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ABSTRACT

Crystallization is a separation process that has been practised and applied
widely in fine chemical and pharmaceutical industries. In the majority
of applications, it is used to obtain a high purity solid form, which often
exhibits a distribution of sizes and shapes. Crystallization involves a number
of fundamental phenomena – often poorly understood – like nucleation,
growth, dissolution, agglomeration, to name a few. The lack of reliable
monitoring tools and techniques inhibits attaining deeper insights into
the mechanisms involved, which naturally affects the robust and optimal
operation of these crystallization processes. Poor understanding coupled
with stringent targets on the product quality for drugs in terms of purity,
stability, and bioavailability, has attracted significant attention from both
the academia and the industry.
The work presented in this thesis led to improvements in the state-of-theart imaging techniques for size and shape characterization of the solid phase
in batch solution crystallization processes. Based on these improvements,
studies making use of the shape information obtained from the imaging
device were undertaken for several interesting and previously unexplored
applications. The former point led to providing better characterization and
understanding of the process from a macroscopic scale. While the latter
point with the aid of the former led to several automated and controlled
approaches to manipulate the size and shape of undesirable needle-like
crystals to equant crystals. The key accomplishments of this thesis were
• enhancements to the hardware of a stereoscopic imaging device and
to the imaging analysis routines to classify crystals observed by the
imaging device into five different shape classes and to obtain a threedimensional reconstruction of these crystals.
• assessing the reliability of commercial spectroscopic techniques to
estimate solute concentration in batch crystallization processes and
proposing a new approach based on volumetric reconstruction of
crystals observed by the stereoscopic imaging device, to estimate the
solute concentration.
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• transformation of needle-like crystals to more equant crystals in a
multistage cyclic process consisting of wet milling, dissolution, and
growth stages, exploiting the online monitoring capabilities of the
imaging device and simple feedback control laws for the individual
stages.
To summarize, the results obtained certainly reinforce the potential and
the competence of imaging tools to tackle a wide array of challenges faced
by the crystallization community. Irrespective of the promising outcome,
their potential pitfalls are definitely not overlooked and plausible proposals
to overcome these are discussed diligently to assist future research on
monitoring, on modeling and on control of crystallization processes.

Z U S A M M E N FA S S U N G

Kristallisation ist ein Trennverfahren, das in der Feinchemie und der Pharmaindustrie weit verbreitet ist und angewendet wird. In den meisten Anwendungen wird es verwendet, um eine hochreine feste Form zu erhalten,
die häufig eine Verteilung von Grössen und Formverteilung aufweist. Die
Kristallisation umfasst eine Reihe grundlegender Phänomene – die oft nur
unzureichend verstanden werden – wie Keimbildung, Wachstum, Auflösung, Agglomeration, um nur einige zu nennen. Der Mangel an zuverlässigen Messwerkzeugen und –techniken verhindert tiefgehende Einblicke
in die beteiligten Mechanismen, was sich natürlich auf den robusten und
optimalen Betrieb dieser Kristallisationsprozesse auswirkt. Das mangelnde
Verständnis in Verbindung mit strengen Vorgaben zur Produktqualität von
Arzneimitteln in Bezug auf Reinheit, Stabilität und Bioverfügbarkeit hat
sowohl in der Wissenschaft als auch in der Industrie erhebliche Aufmerksamkeit erregt.
Die in dieser Dissertation vorgestellte Arbeiten führten zu Verbesserungen der aktuell verfügbaren bildgebenden Verfahren zur Grössen- und
Formcharakterisierung der festen Phase in Batch- Lösungskristallisationsprozessen. Basierend auf diesen Verbesserungen wurden Studien unter Verwendung der vom Bildgebungswerkzeug erhaltenen Forminformationen
für mehrere interessante und bisher unerforschte Anwendungen durchgeführt. Der erstere Punkt führte zu einer besseren Charakterisierung und
einem besseren Verständnis des Prozesses auf makroskopischer Ebene.
Während Letzterer mit Hilfe des ersteren zu mehreren automatisierten und
kontrollierten Ansätzen führte, um die Grösse und Form unerwünschter
nadelförmiger Kristalle hin zu kompakten Kristallen zu manipulieren. Im
Besonderen waren die wichtigsten Resultate dieser Arbeit
• Verbesserungen an der Hardware eines stereoskopischen Bildgebungsgeräts und an den Bildverarbeitungsroutinen, um die vom
Bildgebungsgerät beobachteten Kristalle in fünf verschiedene Formklassen einzuteilen und eine dreidimensionale Rekonstruktion dieser
Kristalle zu erhalten.
• die Bewertung der Zuverlässigkeit kommerzieller spektroskopischer
Techniken zur Schätzung der Konzentration gelöster Stoffe in Batch-
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Kristallisationsprozessen und der Vorschlag eines neuen Ansatzes
auf der Grundlage der volumetrischen Rekonstruktion von Kristallen,
die mit dem stereoskopischen Bildgebungsgerät beobachtet werden,
um diese Konzentration abzuschätzen.
• Umwandlung von nadelförmiger Kristallen in gleichwertige Kristalle
in einem mehrstufigen zyklischen Prozess, der aus Nassmahlen, Auflösen und Wachstum besteht. Dabei werden die Echtzeitfähigkeit des
Bildgebungsgeräts und einfache Regelalgorithmen für die einzelnen
Phasen genutzt.
Zusammenfassend lässt sich festhalten, dass die erzielten Ergebnisse
das Potenzial und die Kompetenz von Bildgebungswerkzeugen für die
Bewältigung einer Vielzahl von Herausforderungen der Kristallisationsgemeinschaft stärken. Ungeachtet des vielversprechenden Ergebnisses werden
ihre potenziellen Gefahren definitiv nicht übersehen, und plausible Vorschläge zur Überwindung dieser Gefahren werden sorgfältig diskutiert,
um yukünftige Forschung zur Überwachung, zur Modellierung und zur
Steuerung von Kristallisationsprozessen zu unterstützen.

