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ABSTRAK

Proses penghabluran biasanya dikawal untuk beroperasi di antara zon metastabil
dimana zarah kristal akan membesar sehingga proses berakhir. Tahap supersaturasi yang
tinggi disebabkan proses beroperasi terlalu hampir dengan had metastabil pada permulaan
operasi penyejukan penghabluran telah mengakibatkan kadar nukleasi dan pembesaran
kristal menjadi tinggi. Akibatnya target produk kristal yang berjaya diperoleh mempunyai
sejumlah kristal halus yang tidak diperlukan apabila berakhirmya operasi. Nukleasi yang
berlebihan ini boleh dikurangkan dengan memperkenalkan langkah melarutkan dalam
model penghabluran di mana kristal-kristal halus yang terjadi akibat nukleasi larut
kembali dan kesannya ia mengurangkan jumlah kristal halus dalam keseluruhan taburan
saiz kristal (TSK). Oleh itu objektif kajian ini adalah untuk membangunkan strategi
penyejukan optimum yang menggabungkan fenomena pelarutan bagi penghabluran
secara kumpulan mengguna penghabluran kalium nitrat sebagai kes. Model matematik
untuk fenomena pelarutan dalam penghabluran kalium nitrat dibangunkan dan
disimulasikan menggunakan perisian Matlab. Simulasi secara kawalan terbuka untuk
proses penyejukan nominal telah disahkan melalui data eksperimen. Beberapa strategi
yang bersesuaian untuk mencapai target TSK dengan jumlah kristal halus yang minimum
telah digunakan. Algoritma pengoptimuman telah dibangunkan untuk menentukan
trajektori set titik yang optimal untuk kawalan secara tertutup. Berdasarkan trajektori ini,
kawalan secara tertutup menggunakan pengawal perkadaran-pengamiran (Pl) mampu
untuk mengekalkan operasi penghabluran pada set titik dan telah berjaya mencapai
sasaran produk kristal yang dikehendaki dengan jumlah kristal halus yang minimum.
Proses penghabluran penyejukan optimum yang dicadangkan mampu menambah baik
purata panjang karakter TSK dan jumlah kristal halus sebanyak 67% dan berkurang
sebanyak 71% berbanding dengan strategi penyejukan nominal. 4% pembesaran purata
panjang karakter TSK dan 25% pengurangan jumlah kristal halus telah berjaya dicapai
jika dibandingkan dengan strategi ayunan suhu. Kemudian, penilaian ketahanan
pengawal telah diuji dengan analisis ketidakpastian menggunakan simulasi Monte Carlo
untuk menganalisis kesan ketidakpastian input terhadap variasi taburan produk. Variasi
yang tinggi terhadap TSK akhir telah dilihat. Analisis kepekaan kemudiannya telah
diaturkan untuk mengenalpasti korelasi ketidakpastian input dengan model output TSK.
Penalaan untuk pengawal telah dipilih sebagai langkah untuk menambah baik ketahanan
pengawal. TSK akhir telah menunjukkan pengurangan variasi setelah langkah penalaan
terhadap pengawal dilakukan. Oleh itu pengawalan yang tahan dan optimum untuk proses
penyejukan berkumpulan secara pembenihan bagi penghabluran kalium nitrat telah
berjaya ditubuhkan.



ABSTRACT

Crystallization process is generally controlled to be operated within metastable
zone where the crystal particles will grow until the end of the operation. High
supersaturation level resulted from the process operated too close with metastable limit
at the beginning of cooling crystallization operation causing high nucleation and crystal
growth rate. As a consequence the target crystal product is able to achieve but there is
unnecessary amount of fine crystals by the end of the operation. This excessive nucleation
can be reduced by introducing dissolution step in the crystallization operation where the
fine crystals generated by nucleation is dissolved back into solution which in return,
reducing the amount of fine crystals in the overall CSD. Therefore the objective of this
study is to develop the optimal cooling control inclusive dissolution phenomena for batch
seeded crystallization using potassium nitrate crystallization as a case study. The
mathematical model for potassium nitrate crystallization inclusive dissolution
phenomena was developed and simulated in Matlab software. The open-loop simulation
for nominal cooling of the process was validated against experimental data. Several other
strategies pertaining to achieve desired CSD with minimum amount of fine crystals were
deployed. The optimization algorithm was employed in order to determine the optimal
set-point trajectory for closed-loop control. Based on this trajectory, optimal closed-loop
control of cooling crystallization process using Proportional-Integral (PI) controller were
able to maintain the crystallization operation at its set-point and successfully achieved the
desired target of crystal product with minimum amount of fine crystals. The proposed
optimal cooling crystallization process was able to improve mean characteristic length
and amount of crystal fines by 67% and reduced by 71% respectively to compare with
nominal cooling strategy. 4% larger crystal characteristic length and 25% lesser amount
of crystal fines is successfully accomplished if compared with temperature swing
strategy. Then the robustness evaluation of controller was tested through uncertainty
analysis using Monte Carlo simulations in order to analyse the effect of input uncertainties
towards the variation of the product distribution. Large variation on final CSD was
observed. Sensitivity analysis was then deployed using Standardized Regression
Coefficients (SRC) method in order to analyse the correlation of the input uncertainties
with the model output CSD. Retuning of the controller was chosen as the action taken to
improve the robustness. The final CSD show minimum variation after controller retuning
step. Therefore robust optimal control for seeded batch cooling of potassium nitrate
crystallization was successfully established.



