquiring the pure enantiomers.  

Among the variety of enantioseparation methods, crystallization is a very powerful 

technique for preparation of pure enantiomers in the pharmaceutical industry [3, 4]. 

Besides the knowledge of the underlying thermodynamic equilibria, a quantitative 

understanding of nucleation and growth kinetics is important for the design and 

optimization of the process [5]. Therefore, crystallization kinetics of (R,S)- and (R)-MA 

was investigated respectively in an unseeded  cooling batch crystallizer in this study. 

Mandelic acid, as a racemic compound [6, 7], is widely used for antibacterial and the 

enantiomers of the mandelic acid are well known as the resolving agents in the resolution 

of the various other racemic mixtures. Previous studies have been concerned with the 

thermodynamics of mandelic acid system [8], preferential crystallization [9], and 

evaluation of the measurement techniques in the mandelic acid systems [10]. To the best 

of our knowledge, no rigorous work has been reported on the nucleation and growth 

kinetics parameters of the mandelic acid and the enantiomers of mandelic acid. 

Therefore, the crystallization kinetics parameters were obtained in this study. 
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To design a crystallization process and get the kinetics, knowledge of the metastable 

zone is essential. The solubility curve, the lower boundary of the metastable zone, can be 

obtained by measuring the solution concentration. The isothermal method is the classical 

method to measure the solubility, which requires separation of the phases prior to 

measurement. Recently new methods have been reported. For example, Dunuwila et al. 

[11] applied the attenuated total reflection (ATR) infrared spectroscopy to obtain the 

solubility without the phase separation, and Lorenz et al. [8] used a nonisothermal DSC 

method for measuring solubility of the pure enantiomers and the racemic mandelic acid. 

The upper bound of the metastable zone is the metastable limit, which is dependent on 

the cooling rate, impurity, and mixing [12]. Usually, the cloudiness of the solution 

detected by the naked eye, or the optical density changes detected by a focused beam 

reflectance measurement (FBRM) or a turbidimeter, can determine the metastable limit.  

The change of solution concentration can be monitored by in-situ attenuated total 

reflection Fourier transform infrared (ATR-FTIR) spectroscopy [10, 13-16]. The FBRM 

is based on the characterization of the chord length distribution. In this work, FBRM was 

applied to detect the onset of the particle formulation during the cooling crystallization 

process. The principle of the ATR-FTIR is that the vibrational structure of material 

caused by the infrared radiation leads to the typical infrared spectrum in immediate 

contact with the ATR immersion probe. Since the thickness of the liquid phase barrier is 

larger than the depth of penetration of the exponentially decaying energy field, ATR-

FTIR can be used to online measure the concentration with negligible interference from 

the solid phase in slurry.  
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We used the isothermal method and the ATR-FTIR to double check the solubility of 

mandelic acid systems. And ATR-FTIR coupled with FBRM was used to monitor the 

liquid and solid composition and determine the metastable zone width. 

There are a few methods available in the literature for determination of crystallization 

kinetics such as the analysis of size distribution in a batch cooling crystallization [17], the 

induction time based on ATR-FTIR and FBRM [18], or the rigorous optimization using 

the population and mass balance [19-24]. 

The purpose of this work is to study the solubility and metastable zone limit of (R,S)-

MA and (R)-MA and collect the necessary experimental data in an unseeded cooling 

batch crystallizer to determine the crystallization kinetics of the (R)-MA and (R,S)-MA, 

respectively. ATR-FTIR and FBRM data were used along with the dynamic 

mathematical model and optimization program to obtain the crystallization kinetics 

parameters of (R,S)-mandelic acid and (R)-mandelic acid. 

5.2 Materials and methods 

 (R,S)-MA (99%) and (R)-MA (99%) were purchased from Alfa Aesar (Heysham 

Lancashire, UK). Distilled water available in the lab was used as the solvent for the 

crystallization process. A double jacketed 200 mL glass crystallizer, with a Teflon-coated 

stirrer at 300 RPM stirring rate, was used in all experiments. Temperature of the 

crystallizer was controlled by a Julabo FP 50 bath circulator (Allentown, PA). ATR-FTIR 

(Hamilton Sunstrand, Pomona, CA) was applied for online monitoring of the solute 

concentration continuously by IR spectra. FBRM (Lasentec, Redmond, WA) was used to 
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detect the onset of crystallization based on the number of the particles, the chord length 

of which was in the 1-10μm channel with a measurement duration of 5s. Malvern 

Mastersizer (Malvern Instruments, UK) with a Scirocco 2000 sample handling unit was 

used to analyze the volume mean size of final product. 