CONTENTS
List of Figures
List of Tables
1 introduction
1.1 Crystallization: What, Why and How? . . . . . . . . .
1.1.1 General Introduction . . . . . . . . . . . . . . .
1.1.2 Thermodynamics . . . . . . . . . . . . . . . . . .
1.1.3 Crystal Shape . . . . . . . . . . . . . . . . . . . .
1.2 Characterization of Crystallization Processes . . . . . .
1.2.1 Solid Phase Characterization . . . . . . . . . . .
1.2.2 Liquid Phase Characterization . . . . . . . . . .
1.3 Modeling of Crystallization Processes . . . . . . . . . .
1.3.1 Population Balance Modeling . . . . . . . . . .
1.3.2 Model Identification and Parameter Estimation
1.4 Size and Shape Manipulation of Suspended Crystals .
1.5 Structure of the Thesis . . . . . . . . . . . . . . . . . . .
i
2

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

design
characterization of particulate population in suspensions
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Measurement Device . . . . . . . . . . . . . . . . . . . . . . .
2.3 Theoretical Background . . . . . . . . . . . . . . . . . . . . .
2.3.1 Camera Calibration . . . . . . . . . . . . . . . . . . .
2.3.2 Image Processing and Analysis . . . . . . . . . . . .
2.3.3 Automated Shape Classification . . . . . . . . . . . .
2.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . .
2.4.1 Steady State and Measurement Repeatability . . . .
2.4.2 1D Particle Size Validation . . . . . . . . . . . . . . .
2.4.3 Characterization of Spheres, Needle-like, and QuasiEquant Particles . . . . . . . . . . . . . . . . . . . . .
2.4.4 Growth and Dissolution of BLGA . . . . . . . . . . .
2.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . .
2.5.1 Key Outcomes . . . . . . . . . . . . . . . . . . . . . .
2.5.2 Key Limitations . . . . . . . . . . . . . . . . . . . . .

xviii
xxiii
1
1
1
5
6
9
10
16
17
17
20
22
24

33
34
35
38
38
41
46
54
54
57
59
62
66
66
67

xiii

contents

2.5.3

Way Forward . . . . . . . . . . . . . . . . . . . . . . .