TABLE OF CONTENT

DECLARATION

TITLE PAGE
ACKNOWLEDGEMENTS
ABSTRAK

ABSTRACT

TABLE OF CONTENT
LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS

CHAPTER 1 INTRODUCTION

1.1 Introduction

1.2 Problem Statement
1.3  Objectives

1.4 Scopes of Work

15 Thesis Outline

Xi

XV

CHAPTER 2 LITERATURE REVIEW

2.1 Fundamentals of Crystallization Process
2.1.1 Cooling Crystallization
2.1.2 Evaporative Crystallization

2.1.3 Anti — solvent Crystallization



2.1.4 Comparison of Crystallization Method
2.2  Driving Force of Crystallization

2.2.1 Crystallization Phenomena
2.3 Modelling of Crystallization

2.3.1 Method of Moments

2.3.2 Method of Classes

2.3.3 Comparison of PBE Solution
2.4 Operational Control

2.4.1 Effect of Seeding

2.4.2 Effect of Dissolution

2.4.3 Effect of Robustness Issue

2.5  Concluding Remarks

CHAPTER 3 METHODOLOGY

3.1  Overview
3.2 Problem Definition (Step 1)
3.3 Process and Product Specifications (Step 2)
3.4 Model Development and Solution (Step 3)
3.5  Open-loop Simulation (Step 4)
3.6 Model Validation and Analysis (Step 5)
3.7 Optimal Cooling Strategy (Step 6)
3.8  Robustness Analysis (Step 7)

3.8.1 Monte Carlo Procedure

3.8.2 Sensitivity Analysis

3.9  Final Robust Controlled Cooling

Vi

10

11

13

16

17

18

19

20

24

25

26

29

32

32

32

34

36

42

43

44

46

46

48

48



CHAPTER 4 RESULTS AND DISCUSSION

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Applications of the Modelling Framework: Potassium Nitrate

Crystallization Process — a one dimensional case study
Problem Definition (Step 1)

Process and Product Specifications (Step 2)

Model Development and Solution (Step 3)

Open-loop Simulation (Step 4)

Model Validation and Analysis (Step 5)

Optimal Cooling Strategy (Step 6)

4.7.1 Cooling Strategy I: Operational Policy using Constant

Supersaturation

4.7.2 Cooling Strategy I1: Minimizing Crystal Particles Produced by

Nucleation
4.7.3 Cooling Strategy I1l: Temperature Swing
4.7.4 Cooling Strategy IV: Optimal CSD Cooling Profile
Robustness Analysis (Step 7)
4.8.1 Input uncertainty and Sensitivity Analysis

Concluding Remarks

CHAPTER 5 CONCLUSIONS

51 Conclusions
5.2 Recommendations for Future Work
REFERENCES

APPENDIX A STANDARDIZED REGRESSION COEFFICIENTS (SRC)

APPENDIX B LIST OF PUBLICATIONS

APPENDIX C MATLAB SOURCE CODE

vii

50

50

50

50

o1

51

53

60

60

66

73

7

86

87

96

98

98

99

101

109

111

112



Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 2.7
Table 2.8
Table 2.9
Table 2.10
Table 3.1

Table 3.2
Table 3.3

Table 3.4
Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 4.1

Table 4.2

Table 4.3

Table 4.4
Table 4.5

Table 4.6

Table 4.7

LIST OF TABLES

Comparison of crystallization methods

Summary of supersaturation expressions

Summary of the common nucleation expressions

Summary of growth rate expressions

Summary of dissolution expressions

Generic equations of PBE

Solution equations for one-dimensional method of moments
Solution equations for one-dimensional method of classes
Research on the optimal seeding for batch crystallizer
Summary of optimization algorithm found in the literature

Operating conditions and major constraints used for
optimization problem in Step 3

Generic and solution equations for one-dimensional PBE

Reformulated PBE of one-dimensional crystallization for size
dependent growth

Mass and energy balances for one-dimensional crystallization

List of constitutive equations of one-dimensional potassium
nitrate crystallization