5.2.1 Calibration for IR spectrum 

The solutions with specified amount of solute in distilled water as solvent were charged 

to a 200 mL glass crystallizer, mixed with a magnetic stirrer, and heated at a rate of 0.05 

ºC/min. The IR spectra were collected with the wave-number in the range of 800 to 1700 

cm-1 at certain temperature. The spectrum of the distilled water at room temperature was 

used as the background for each sample. Table 5-1 shows the solutions with different 

concentrations and temperatures used for obtaining the IR spectra calibration model. 
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Table 5- 1: Mandelic acid solutions used for calibration model 

Construction of calibration model Validation of calibration model 

Concentration(g/L) Temperature(°C) Concentration(g/L) 

25 15, 20, 25, 30, 35 0 

50 15, 20, 25, 30, 35 53 

75 15, 20, 25, 30, 35 61 

90 22 73 

100 25 83 

110 27.1 100 

115 28.6 126 

120 29.7 150 

125 30.9 200 

130 32.1 230 

135 33.0 —— 

140 33.7 —— 

180 34.6 —— 

250 35.2 —— 
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5.2.2 Solubility determination 

The solubility was measured over the temperature range from 0 to 35 ºC. Precise 

weighted amounts of solute and solvent, the concentration of which was recorded as C*, 

were mixed in the crystallizer for 1 hour. Then the temperature of the crystallizer was 

increased until all the solute was dissolved, and the FBRM signal showed almost zero 

readings. Temperature at this time was recorded as Ts. C* is considered as the solubility at 

Ts. The solute concentration at that time was checked by the ATR-FTIR spectra based on 

the calibration model. 

5.2.3 Measurement of metastable zone limit  

To determine the metastable zone limit, the polythermal method [12] was applied. The 

(R,S)-MA and (R)-MA solutions of various concentrations were prepared in a 200 mL 

glass crystallizer. The solutions were heated to 3 ºC above the saturation temperature, Ts, 

for 1 hour, and then cooled at 0.05 ºC/min till visible crystals were detected by the FBRM 

measurement at temperature Tl, which was considered as the metastable zone limit. And 

the metastable zone width was estimated as ∆T = Ts – Tl. The solubility of solution at this 

temperature was recorded as the C*
Tl.. 

5.2.4 Unseeded cooling batch crystallization 

A saturated solution at the starting temperature was prepared in the crystallizer. The 

solution temperature was increased to 3 ºC above its saturation temperature to dissolve 

solute crystals, if any, and kept there for 2 hours. Then the crystallizer was cooled down 

to saturation temperature and held at that temperature for 30 min. The experiment started 
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with a controlled cooling temperature profile. At the same time, ATR-FTIR and FBRM 

detected the change of the solute concentration in the liquid phase and the chord length in 

the solid phase, respectively. The different operating conditions of the seven 

crystallization bathes are list in Table 5-2. 

Table 5- 2: Operating parameters of cooling crystallization of (R, S)-MA and (R)-

MA 

  

Parameter 

(R)-MA (R,S)-MA 

Run1 Run2 Run3 Run4 Run5 Run6 Run7 

Initial temperature (°C) 28 23 26 28 23 26 23 

Mid temperature (°C) 20 15 18 20 15 18 10 

Cooling ratea (°C/min) 0.04 0.04 0.05 0.04 0.04 0.05 0.04 

Final temperature (°C) 15 7 15 12.5 2 12 _ 

Cooling rateb (°C/min) 0.1 0.1 0.1 0.1 0.1 0.1 _ 

Mass of solvent (g) 150 150 150 150 150 150 150 

Initial total concentration (g/L) 113 90 104 203 136 172 136 

Shape factor c (-) 0.5   1.5    

a, Cooling rate from initial temperature to mid temperature. 

b, Cooling rate from mid temperature to final temperature. 

   c, Due to the shape factor depends on the different crystal faces and crystal size, the 
different shape factors are applied for (R)-Mandelic acid and (R, S)-Mandelic acid [25]. 
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5.3 Modeling 

The unseeded cooling batch was considered as a perfectly mixed batch crystallizer of 

constant volume with the crystal breakage and agglomeration neglected. The population 

balance equation (PBE), Eq. (5-1), for size independent growth rate [5, 26-28] and mass 

balance for the solute concentration in continuous phase, Eq. (5-2), were the main 

equations for the model. The crystallizer temperature was dictated by the selected cooling 

policy. 
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where n is the population density, G is the size-independent crystal growth rate, C is the 

solute concentration, ρc is the crystal density, kv is the volume shape factor, μ2 is the 2nd 

moment of the crystal size distribution, ∫
∞

=
0

2),()(2 dLLtLntµ .  