ii applications
3 alternative approach to solute concentration estimation
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.3 Seed Preparation Protocol . . . . . . . . . . . . . . .
3.3.4 Experimental Protocol . . . . . . . . . . . . . . . . . .
3.4 Efficacy of the Proposed Approach . . . . . . . . . . . . . . .
3.4.1 Estimation of Solubility Curves . . . . . . . . . . . .
3.4.2 Comparison Between Concentration Estimates Based
on ATR-FTIR Spectroscopy and on Stereoscopic Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.3 Elementary Error Analysis . . . . . . . . . . . . . . .
3.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . .
4 manipulation of size and shape in cooling crystallization
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Overview of the Control Strategy . . . . . . . . . . . . . . . .
4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2 Experimental Setup . . . . . . . . . . . . . . . . . . .
4.3.3 Characterization Technique . . . . . . . . . . . . . . .
4.3.4 Preparation of Seed Crystals . . . . . . . . . . . . . .
4.3.5 Limits on Operating Conditions . . . . . . . . . . . .
4.3.6 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.7 Solute Concentration Estimation . . . . . . . . . . . .
4.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . .
4.4.1 Steady-State Measurements . . . . . . . . . . . . . . .
4.4.2 Constant Supersaturation Control . . . . . . . . . . .
4.4.3 Path Following Control . . . . . . . . . . . . . . . . .
4.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . .
4.5.1 Key Outcomes . . . . . . . . . . . . . . . . . . . . . .

xiv

68

75
76
77
79
79
80
81
82
84
84

88
91
97
101
102
103
105
105
106
106
109
110
111
112
115
115
115
121
128
128

contents

5

6

4.5.2 Key Learnings . . . . . . . . . . . . . . . . . . . . . . 128
modeling and control of a rotor-stator wet mill
133
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.2 Overview and Modeling of Wet Milling . . . . . . . . . . . . 136
5.2.1 Two Crystallizer Configuration . . . . . . . . . . . . 136
5.2.2 Recirculation Configuration . . . . . . . . . . . . . . 137
5.2.3 Source Terms of the PBE . . . . . . . . . . . . . . . . 139
5.2.4 Solution of the PBE . . . . . . . . . . . . . . . . . . . 141
5.3 Control of Wet Milling Stages . . . . . . . . . . . . . . . . . . 141
5.3.1 Average Characteristics of a Population . . . . . . . 141
5.3.2 Attainable Region for Particle Size and Shape . . . . 142
5.3.3 Model-based Operating Policy . . . . . . . . . . . . . 144
5.3.4 Model-free Control . . . . . . . . . . . . . . . . . . . 145
5.4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 148
5.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.4.2 Experimental Setup . . . . . . . . . . . . . . . . . . . 148
5.4.3 Characterization of the Solid Phase . . . . . . . . . . 149
5.4.4 Preparation of Seed Crystals . . . . . . . . . . . . . . 150
5.4.5 Limits on Operating Conditions . . . . . . . . . . . . 152
5.4.6 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . 152
5.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 154
5.5.1 Steady-State Measurements . . . . . . . . . . . . . . . 154
5.5.2 Comparison of the Two Milling Configurations . . . 156
5.5.3 Model-based Operating Policy . . . . . . . . . . . . . 159
5.5.4 Model-free Control . . . . . . . . . . . . . . . . . . . 162
5.5.5 Generality of the Proposed Feedback Control Strategy 168
5.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . 170
5.6.1 Key Outcomes . . . . . . . . . . . . . . . . . . . . . . 170
5.6.2 Key Learnings . . . . . . . . . . . . . . . . . . . . . . 171
crystal shape engineering using a controlled cyclic
process
175
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
6.2 A Controlled Multistage Process . . . . . . . . . . . . . . . . 177
6.3 The Cycle Logic . . . . . . . . . . . . . . . . . . . . . . . . . . 179
6.4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 182
6.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . 182
6.4.2 Solubility Curves . . . . . . . . . . . . . . . . . . . . . 182