Kinetic parameters value used for simulation
List of model equations for potassium nitrate crystallization
Optimization algorithm for specified cooling strategy

Comparison of estimated nucleation, crystal growth and
dissolution kinetic parameters versus crystallizer model
parameters from Seki & Su (2015)

Calculated supersaturation set-point and variation of
operational time

Comparison of mean crystal size for primary and secondary
nucleation

Performance comparison based on different cooling strategies

Input uncertainties on nucleation, crystal growth and
dissolution rate parameters for potassium nitrate crystallization

Standardized regression coefficients (SRC) of linear models
and parameters significance ranking for potassium nitrate
crystallization

New PI controller parameters for potassium nitrate crystallization

viii

11
12
14
15
16
17
18
19
22
24

35
37

38
39

39

40

41

45

53

61

72
86

87

90
92



Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4
Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8
Figure 4.9

Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19

Figure 4.20

LIST OF FIGURES

Supersaturation in crystallization processes
Two steps nucleation model

PBE solution techniques based on process operation
characteristic

Operating region for crystallization process

Methodology for robust controlled cooling of batch
crystallization process

Jacketed batch cooling crystallizer

Initial seed of CSD

Block diagram of open loop temperature control
Block diagram of closed-loop temperature control
Temperature profile

Concentration and saturation concentration profiles
Nucleation rate profile

Supersaturation profile

Crystal growth rate profile

Comparison of zeroth moment by Seki & Su (2012) and method
of classes

Comparison of third moment by Seki & Su (2012) and method
of classes

Total crystal mass profile

Comparison of final CSD between this work and cited literature
for nominal cooling crystallization process

Initial seed and target CSD profiles

Temperature profile based on supersaturation set-point at 0.015
Concentration profile based on supersaturation set-point at 0.015
Temperature profile based on supersaturation set-point at 0.0075
Concentration profile based on supersaturation set-point at 0.0075
CSD profile based on supersaturation set-point at 0.015

CSD profile based on supersaturation set-point at 0.0075
Temperature profile using Proportional (P) controller
Temperature profile using Proportional- Integral (PI) controller

Temperature profile using Proportional- Integral- Derivative
(PID) controller

Concentration profile using PI controller

13

17
20

33
34
36
42
45
54
54
55
56
56

57

58
58

59
61
62
63
63
64
65
66
67
68

69
70



Figure 4.21
Figure 4.22
Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29
Figure 4.30
Figure 4.31
Figure 4.32
Figure 4.33

Figure 4.34
Figure 4.35

Figure 4.36
Figure 4.37

Figure 4.38
Figure 4.39
Figure 4.40
Figure 4.41
Figure 4.42

Figure 4.43

Figure 4.44

Figure 4.45

Supersaturation profile using PI controller

Final CSD profile using P controller

Final CSD profile using PI controller

Final CSD obtained using PID controller

Temperature profile of temperature swing operation
Concentration profile of temperature swing operation
Supersaturation profile of temperature swing condition
Performance comparison between two operating conditions
Temperature profile of optimal case study
Concentration profile for optimal case study
Supersaturation profile for optimal cooling strategy
Nucleation rate profile for optimal cooling strategy

Crystal growth and dissolution rate profile for optimal cooling
strategy

Total crystal mass profile for optimal cooling strategy

Dynamic evolution of CSD for optimal cooling of potassium
nitrate

Performance comparison between all temperature profiles

Effects of input uncertainties on the temperature for potassium
nitrate crystallization (100 simulations)

Effects of input uncertainties on the concentration for potassium
nitrate crystallization (100 simulations)

Effects of input uncertainties on the final CSD for potassium
nitrate crystallization (100 simulations)

Effect of input uncertainties on the temperature profile after
controller retuning (100 simulations)

Effect of input uncertainties on concentration profile after
controller retuning (100 simulations)

Effect of input uncertainties on final CSD after controller
retuning (100 simulations)

Evaluation of input uncertainties on temperature profiles in
terms of mean, 10" percentile and 90" percentile before (a) and
after retuning (b)

Evaluation of input uncertainties on concentration profiles in
terms of mean, 10" percentile and 90" percentile before (a)
and after retuning (b)

Evaluation of input uncertainties on final CSD profiles in
terms of mean, 10™" percentile and 90" percentile before (a) and
after retuning (b)

70
71
72
72
75
75
76
76
79
79
81
81

82
83

84
86

88

88

89

92

93

93

94

95

95



Ci

Cs

Ci1

pr

G 1/x

LIST OF SYMBOLS

Crystallizer’s internal area (cm?)

Crystallizer’s external area (cm?)

Total area of particles (cm?)