The nucleation rate per unit mass of solvent and growth rate are described by the 

following power-law expressions. 
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where B is the nucleation rate, b is the nucleation order, G is the growth rate, g is the 

growth order and kb, kg are the nucleation and growth rate coefficient as functions of the 

temperature, given by Eqs. (5-5) and (5-6), respectively.  
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where kb0 and Eb are the frequency factor and the activation energy of nucleation, 

respectively. And kg0 and Eg are the frequency factor and the activation energy of growth, 

respectively. 

*CCC cal −=∆                                                                                                            (5-7) 

where Ccal is the solution concentration calculated by the crystallization model and C* is 

the solubility of the solute which is the function of the temperature. And the temperature 

is a function of time determined by the cooling profile. 

The initial and boundary conditions are 
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0)0,( =Ln                                                                                                                  (5-11) 

where C0 is the initial concentration and T0 is the initial crystallizer temperature. n0 and 

n(L,0) are the boundary and initial condition for population density. For the unseeded 

crystallizer, the initial value for the ith moment of the population density was assumed to 

be zero. 

To solve the PBE, the partial differential equation (PDE) was discretized and 

transformed into a set of ordinary differential equations (ODEs) with initial values.  Since 

these ODEs were stiff, the ode15s function in Matlab™ was used to solve these initial 

value problems (IVP) – ODEs, Eqs. (5-1), (5-2), (5-10), (5-11), based on the numerical 

differentiation formulas (NDFs). 

5.4 Optimization and crystallization kinetics parameter 

estimation  

The estimated kinetics parameters can be obtained by optimization. Using the 

optimization toolbox in the Matlab, the optimal set of parameter values, [kb0, Eb, b, kg0, 

Eg, g], was calculated by the nonlinear optimization lsqnonlin routine. The least-squares 

fitting was performed using Levenberg-Marquardt method (see Eq. (5-12)) 
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where N is the number of experimental data. The optimization was performed to 

minimize the difference of concentration between the experimental and the predicted 

values by the dynamic model equation based on the successive guess values of the kinetic 

parameters. The optimization was validated by the measured volume weighted mean size 

L[4,3] at the end of batch by Malvern Mastersizer™.  

5.5 Results and discussion 

5.5.1 Calibration model 

 To set up a calibration model which relates the IR spectra to the solute concentration, 

solutions with different concentrations at various temperatures were studied by IR spectra 

with the wave-number in the range of 800-1700 cm-1. The stretching vibrations occurring 

in the range 1000-1300 cm-1, representing the carbon oxygen single bond (C-O), were 

used for calibration. Figure 5-1a shows the raw data of the IR spectra. It can be seen that 

the absorbance peaks increase proportionally with the solute concentrations. But they are 

insensitive to solution temperatures. (See Fig. 5-2a) 

Due to the low solubility of mandelic acid system in water, the contribution of noise 

in the FTIR data becomes significant and obtaining an accurate solution concentration 

measurement is difficult. In order to reduce the effect of noise, the absorbance intensity at 

1136 cm-1 was subtracted from absorbance intensity peak heights at 1068 cm-1 and 1192 

cm-1, Figure 5-1b and 5-2b show that the relative peak values are changed with 

concentration and are almost insensitive to temperature. So, the effect of temperature on 

concentration measured by IR spectra can be neglected. 
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The least squares method was used to estimate concentration from IR spectra. The 

calibration model is showed in Eq. (5-13).  

( ) ( )11361192
3

11361068
3

exp 04.2--17.4 PPePPeC −××=                                                 (5-13) 

where Cexp is the (R)-MA or (R,S)-MA solute concentration calculated from the ATR-

FTIR calibration model.  P1068, P1136 and P1192 are the intensity values of absorbance 

peaks at 1068, 1136 and 1192 cm-1, respectively. Because the IR spectra represent the 

functional groups, not the optical rotation, the (R)-MA or (R,S)-MA in water can use the 

same calibration model to represent its solute concentrations. 
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Figure 5- 1: IR spectra of mandelic acid water solutions with different 

concentrations. (a, raw data; b, intensity difference with respect to 

the intensity height at 1136 cm-1 ) 
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Figure 5- 2: IR spectra of mandelic acid water solution at various temperatures. (a, 

raw data; b, intensity difference with respect to the intensity height 

at 1136 cm-1 ) 
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The experimental data to validate the calibration model are showed in the Table 5-1. 