xv

contents

Experimental Setup . . . . . . . . . . . . . . . . . . .
Preparation of Seed Crystals . . . . . . . . . . . . . .
Protocol for the Multistage Process Experiments with
BLGA . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.4.6 Protocol for the Multistage Process Experiments with
GDM . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5 Experimental Validation . . . . . . . . . . . . . . . . . . . . .
6.5.1 β l-Glutamic Acid in Water . . . . . . . . . . . . . . .
6.5.2 γ d-Mannitol in a Mixture of Water and Propan-2-ol
6.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . .
6.6.1 Key Outcomes . . . . . . . . . . . . . . . . . . . . . .
6.6.2 Key Learnings and Way Forward . . . . . . . . . . .
7 concluding remarks
7.1 Key Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.2 Way Forward . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.2.1 Monitoring Crystallization Processes . . . . . . . . .
7.2.2 Size and Shape Manipulation of Crystals . . . . . . .
a supplementary material for chapter 2
a.1 Camera Rotation Matrices . . . . . . . . . . . . . . . . . . . .
a.2 Extrinsic Calibration . . . . . . . . . . . . . . . . . . . . . . .
a.3 Simulation of Particles for Supervised Learning . . . . . . .
a.4 Validation of the Shape Classification . . . . . . . . . . . . .
a.5 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . .
a.5.1 Particle Size Calculation of Spheres . . . . . . . . . .
a.5.2 Particle Size Calculation of Needle-like Particles . .
a.5.3 Particle Size Calculation of Quasi-equant Particles .
a.5.4 Calculation of the Normalized Number of Particles
a.5.5 Calculation of the Fraction of Classes . . . . . . . . .
a.5.6 Calculation of nD PSSDs . . . . . . . . . . . . . . . .
b a note on the graphical representation of pssds
c particle volume controller
d a note on the dilution of dense suspensions
d.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . .
d.2 Proposed Design for the Dilution Loop . . . . . . . . . . . .
d.3 Preliminary Tests . . . . . . . . . . . . . . . . . . . . . . . . .
d.3.1 Test of a Single Filter . . . . . . . . . . . . . . . . . .
6.4.3
6.4.4
6.4.5

xvi

183
186
187
191
193
194
206
209
209
210
215
215
217
217
219
223
223
224
225
226
230
230
231
231
232
233
233
235
241
245
245
246
247
247

contents

d.4

d.3.2 Test of Filters in Series . . . . . . . . . .
d.3.3 Test of Stream Dilution . . . . . . . . .
d.3.4 Test of an Unautomated Dilution Loop
Way Forward . . . . . . . . . . . . . . . . . . .

bibliography

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

250
251
253
254
257

xvii

LIST OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11

xviii

Molecular representation of a crystal surface exposed to a bulk liquid. . . . . . . . . . . . . . . . . .
2
Graphical illustration of a concentration based solubility of an arbitrary compound. . . . . . . . . . . .
7
Images of suspended crystals obtained from devices
with front and back illumination. . . . . . . . . . . 13
Schematic of the ex situ imaging devices developed
at ETH Zurich. . . . . . . . . . . . . . . . . . . . . . 15
Visualization of a one-dimensional and a two-dimensional
number density function. . . . . . . . . . . . . . . . 18
Schematic of the dual imaging system for crystallization observation (µ-DISCO). . . . . . . . . . . . 36
Coordinate system convention used for the calibration. 39
Illustration of the multistep image processing pipeline. 42
Illustration of a particle subjected to the image processing pipeline. . . . . . . . . . . . . . . . . . . . . 43
Volume intersection method used for the 3D reconstruction of particles. . . . . . . . . . . . . . . . . . . 45
Effect of orientation for a needle-like particle on
VH-reconstruction. . . . . . . . . . . . . . . . . . . . 47
Feature space of of convexity product and circularity
product; and covariance linearity and covariance
linearity for classification into different shapes. . . 52
Examples of reconstructed visual hulls of crystals
belonging to different generic shape classes. . . . . 53
Time-resolved evolution of particle dimensions, and
broadness of the distribution at steady-state. . . . . 56
1D number- and volume-weighted distribution of
latex beads for size validation. . . . . . . . . . . . . 58
Time-resolved evolution of number of particles, and
of fraction of classes for an experiment performed
with particles of different shapes. . . . . . . . . . . 60