Polynomial coefficient for saturation concentration

Birth rate (number of particles/ cm®.min)

Birth rate of agglomeration (number of particles/ cm3.min)
Birth rate of breakage (number of particles/ cm3.min)
Birth rate of nucleation (number of particles/ cm®.min)
Nucleation order

Polynomial coefficient for saturation concentration

Solute concentration (g solute/g solvent)

Saturation concentration (g solute/g solvent)

Acceptable solute concentration at the end of batch to achieve
required yield (g solute/g solvent)

Expected solute concentration at the end of the batch (g solute/g
solvent)

Seed loading ratio (%)

Polynomial coefficient for saturation concentration

Heat capacity (J/g.°C)

Water heat capacity (J/g.°C)

Crystal dissolution rate (um/s)

Death rate due to breakage (number of particles/ cm3.min)
Death rate due to agglomeration (number of particles/ cm®.min)
Crystal dissolution rate in length direction (um/s)

Crystal dissolution rate in width direction (um/s)
Dissolution order

Polynomial coefficient for saturation concentration
Obijective function

Cooling water flow rate (cm®/min)

Relative shape function of crystals

Crystal size distribution

Volume distribution function in length direction

Crystal growth rate (um/s)

Crystal growth rate in length direction (um/s)

Xi



G Crystal growth rate in width direction (um/s)
Crystal growth order
Number of considered variables/ factors

Ko Kinetic coefficient for nucleation (number of particles/ cm®.min)

Ky Kinetic coefficient for dissolution (number of particles/ cm*.min)

Kg Kinetic coefficient for crystal growth (number of particles/ cm®.min)
kv Crystal shape factor

L Length of crystal particles (um)

L, Width of crystal particles (um)

L. Total length of particles (um)

Ls Average mean size (um)

M. Total crystal mass (Q)

m Molal concentration of solute (moles solute/ g solvent)

My Mass of solvent (g)

N Total number of particles (number of particles)

N Number of experimental size bins

Ni Number of crystals per unit of suspension for class i (number of

particles/ cm?®)

p Agitation order of nucleation

q Agitation order of crystal growth
Ideal gas constant (J/ mol.K)

R? Coefficient of model determination

S Supersaturation

Sv” Supersaturation for nucleation

S Supersaturation for dissolution

Se Supersaturation for crystal growth

S Mean size of class i (um)

Sr Supersaturation ratio

Sx Supersaturation in length direction

T Solution crystallizer temperature (°C)

T Rate of crystallizer temperature change (°C/ min)

Tex Exterior temperature (°C)

Treed Saturation temperature of feed(°C)

Tin Final temperature (°C)

Ts Seeding temperature (°C)

Tw Cooling water temperature (°C)

Xii



Twin
t
thatch
te
teool
t
U
U

<

Greek letters
a

0d
Og
Ba
Po
Ho
Hm
ACI;
AEp
AEq4
AEq
AHc
AC

Pw

Oc

Inlet cooling water temperature (°C)

Crystallization time (min)

Batch time (min)

Total crystallization time (min)

Cooling duration (min)

Total batch time (min)

Heat transfer coefficient for internal crystallizer (J/ °C.min.cm?)
Heat transfer coefficient for external crystallizer (J/ °C.min.cm?)
Volume of solution (cm?)

Mean crystal volume (cm?)

Crystal volume (cm?®)

Cooling water volume (cmq)

Kinematic viscosity (m?/s)

Mole fraction of solute

Production-reduction term (number of particles/ cm?.min)
Dissolution parameter

Crystal growth parameter

Dissolution parameter

Crystal growth parameter

Zero™ moment of one-dimensional PBE

m"™ moment of one-dimensional PBE

Size of classes for i classes (um)

Activation energy for nucleation rate (kJ/mol)
Activation energy for dissolution rate (kJ/mol)
Activation energy for crystal growth rate (kJ/mol)
Heat of crystallization (J/g)

Concentration difference (g solute/g solvent)
Relative supersaturation

Activity coefficient

Solution density (g/ cm®)

Crystal density (g/ cm®)

Water density (g/ cm?®)

Size dependent growth constant

Temperature weightage

Xiii



Ot

Concentration weightage
Design parameter
Estimated parameter

Xiv



CSD
Cl
Ccv
FPI
IMC
LHS
MPC
MV
NMPC
NMS
ODE

PBE
PDE
Pl
PID
SQP
SRC

LIST OF ABBREVIATIONS

Crystal Size Distribution

Confidence Interval

Coeffiecient Variation

Fast Probability Integration

Internal Model Control
Latin-Hypercube Sampling

Model Predictive Control
Manipulated Variable

Non-Linear Model Predictive Control
Number Mean Size

Ordinary Differential Equation
Proportional

Population Balance Equation

Partial Differential Equation
Proportional-Integral
Proportional-Integral-Derivative
Sequantial Quadratic Programming
Standardized Regression Coefficients

XV



REFERENCES

Aamir, E. (2010). Population Balance Model-Based Optimal Control of Batch
Crystallisation Processes for Systematic Crystal Size Distribution Design by. PhD
thesis.