Comparison of the concentrations measured by gravimetry and those calculated from the 

calibration model is shown in Figure 5-3. Solubility data of mandelic acid system by the 

gravimetry and the ATR-FTIR methods are also compared in Figure 5-4. The standard 

deviations of solubility data between the two methods are less than 1.23 for (R,S)-MA 

and 2.11 for (R)-MA. These results show that the calibration model can accurately 

represent the actual solute concentration. Therefore, in-situ ATR-FTIR can be applied to 

monitor the concentration change in the cooling batch based on this calibration model. 

 

Figure 5- 3: Concentration measurement from gravimetry method and from the 

ATR-FTIR calibration model at different temperatures. 
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Figure 5- 4:  Solubility curves for (R)-MA and (R,S)-MA in water. 

5.5.2  Solubility  

Measurement of the precise solubility is essential for obtaining the supersaturation. The 

ATR-FTIR spectra were used to determine the solubility of (R)-MA and (R,S)-MA within 

the temperature range from 0 to 35 ºC based on the calibration model above. The 

solubilities of (R)-MA and (R,S)-MA as functions of the temperature are presented in 

Figure 5-4 showing reasonably good agreement with Lorenz et al. [8]. The slight scatter 

of the solubility can be contributed to the presence of impurities in the samples and water, 

and the fluctuations in the operating conditions during the experiment.  

From the Figure 5-4, the solubility curves increase with the temperature especially 

beyond 30 ºC. The difference between the solubility of (R,S)-MA and (R)-MA is much 

larger at higher temperatures. The racemic compound in solid form comprises of two 
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enantiomers coexisting in the same unit cell, which is different from the pure enantiomer. 

The attractive forces between different enantiomers in the same unit cell are weaker 

compared with those between the same enantiomers, which leads to higher solubility of 

the (R,S)-MA. The solubility data of (R)-MA and (R,S)-MA can be expressed by Eq. (5-

14) and (5-15). The coefficients of polynomial were obtained by the least squares method.  

54.4+T1.44-T7.95e 2-2*
_ ××=MARC                                                                        (5-14) 

45+T11.5+T9.64e-T2.69e 2-13-2*
_ ×××=MARSC                                                   (5-15) 

5.5.3 Metastable zone width (MSZW)  

The metastable zone is one of the most important prerequisites to study the primary 

nucleation and it is also very useful to study the chiral resolution by crystallization 

process. It is the region between the saturation of the solution and the maximum 

supersaturation of the solution, which is considered as the critical point for the 

spontaneous crystallization. When the supersaturation exceeds the metastable limit, the 

nuclei are born. The level of the nuclei burst depends on the degree of supersaturation, 

which will be discussed in section 5.5.5. This phenomenon can also be uncovered by the 

ATR-FTIR data which indicate the solution concentration is nearly constant during the 

metastable zone and the supersaturation significantly falls beyond the metastable zone 

limit. 

The metastable zone width can be expressed by the maximum attainable supercooling 

of the metastable zone, ΔTmax =  Ts – Tl, or the maximum attainable supersaturation ΔCmax 
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=  C* – C*
Tl. It is affected by many factors, i.e. saturation temperature, the physical purity 

of the solution, the cooling rate, the seeds, the stirrer speed, and the solvent used.  

The metastable zones of (R,S)-MA and (R)-MA in water are illustrated in Figure 5-5. 

Both of the metastable limits increase with the increase in temperature. Moreover, ΔTmax 

increases as the initial concentration decreases. Runs 5 and 7 (See Fig. 5-10) show that 

the maximum supersaturation appears earlier as the cooling rate decreases. In other 

words, the metastable zone is wider at higher cooling rates. This is the reason that the 

slower cooling rate makes the solution reaches saturation faster. From Figure 5-5, it is 

evident that the MSZW of (R)-MA is narrower than that of (R,S)-MA. The same 

phenomenon has been reported in other racemic compound [29]. This is because more 

time is needed to form the crystals of the racemic compound due to the rearrangement of 

R and S molecules, compared to the time needed for the enantiomer pure crystals.  

 

Figure 5- 5:  Metastable zone limits of (R)-MA and (R,S)-MA in water. 
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5.5.4 Kinetics estimation, optimization and validation 

Four crystallization cooling batches were performed to study the kinetics of mandelic 

acid system, two batches for (R)-MA, Runs 1 and 2, and two batches for (R,S)-MA, Runs 

4 and 5. The optimal nucleation and growth kinetic parameters are list in Table 5-3. With 

the optimized value, the concentration profiles calculated by the simulation compared 

with the experimental data are showed in Figure 5-6. The standard deviations for liquid 

concentration in crystallizer are 1.5 for Run 1, 1.9 for Run 2, 3.02 for Run 4 and 2.68 for 

Run 5. Although the ATR-FTIR spectra show some fluctuations, the results show a good 

agreement with those from the experiment. From the Figure 5-6, it can be noted that the 

solute concentration drops earlier when the initial concentration is higher. And with the 

same initial saturation temperature, the (R)-MA crystallizes earlier than (R,S)-MA, which 

is in accordance with the results in section 5.5.5. 