list of figures

Figure 2.12

Figure 2.13

Figure 3.1

Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6
Figure 3.7

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Time-resolved evolution of number of particles, of
fraction of classes, and of the visual hull volume
for a population of needle-like crystals subjected to
growth and dissolution. . . . . . . . . . . . . . . . .
Volume-weighted 2D PSSD, and time-resolved evolution of number-weighted characteristic length and
of aspect ratio for a population of needle-like crystals subejcted to growth and dissolution. . . . . . .
Schematic of the visual hull approximation procedure of a needle-like particle observed by a stereoscopic imaging device. . . . . . . . . . . . . . . . . .
Schematic of the experimental setup coupled with
the µ-DISCO. . . . . . . . . . . . . . . . . . . . . . .
Time-resolved evolution of the solute concentration estimate and the estimated solubility curve for
BLGA in water. . . . . . . . . . . . . . . . . . . . . .
Time-resolved evolution of the solute concentration estimate and the estimated solubility curve for
vanillin in water. . . . . . . . . . . . . . . . . . . . .
Reproducilibilty of the proposed solute concentration estimation approach for BLGA in water and
vanillin in water. . . . . . . . . . . . . . . . . . . . .
Solubility curve of BLGA in water in the literature,
measured using µ-DISCO and using ATR-FTIR. . .
Evolution of the true volume of the sampled particles and of the total visual hull volume of the
observed particles. . . . . . . . . . . . . . . . . . . .
Schematic of the path following control approach. .
Schematic of the experimental setup and the feedback controller. . . . . . . . . . . . . . . . . . . . . .
Volume-weighted PSSDs of the seed populations
used in the CSC and PFC experiments. . . . . . . .
Time-resolved evolution of the particle count, the
particle volume, and the particle dimensions at
steady-state. . . . . . . . . . . . . . . . . . . . . . . .
CSC experiments to estimate the attainable region
of Seeds 01. . . . . . . . . . . . . . . . . . . . . . . .

64

65

78
80

85

87

88
89

94
105
107
110

116
119

xix

list of figures

Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 5.1

Figure 5.2

Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8
Figure 5.9

Figure 5.10
Figure 6.1
Figure 6.2

xx

CSC experiments to estimate the attainable region
of Seeds 02. . . . . . . . . . . . . . . . . . . . . . . .
PFC experiments for Seeds 01. . . . . . . . . . . . .
PFC experiments for Seeds 02. . . . . . . . . . . . .
PSSDs of seeds and products obtained from PFC
experiments for Seeds 02. . . . . . . . . . . . . . . .
Schematic of the experimental setup for the two
milling configurations, namely, the Two Crystallizer
configuration and the Recirculation configuration. .
Estimate of the attainable region in the size and
shape space for a rotor-stator wet mill for the Two
Crystallizer configuration. . . . . . . . . . . . . . . .
Volume-weighted PSSDs of the seed populations
used in the wet mill controller experiments. . . . .
Time-resolved evolution of the particle count, the
particle volume, and the particle dimensions at
steady-state using both milling configurations. . . .
Evolution of the average dimensions across multiple
passes for seeds milled at a constant rotor speed
using both milling configurations. . . . . . . . . . .
Evolution of the average dimensions using the modelbased operating policy for wet milling. . . . . . . .
Evolution of the average dimensions to compare a
benchmark strategy with two different model-free
control strategies for wet milling. . . . . . . . . . . .
Evolution of the average dimensions of BLGA using
the adaptive (A) controller for wet milling. . . . . .
PSSDs of products obtained from simulation and
experiment of the model-based operating policy,
and experiment of the adaptive (A) controller. . . .
Evolution of the average dimensions of GDM using
the adaptive (A) controller for wet milling. . . . . .
Schematic of the multistage process cycle logic and
the targets for the individual stages. . . . . . . . . .
Solubility curves of BLGA in water and GDM in a
10/90 wt-% mixture of propan-2-ol and water. . . .