Aamir, E., Nagy, Z. K., & Rielly, C. D. (2010). Evaluation of the Effect of Seed
Preparation Method on the Product Crystal Size Distribution for Batch Cooling
Crystallization Processes. Crystal Growth & Design.
https://doi.org/10.1021/cg100305w

Acevedo, D., Jarmer, D. J., Burcham, C. L., Polster, C. S., & Nagy, Z. K. (2018). A
continuous multi-stage mixed-suspension mixed-product-removal crystallization
system with fines dissolution. Chemical Engineering Research and Design, 135,
112-120. https://doi.org/10.1016/j.cherd.2018.05.029

Agrawal, S., & Paterson, A. (2015). Secondary Nucleation: Mechanisms and Models.
Chemical Engineering Communications, 202.
https://doi.org/10.1080/00986445.2014.969369

Alvarez, A. J., & Myerson, A. S. (2010). Continuous plug flow crystallization of
pharmaceutical compounds. Crystal Growth and Design, 10(5), 2219-2228.
https://doi.org/10.1021/cg901496s

Bakar, M. R. A., Nagy, Z. K., & Rielly, C. D. (2009). Seeded Batch Cooling
Crystallization with Temperature Cycling for the Control of Size Uniformity and
Polymorphic Purity of Sulfathiazole Crystals. Organic Process Research &
Development, 13(6), 1343-1356. https://doi.org/10.1021/0p900174b

Bohlin, M., & Rasmuson, A. C. (1992). Application of controlled cooling and seeding
in batch crystallization. The Canadian Journal of Chemical Engineering, 70(1),
120-126. https://doi.org/10.1002/cjce.5450700117

Borsos, A., Szilagyi, B., Agachi, P. S., & Nagy, Z. K. (2017). Real-Time Image
Processing Based Online Feedback Control System for Cooling Batch
Crystallization. Organic Process Research and Development, 21(4), 511-5109.
https://doi.org/10.1021/acs.oprd.6b00242

Chew, J. W., Black, S. N., Chow, P. S., & Tan, R. B. H. (2007). Comparison between
open-loop temperature control and closed-loop supersaturation control for cooling
crystallization of glycine. Industrial and Engineering Chemistry Research.
https://doi.org/10.1021/ie060446+

101



Chung, S. H., Ma, D. L., & Braatz, R. D. (1999). Optimal seeding in batch
crystallization. The Canadian Journal of Chemical Engineering, 77(3), 590-596.
https://doi.org/10.1002/cjce.5450770322

Costa, C. B. B., Da Costa, A. C., & Filho, R. M. (2005). Mathematical modeling and
optimal control strategy development for an adipic acid crystallization process.
Chemical Engineering and Processing: Process Intensification.
https://doi.org/10.1016/j.cep.2004.08.004

Doki, N., Kubota, N., Sato, A., & Yokota, M. (2001). Effect of cooling mode on
product crystal size in seeded batch crystallization of potassium alum. Chemical
Engineering Journal, 81(1-3), 313-316. https://doi.org/10.1016/S1385-
8947(00)00172-8

Doki, Norihito, Kubota, N., Yokota, M., & Chianese, A. (2002). Determination of
critical seed loading ratio for the production of crystals of uni-modal size
distribution in batch cooling crystallization of potassium alum. Journal of
Chemical Engineering of Japan, 35(7), 670-676.
https://doi.org/10.1252/jcej.35.670

Doran, P. M. (2013). Bioprocess Engineering Principles. Elsevier Science. Retrieved
from https://books.google.com.my/books?id=wZSylIDhgEXMC

Fujiwara, M., Chow, P. S., Ma, D. L., & Braatz, R. D. (2002). Paracetamol
Crystallization Using Laser Backscattering and ATR-FTIR Spectroscopy:
Metastability, Agglomeration, and Control. Crystal Growth and Design, 2(5), 363—
370. https://doi.org/10.1021/cg0200098

Gimbun, J., Nagy, Z. K., & Rielly, C. D. (2009). Simultaneous Quadrature Method of
Moments for the Solution of Population Balance Equations, Using a Differential
Algebraic Equation Framework. Industrial & Engineering Chemistry Research.
https://doi.org/10.1021/ie900548s

Green, W. G., & Perry, H. R. (2013). Perry’s Chemical Engineers’ Handbook. Journal
of Chemical Information and Modeling.
https://doi.org/10.1017/CB09781107415324.004