 

 

 

 

 

 

 



 

148 

 

 

Table 5- 3: Estimated kinetics parameters 

 

Kinetic parameter 

Estimated value 

(R)-MA (R,S)-MA 

b 1.73 ± 0.26 1.56 ± 0.08 

kb0 × 10-8 (No./L/s)(g/L)b 3.11 ± 0.16 55.5 ± 3.52 

Eb (kJ/mol) 37.97 ± 0.71 41.17 ± 1.68 

g  1 ± 0.01 0.8 ± 0.12 

kg0 × 10-2 (μm/s)(g/L)g 2.63 ± 0.17 3.38 ± 0.35 

Eg (kJ/mol) 24.57 ± 0.34 28.73 ± 0.59 

Note: Confidence interval of the data above at the confidence level = 95% . 

The optimal kinetics parameters listed in the Table 5-3 were used in the 

crystallization model to calculate the concentration profiles in Run 3 for (R)-MA and 

Runs 6 and 7 for (R,S)-MA (see Fig. 5-7). Those standard deviations for liquid 

concentration in crystallizer are less than 4. The calculated and experimental results of 

the final volume-weighted mean particle sizes are list in Table 5-4, which show that they 

are in good agreement. From the comparisons above, the estimated kinetics parameters 

and the crystallization model are proved to be reliable.  
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Figure 5- 6:  (R)-MA and (R,S)-MA concentration profiles by experimental 

measurement  and model prediction.  

 

Figure 5- 7:  Model validation based on concentration profiles. 
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Table 5- 4: Comparison of volume weighted mean size 

Run            L[4,3] for Experiment L[4,3] for Simulation Relative deviation 

1 327.53 325 0.01 

2 360.18 354 0.02 

4 115.53 110 0.05 

Note: the relative deviation is defined by exp
]3,4[

]3,4[
exp

]3,4[

L
LL sim−

. 

5.5.5 Supersaturation   

The supersaturation was determined by the difference between solution concentration and 

the saturation concentration at the same temperature, ∆C=C-C*. Supersaturation is the 

driving force for the nucleation and growth of fresh nuclei in the unseeded cooling batch 

crystallization. In this study, the effects of initial concentration and cooling rate on the 

supersaturation are discussed below. 

5.5.5.1  Initial saturation concentration effect  

Comparing Run 1 with Run 2, the supersaturations with the different initial saturation 

concentrations are shown in Figure 5-8a. The supersaturation is higher at higher initial 

concentration. It can be explained that, in mandelic acid system, ΔCmax increases as the 

initial saturation concentration increases. And a smaller ΔTmax at high initial saturated 

concentration makes the peak in supersaturation appear earlier. The earlier and larger 
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supersaturation leads to the earlier nucleation and higher nucleation rate, shown in Figure 

5-8b. And the higher supersaturation leads to a higher nucleation rate. The result is a 

smaller final mean particle size [21], which can be confirmed by the final particle size 

analysis in Table 5-4. The same phenomenon can also be observed in (R,S)-MA shown in 

Figure 5-8d, 8e. 

 

Figure 5- 8: Effect of initial concentration on the nucleation and growth rate of (R)-

MA and (R,S)-MA. 
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The difference of the supersaturation and the nucleation rate between the (R)-MA and 

(R,S)-MA with the same initial saturation temperature are shown in Figure 5-9 (for Runs 

1 and 4). The supersaturation of (R,S)-MA is much larger than (R)-MA. And it takes 

more time to accumulate before the nucleation. On the other hand, the nucleation rate for 

(R)-MA is slower than (R,S)-MA. Therefore, the L[4,3] of (R)-MA is much bigger than 

that of (R,S)-MA shown in Table 5-4 and Figure 5-9c. 
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Figure 5- 9:  Comparison of nucleation and growth rates of (R)-MA and (R,S)-MA 

with the same initial saturated temperature. 
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5.5.5.2  Cooling rate effect   

For Run 5, the initial cooling rate was 0.04 °C/min and 0.1 °C/min after 200 min. And the 

constant cooling rate for Run 7 was 0.04 °C/min (see Fig. 5-10a). Figure 5-10a shows 

that after 200 min, the supersaturation for Run 5 increases as the cooling rate increases. 

And the maximum supersaturation corresponding to the lower cooling rate occurs earlier 

than that of the higher cooling rate. Therefore, the metastable zone width will be 

narrower at the lower cooling rate. That makes the primary nucleation happen earlier and 

the nucleation rate lower as shown in Figure 5-10b.  
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Figure 5- 10: Effect of cooling rate on the nucleation and growth rates of (R,S)-MA. 
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5.6 Conclusion 

The kinetics of (R,S)-MA and (R)-MA in an unseeded cooling batch crystallizer were 

experimentally investigated. The in-suit ATR-FTIR was used to obtain accurate liquid 

concentration using a robust calibration model. The FBRM was applied to monitor the 

onset of crystallization. The solubility of the (R,S)-MA is higher than that of the (R)-MA 

and the difference is smaller at lower temperatures. The metastable zone (MSZ) of 

mandelic acid system is wider at higher temperatures. And the MSZ of the (R,S)-MA is 

wider than that of the (R)-MA. Moreover, the nucleation rate increases with increase of 

the initial concentration and cooling rate. The nucleation of (R)-MA occurs at lower 

supersaturations compared to that of (R,S)-MA under the same initial temperature. 

Moreover, high initial concentration and cooling rate cause a smaller final particle size. 

The kinetics parameters of nucleation and growth rates for the (R)-MA and (R,S)-MA 

systems in unseeded cooling batch crystallizers were obtained.  
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A systematic study of the chiral separation of (R,S)-MA by coupling crystallization and 

simulated moving bed (SMB) technology was presented in this thesis. Firstly, the optimal 

mobile phase was chosen, and the competitive adsorption isotherm parameters, dispersion 

coefficient and mass transfer coefficient were determined for the liquid chromatography 

resolution of (R,S)-MA. Then, the chiral resolution of the (R,S)-MA by SMB was first 

applied in preparative scale. Finally, the kinetics of (R) and (R,S)-MA in the unseeded 

cooling crystallizer were obtained experimentally and numerically. Those researches 

proved that the required purity of the racemic compound can be achieved by simulated 

moving bed and then the pure enantiomers can be obtained using crystallization in the 

partially enriched solutions.  

6.1 Conclusions 

6.1.1 Simulated moving bed 

A good mobile phase and accurate adsorption and kinetics parameters are essential for 

chiral resolution by the liquid chromatography method. In this thesis, the resolution of 

racemic mandelic acid ((R,S)-MA) and numerical determination of binary competitive 

isotherm of (R,S)-MA on Chiralcel OD column have been investigated. As normal phase 

liquid chromatographic mode was used to resolve (R,S)-MA in this study, the choice for 

mobile phase has been restricted to the non-polar or weakly polar organic solvent, usually 

the mixture of hydrocarbon (hexane or heptane) and alcohol. Nevertheless, (R,S)-MA has 

very limited solubility in weakly polar organic solvents. In order to increase the solubility 

of (R,S)-MA in mobile phase, strongly polar alcohol needs to be used. The results also 

showed that the solubility of (R,S)-MA increased exponentially with the increase of IPA 
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concentration. However, the high IPA concentration resulted in a decrease in resolution. 

The experimental results proved that the retention time and resolution decreased when the 

IPA concentration increased from 10 to 30v%. In addition, the retention time and the 

resolution performance were also influenced largely by TFA concentration. The retention 

time decreased with the increasing TFA concentration from 0 to 3v%. And the increase 

of TFA concentration also helped to reduce the peak broadening and improve the 

separation performance. But too high concentration of acidic additive could damage the 

column, which has been mentioned on the column manual. Therefore, hexane/IPA/TFA 

with 85/15/0.3 (v/v/v) was demonstrated to be the optimal mobile phase for the resolution 

of (R,S)-MA. And the competitive adsorption isotherm was first studied for the racemic 

compound ((R,S)-MA) using inverse method.  The axial dispersion coefficient was 

measured by the molecular diffusion and eddy diffusion which was adjusted by the 

interstitial mobile phase velocity. Accuracy and reliability of the derived isotherm 

parameters were verified by comparing the model predicted band profiles with the 

experimental elution profiles under various experimental conditions. It also proved that 

the inversed method is an efficient and economical method for the determination of 

adsorption isotherm.  