Helton, J. C., & Davis, F. J. (2003). Latin hypercube sampling and the propagation of
uncertainty in analyses of complex systems. Reliability Engineering & System
Safety. https://doi.org/10.1016/S0951-8320(03)00058-9

102



Hemalatha, K., Nagveni, P., Kumar, P. N., & Rani, K. Y. (2018). Multiobjective
optimization and experimental validation for batch cooling crystallization of citric
acid anhydrate. Computers and Chemical Engineering, 112, 292—-303.
https://doi.org/10.1016/j.compchemeng.2018.02.019

Hojjati, H., & Rohani, S. (2005). Cooling and seeding effect on supersaturation and
final crystal size distribution (CSD) of ammonium sulphate in a batch crystallizer.
Chemical Engineering and Processing: Process Intensification, 44(9), 949-957.
https://doi.org/10.1016/j.cep.2004.11.003

Hulburt, H. M., & Katz, S. (1964). Some problems in particle technology: A statistical
mechanical formulation. Chemical Engineering Science.
https://doi.org/10.1016/0009-2509(64)85047-8

Iman, R. L., & Conover, W. J. (1982). A Distribution-Free Approach to Induce Rank
Correlation Among Input Variables. Communications in Statistics - Simulation and
Computation,. https://doi.org/10.1080/03610918208812265

looss, B., & Lemaitre, P. (2015). A Review on Global Sensitivity Analysis Methods. In
Operations Research/ Computer Science Interfaces Series (pp. 101-122).
https://doi.org/10.1007/978-1-4899-7547-8_5

Jagadesh, D., Kubota, N., Yokota, M., Doki, N., & Sato, A. (1999). Seeding effect on
batch crystallization of potassium sulfate under natural cooling mode and a simple
design method of crystallizer. Journal of Chemical Engineering of Japan, 32(4),
514-520. https://doi.org/10.1252/jcej.32.514

Jha, S. K., Karthika, S., & Radhakrishnan, T. K. (2017). Modelling and control of
crystallization process. Resource-Efficient Technologies, 3(1), 94-100.
https://doi.org/10.1016/j.reffit.2017.01.002

Jones, A. G. (1974). Optimal operation of a batch cooling crystallizer. Chemical
Engineering Science, 29(5), 1075-1087. https://doi.org/10.1016/0009-
2509(74)80106-5

Kubota, N., Doki, N., Yokota, M., & Jagadesh, D. (2002). Seeding effect on product
crystal size in batch crystallization. Journal of Chemical Engineering of Japan,
35(11), 1063-1071. https://doi.org/10.1252/jcej.35.1063

Kubota, N., Doki, N., Yokota, M., & Sato, A. (2001). Seeding policy in batch cooling
crystallization. Powder Technology, 121(1), 31-38. https://doi.org/10.1016/S0032-
5910(01)00371-0

103



Kubota, N., & Onosawa, M. (2009). Seeded batch crystallization of ammonium
aluminum sulfate from aqueous solution. Journal of Crystal Growth, 311(20),
4525-4529. https://doi.org/10.1016/j.jcrysgro.2009.08.014

Lakatos, B. G. (2007). Population balance modelling of crystallisation processes.
Hungarian Journal of Industrial Chemistry.

Lenka, M., & Sarkar, D. (2018). Improving crystal size distribution by internal seeding
combined cooling/antisolvent crystallization with a cooling/heating cycle. Journal
of Crystal Growth, 486, 130-136. https://doi.org/10.1016/j.jcrysgro.2018.01.029

Lewis, A. E., Seckler, M. M., Kramer, H., & Van Rosmalen, G. (2015). Industrial
crystallization: Fundamentals and applications. Industrial Crystallization:
Fundamentals and Applications. https://doi.org/10.1017/CB0O9781107280427

Ma, D. L., & Braatz, R. D. (2003). Robust identification and control of batch processes.
In Computers and Chemical Engineering (Vol. 27, pp. 1175-1184).
https://doi.org/10.1016/S0098-1354(03)00045-0

Ma, D. L., Chung, S. H., & Braatz, R. D. (1999). Worst-Case Performance Analysis of
Optimal Batch Control Trajectories. AIChE Journal, 45(7), 1469-1476.
https://doi.org/10.1002/aic.690450710

Mangin, D., Garcia, E., Gerard, S., Hoff, C., Klein, J. P., & Veesler, S. (2006).
Modeling of the dissolution of a pharmaceutical compound. Journal of Crystal
Growth, 286(1), 121-125. https://doi.org/10.1016/j.jcrysgro.2005.08.056

Milliken, G. A., Bates, D. M., & Watts, D. G. (1990). Nonlinear Regression Analysis
and Its Applications. Technometrics. https://doi.org/10.2307/1268866