Followed by the achievement of the adsorption isotherm parameters, the chiral 

separation of the racemic mandelic acid ((R,S)-MA) by simulated moving bed 

chromatography with Chiralcel OD columns was investigated experimentally and 

numerically. The transport dispersion model combined with the competitive modified 

Langmuir isotherm was applied to predict the dynamic behaviour and separation 

performance of the SMB process. The triangle theory was used to obtain the complete 
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separation region of the SMB operation based on those derived isotherm parameters. 13 

experiments were performed to study the effect of the operation conditions on the SMB 

performance. With the switching time increasing, the raffinate recovery grew to 99.3% 

while the (R)-MA in extract stream declined to 5.67%. The raffinate purity decreased 

from 99.69% to 81.47% while the extract purity increased from 97.60% to 99.15% by the 

switching time increasing from 3 to 3.5 min. However, both of the raffinate and extract 

purities declined steeply to 51.58% and 88.98% when the switching time reached 3.7 

min. Increasing feed concentrations from 1g/L to 30g/L caused the extract purity 

decreased slightly from around 100% to 98.62%, whereas, the raffinate purity dropped 

quickly from 91.68% to 51.82%. And the extract recovery decreased from 90.94% to 

7.12%. And extract purity and recovery and raffinate purity also decreased when the feed 

flow rate decreased.  With the extract flow rate increasing from 1.9 to 2.2mL/min, the 

purities of raffinate and extract stream increased from 70.47% to 99.75% and 98.86% to 

99.10%, respectively. The column set 1/2/2/1 was superior to 1/1/1/1 with the higher 

purities and recoveries of extract and raffinate. Based on the comparison of the 

experimental and simulated data of the SMB under different operating conditions, it was 

proved that the SMB model and parameters were robust and could be used to predict the 

separation process on SMB with satisfactory accuracy.  

6.1.2 Crystallization 

Firstly, the solubilities of the (R)- and (R,S)-MA in the water were determined by the 

polythermal method with the ATR-FTIR and FBRM device from 0 to 35 ºC. To 

overcome the effect of noise caused by temperature and system, the relative peak values 
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which were measured by the absorbance intensity at 1136 cm-1 subtracted from 

absorbance intensity peak heights at 1068 cm-1 and 1192 cm-1, were applied. The results 

confirmed that the relative peak height values increased proportionally with the solute 

concentrations, but they were insensitive to solution temperatures. The ATR-FTIR 

calibration models including the intensity values of absorbance peak from the IR 

spectrum were presented by the least squares algorithm and were validated 

experimentally. It was shown that in-situ ATR-FTIR can be used to monitor the 

concentration change based on the calibration models. The metastable zone limit was also 

measured by in-situ ATR-FTIR and FBRM.  

The results showed that the solubility of the (R,S)-MA was higher than that of the 

(R)-MA and the difference was smaller at lower temperatures. The metastable zone 

(MSZ) of mandelic acid system was wider at higher temperatures and at higher cooling 

rates. And the MSZ of the (R,S)-MA was wider than that of the (R)-MA. Then, the series 

of experiments was performed in the unseeded cooling batch crystallizer and the 

concentrations in the liquid phase were monitored by in-situ ATR-FTIR. The kinetics 

parameters of nucleation and growth of the (R,S)-MA and (R)-MA were obtained. The 

results showed that the (R)-MA crystallized earlier than (R,S)-MA with the same initial 

saturation temperature and the nucleation rate for (R)-MA was slower than (R,S)-MA 

since the supersaturation of (R,S)-MA was much larger than (R)-MA. For both of (R)-MA 

and (R,S)-MA, the supersaturation was higher at higher initial concentration which led to 

a higher nucleation rates and a smaller final mean particle size. Meanwhile, the 

supersaturation increased as the cooling rate increased. And the maximum 
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supersaturation of the lower cooling rate occurred earlier than that of the higher cooling 

rate, which made the nucleation rate increase.  

6.2 Recommendation for future work 

In this thesis, the SMB and crystallization processes do not have been combined because 

of the following reasons. One reason is that the SMB and crystallization units are located 

in different lab and the hybrid system is not available physically. Another reason is that 

both of the two processes are complex and it took much time to learn each process 

deeply. Due to the limited time of Ph.D study, there is no enough time to complete the 

coupling of the two processes physically and mathematically. However, the studies in this 

thesis confirmed the feasibility of the coupling SMB and crystallization. Furthermore, 

there are some recommendations for the future work as follows. 

In the SMB part, the multi-objective optimization should be done aiming to 

maximize the productivity and purity of the enantiomers and minimize the solid and 

liquid usage to control the cost of the chiral stationary phase and mobile phase. 

Moreover, since the SMB is very sensitive to the operating conditions, it is necessary to 

develop the control frame work to achieve the economic optimum as well as the 

guarantee of the specifications of the final outlets. The evaporation should be done since 

the solution flowing out from the SMB is very dilute.  

In the crystallization process, the optimal operation conditions should be determined 

by the use of a multi-objective real-time optimal control methodology in the seeded 
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cooling batch crystallizer to realize the requirement of the particle size distribution and 

the purity of the final enantiomers.  

The coupling SMB and crystallization process should be attained numerically. The 

SMB integrated with the crystallization process should be described by the mathematical 

model. And the optimization and control strategy should be generated to obtain the 

economic operating conditions since this coupling process characterizes a very complex 

dynamics.  
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Appendix A: Introduction to genetic algorithm 

Holland developed a search technique named Genetic Algorithm (GE) which mimics the 

process of natural evolution [1]. In a GA, the strings or chromosomes are composed of a 

set of decision variables which is represented in binary number (0 and 1). So, each 

chromosome is mapped into a set of real values of decision variables within the upper 

and lower boundaries of each variable. Each chromosome is employed in a process model 

and evaluated by the objective function to reflect its fitness. Then the best solutions are 

selected from the strings pool through a fitness-based process. The new generation can be 

obtained by choosing the parents’ chromosomes randomly in the selected strings pool, 

copying them to form a ‘mating pool’ and breeding the children’s chromosomes by the 

operation similar to those in genetic reproduction. Therefore, the fitness improves and the 

gene pool evolves. 

Reproduction, crossover and mutation are three common operators used in simple 

genetic algorithm (SGA) to produce a next evolved generation. It is noticed that this GA 

mentioned here is simple genetic algorithm (SGA) which is discerned from its various 

adaptations. Reproduction is to generate the mating pool where those copied 

chromosomes are selected stochastically based on their fitness values. But no new 

chromosomes are formed in this stage. Using the methods of the crossover, the new 

chromosomes are created by exchanging the parts of the parent chromosomes in the 

crossover sites. Those new chromosomes typically share the characteristics of those 

parents. Those traits are beneficial or deleterious for the fitness of the new chromosomes. 

If the new chromosomes are worse than those parents, they will be eliminated slowly 
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during the next few generations. Some good strings in the mating pool are not be used for 

the crossover and are retained to the next generation directly. Following a crossover, 

mutation is performed to obtain the new generation by changing a binary number at 

random positions in the bit string from a 0 to 1 and vice versa with a small mutation 

probability (Pmut) in order to maintain the genetic diversity in the next generation. To 

avoid the similar chromosomes, the site for mutation needs to be created in the 

neighborhood of the current site. The algorithm is looped until the maximum number of 

generations is reached or the values of the objective functions become lower than 

specified tolerance.  

For a multi-objective function optimization, the optimal solutions as non-dominated 

(or Pareto-optimal) solutions can be obtained by the modified SGA, called Non-

dominated Sorting Genetic Algorithm (NSGA). In the NSGA, the selection operator is 

performed by a ranking selection method to highlight the good chromosomes and a 

niching method to maintain the diversity of the population, which is the only difference 

between NSGA and SGA. During the selection stage, some chromosomes in the initial 

population of strings are recognized as a first group of non-dominated fronts and each of 

them is assigned a dummy fitness value based on its rank in the population. Then, the 

fitness sharing enforces reducing the dummy fitness of the chromosomes in the densely 

populated area using the niching method. A chromosome in crowded neighbors in 

decision variable space will have a large niche count, reduce the dummy fitness value and 

decrease the probability of selecting that chromosome as a parent. This procedure is 

repeated until all the members of the first front are performed. The remaining 

chromosomes classified as the next front are evaluated for non-dominance. These are all 
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assigned a dummy fitness value that is smaller than the lowest shared fitness values. 

Then, the fitness sharing takes place. The ranking and sharing process will be ended 

when all the chromosomes in the strings pool have their dummy fitness values. 

Immediately after, the reproduction, crossover and mutation are carried out. It is to be 

noted that the non-dominated chromosomes in the first fronts with less neighbors and 

higher dummy fitness values have the priority into the mating pool. The left 

chromosomes will be preserved in the gene pool to maintain the diversity of that pool. 

This algorithm can deal with any number of objectives function optimization problem. 

Reference 

1. Holland, J.H., Adaptation in natural and artificial systems. 1975: University of 
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Appendix B: Column dimension 

Column Name Length(mm) Column Diameter(mm) Particle Diameter (µm) 

Chiralcel OD-H 250 4.6 5 

Chiralcel OD 100 10 20 
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