Moscosa-Santillan, M., Bals, O., Fauduet, H., Porte, C., & Delacroix, A. (2000). Study
of batch crystallization and determination of an alternative temperature-time
profile by on-line turbidity analysis - application to glycine crystallization.
Chemical Engineering Science, 55(18), 3759-3770. https://doi.org/10.1016/S0009-
2509(00)00045-2

Mountford, G. L., Atkinson, P. M., Dash, J., Lankester, T., & Hubbard, S. (2017).
Chapter 4 - Sensitivity of Vegetation Phenological Parameters: From Satellite
Sensors to Spatial Resolution and Temporal Compositing Period. In G. P.
Petropoulos & P. K. Srivastava (Eds.), Sensitivity Analysis in Earth Observation
Modelling (pp. 75-90). Elsevier. https://doi.org/https://doi.org/10.1016/B978-0-12-
803011-0.00004-5

104



Mullin, J. W., & Nyvlt, J. (1971). Programmed cooling of batch crystallizers. Chemical
Engineering Science, 26(3), 369-377. https://doi.org/10.1016/0009-
2509(71)83012-9

Myerson, A. S. (2015). Concluding remarks. Faraday Discuss.
https://doi.org/10.1039/C5FD00042D

Myerson, A. S., & Ginde, R. (2002). Handbook of Industrial Crystallization (Crystals,
Crystal Growth, and Nucleation). Handbook of Industrial Crystallization.
https://doi.org/http://dx.doi.org/10.1016/B978-075067012-8/50004-5

Nagy, Z. K., Aamir, E., & Rielly, C. D. (2011). Internal fines removal using population
balance model based control of crystal size distribution under dissolution, growth
and nucleation mechanisms. Crystal Growth and Design, 11(6), 2205-2219.
https://doi.org/10.1021/cg101555u

Nagy, Z K, & Aamir, E. (2012). Systematic design of supersaturation controlled
crystallization processes for shaping the crystal size distribution using an analytical
estimator. Chemical Engineering Science, 84, 656—670.
https://doi.org/10.1016/j.ces.2012.08.048

Nagy, Z. K., & Braatz, R. D. (2004). Open-loop and closed-loop robust optimal control
of batch processes using distributional and worst-case analysis. Journal of Process
Control, 14(4), 411-422. https://doi.org/10.1016/j.jprocont.2003.07.004

Nagy, Z. K. (2017). Crystallization Control Approaches and Models. In Engineering
Crystallography: From Molecule to Crystal to Functional Form (pp. 289-300).
https://doi.org/10.1007/978-94-024-1117-1_17

Nagy, Z. K, Chew, J. W., Fujiwara, M., & Braatz, R. D. (2008). Comparative
performance of concentration and temperature controlled batch crystallizations.
Journal of Process Control, 18(3-4), 399-407.
https://doi.org/10.1016/j.jprocont.2007.10.006

Nowee, S. M., Abbas, A., & Romagnoli, J. A. (2008). Antisolvent crystallization:
Model identification, experimental validation and dynamic simulation. Chemical
Engineering Science, 63(22), 5457-5467.
https://doi.org/10.1016/j.ces.2008.08.003

Omlin, M., & Reichert, P. (1999). A comparison of techniques for the estimation of
model prediction uncertainty. Ecological Modelling.
https://doi.org/10.1016/S0304-3800(98)00174-4

105



Paengjuntuek, W., Kittisupakorn, P., & Arpornwichanop, A. (2008). Optimization and
nonlinear control of a batch crystallization process. Journal of the Chinese Institute
of Chemical Engineers, 39(3), 249-256.
https://doi.org/10.1016/j.jcice.2007.12.017

Puel, F., Févotte, G., & Klein, J. P. (2003). Simulation and analysis of industrial
crystallization processes through multidimensional population balance equations.
Part 1: A resolution algorithm based on the method of classes. Chemical
Engineering Science. https://doi.org/10.1016/S0009-2509(03)00254-9

Qamar, S., Mukhtar, S., & Seidel-Morgenstern, A. (2010). Efficient solution of a batch
crystallization model with fines dissolution. Journal of Crystal Growth.
https://doi.org/10.1016/j.jcrysgro.2010.06.026

Qamar, S., Noor, S., Rehman, M., & Seidel-Morgenstern, A. (2011). Numerical
solution of a multi-dimensional batch crystallization model with fines dissolution.
Computers and Chemical Engineering, 35(3), 412-422.
https://doi.org/10.1016/j.compchemeng.2010.03.016

Rawlings, J. B., Miller, S. M., & Witkowski, W. R. (1993). Model Identification and
Control of Solution Crystallization Processes - a Review. Industrial & Engineering
Chemistry Research, 32, 1275-1296. https://doi.org/10.1021/ie00019a002

Saltelli, A., Ratto, M., Andres, T., Campolongo, F., Cariboni, J., Gatelli, D., ...
Tarantola, S. (2008). Global Sensitivity Analysis: The Primer. Wiley. Retrieved
from https://books.google.com.my/books?id=wAssmt2vumgC

Salvatori, F., & Mazzotti, M. (2017). Manipulation of Particle Morphology by
Crystallization, Milling, and Heating Cycles - A Mathematical Modeling
Approach. Industrial and Engineering Chemistry Research, 56(32), 9188-9201.
research-article. https://doi.org/10.1021/acs.iecr.7b02070

Samad, N. A. F. A,, Sin, G., Gernaey, K. V., & Gani, R. (2013). A systematic
framework for design of process monitoring and control (PAT) systems for
crystallization processes. Computers & Chemical Engineering, 54, 8-23.
https://doi.org/10.1016/j.compchemeng.2013.03.003

Samad, N. A. F. A, Singh, R., Sin, G., Gernaey, K. V., & Gani, R. (2011). A generic
multi-dimensional model-based system for batch cooling crystallization processes.
Computers and Chemical Engineering, 35(5), 828-843.
https://doi.org/10.1016/j.compchemeng.2011.01.029

106



Seborg, D. E., Mellichamp, D. A., Edgar, T. F., & Doyle, F. J. (2010). Process
Dynamics and Control. John Wiley & Sons. Retrieved from
https://books.google.com.my/books?id=_PQ42kOvtfwC

Seki, H., Furuya, N., & Hoshino, S. (2012). Evaluation of controlled cooling for seeded
batch crystallization incorporating dissolution. Chemical Engineering Science, 77,
10-17. https://doi.org/10.1016/j.ces.2012.01.057

Seki, H., & Su, Y. (2015). Robust optimal temperature swing operations for size control
of seeded batch cooling crystallization. Chemical Engineering Science, 133, 16—
23. https://doi.org/10.1016/j.ces.2014.12.027

Shi, D., El-farra, N. H., Li, M., Mhaskar, P., & Christofides, P. D. (2006). Predictive
control of particle size distribution in particulate processes. Chemical Engineering
Science, 61, 268-281. https://doi.org/10.1016/j.ces.2004.12.059

Smith, R. (2005). Chemical Process Design and Integration. John Wiley & Sons, Ltd.
https://doi.org/10.1529/biophysj.107.124164

Takiyama, H., Otsuhata, T., & Matsuoka, M. (1998). Morphology of NaCl Crystals in
Drowning-Out Precipitation Operation. Chemical Engineering Research and
Design, 76(7), 809-814. https://doi.org/10.1205/026387698525559

Wang, T., Lu, H., Wang, J., Xiao, Y., Zhou, Y., Bao, Y., & Hao, H. (2017). Recent
progress of continuous crystallization. Journal of Industrial and Engineering
Chemistry, 54, 14-29. https://doi.org/10.1016/j.jiec.2017.06.009

Ward, J. D., Mellichamp, D. A., & Doherty, M. F. (2006). Choosing an operating policy
for seeded batch crystallization. AIChE Journal, 52(6), 2046-2054.
https://doi.org/10.1002/aic.10808

Yamba, O. A. N. (2008). Cooling Crystallization , PID and MPC Control, (October).
Retrieved from www.mate.tue.nl/mate/pdfs/10389.pdf

Yu, L., & Reutzel-Edens, S. M. (2003). Crystallization | Basic Principles. In
Encyclopedia of Food Sciences and Nutrition (pp. 1697-1702).
https://doi.org/10.1016/B0-12-227055-X/00313-8

Zahari, Z. M. (2018). Supersaturation Controlled Crystallization Processes under the
Presence of Nucleation, Crystal Growth, Agglomeration and Breakage Dominant
Phenomena for Shaping the Crystal Size Distribution. Universiti Malaysia Pahang.

107



Zahari, Z. M., Saleh, S., & Samad, N. A. F. A. (2017). Achieving the target crystal size
distribution in the case of agglomeration and breakage for batch cooling
crystallisation process. Chemical Engineering Transactions, 56, 205-210.
https://doi.org/10.3303/CET1756035

Zhang, D., Liu, L., Xu, S., Du, S., Dong, W., & Gong, J. (2018). Optimization of
cooling strategy and seeding by FBRM analysis of batch crystallization. Journal of
Crystal Growth, 486, 1-9. https://doi.org/10.1016/j.jcrysgro.2017.12.046

Zhang, D., Xu, S., Du, S., Wang, J., & Gong, J. (2017). Progress of Pharmaceutical
Continuous Crystallization. Engineering, 3(3), 354-364.
https://doi.org/10.1016/J.ENG.2017.03.023

108