120
123
125
127

138

143
151

155

158
160

163
165

167
169
181
183

list of figures

Figure 6.3

Figure 6.4
Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Schematic of the experimental setup coupled with
the stereoscopic imaging device (µ-DISCO) used in
the multistage process experiments. . . . . . . . . .
Volume-weighted PSSDs of the seed populations
used in the multistage process experiments. . . . .
Volume-weighted PSSDs before and after experiments κ1 and κ2 , for the controlled multistage process experiments using Seeds κ of BLGA crystals. .
Evolution of the average dimensions, broadness of
the PSSD, aspect ratio, and time required for individual stages for controlled multistage BLGA experiments using Seeds κ with one or two cycles. . .
Darkfield micrographs of Seeds κ, and of the crystals obtained after experiment κ1 and after experiment κ2 . . . . . . . . . . . . . . . . . . . . . . . . . .
Volume-weighted PSSDs before and after experiments λ1 , λ2 and λ3 , for the controlled multistage
process experiments using Seeds λ of BLGA crystals. And, darkfield micrographs of the crystals
obtained after experiment λ1 , λ2 , and λ3 . . . . . . .
Evolution of the average dimensions, broadness of
the PSSD, aspect ratio, and time required for individual stages for controlled multistage BLGA experiments using Seeds λ to test the effect of initial
condition on the controlled process. . . . . . . . . .
Volume-weighted PSSDs before and after experiments λ4 and λ5 , for the controlled multistage process experiments using Seeds λ of BLGA crystals. .
Evolution of the average dimensions, broadness of
the PSSD, aspect ratio, and time required for individual stage for controlled multistage BLGA repeatability experiments using Seeds λ. . . . . . . .
Time series (concentration, temperature, supersaturation, average dimensions) and evolution of the
rotor speed in the wet mill as a function of the wet
milling steps for the controlled multistage process
experiments λ4 and λ5 using BLGA Seeds λ. . . . .

184
188

195

197

198

200

201

203

204

205

xxi

list of figures

Figure 6.13

Figure 6.14

Figure A.1
Figure A.2
Figure A.3
Figure B.1

Figure B.2
Figure D.1
Figure D.2
Figure D.3
Figure D.4
Figure D.5
Figure D.6
Figure D.7

xxii

Volume-weighted PSSDs before and after experiments ν1 and ν2 , for the controlled multistage process experiments using Seeds ν of BLGA crystals. .
Evolution of the average dimensions, broadness of
the PSSD, aspect ratio, and time required for individual stages for controlled multistage GDM process experiments using Seeds ν. . . . . . . . . . . .
Determination of the roll angles of the two cameras
in the stereoscopic imaging device. . . . . . . . . .
Confusion matrix comparing predicated and true
class labels of the validation set. . . . . . . . . . . .
Size estimation of quasi-equant shaped particles using the reconstructed visual hull. . . . . . . . . . . .
Volume-weighted PSSDs f v of the seed population
of the steady-state phase of the dissolution experiment E5 in ref 79. . . . . . . . . . . . . . . . . . . . .
Volume-weighted PSSDs f v of the seed and the
product population of the dissolution E11 in ref 79.
Schematic of the proposed design for the dilution
loop to dilute dense suspensions. . . . . . . . . . .
Schematic of the experimental setup used to test a
single filter and two filters in series. . . . . . . . . .
Flow rate comparison from one filter setup at two
different suspension densities. . . . . . . . . . . . .
Flow rate comparison between the setup with one
filter and two filters in series. . . . . . . . . . . . . .
Schematic of the experimental setup used to test the
dilution using three filters in series. . . . . . . . . .
Evolution of the total number of particles observed
by the µ-DISCO as a function of the dilution factor.
Evolution of the relative mass variation for a fully
functional dilution loop. . . . . . . . . . . . . . . . .

207

208
225
229
232

237
239
247
248
249
250
251
252
254

L I S T O F TA B L E S

Table 1.1
Table 3.1

Table 3.2
Table 4.1
Table 4.2
Table 5.1
Table 5.2
Table 5.3
Table 6.1
Table 6.2
Table B.1
Table B.2

Annual industrial production (in tons per year) of a
few relevant crystalline products. . . . . . . . . . .
Experimental conditions explored to estimate the
solubility curves of BLGA in water and vanillin in
water. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Error characteristics of the solute concentration estimation obtained from the elementary error analysis.
Average characteristics of the seed population used
in the PFC experiments. . . . . . . . . . . . . . . . .
Experimental and controller parameters used in the
PFC experiments. . . . . . . . . . . . . . . . . . . . .
Parameter values for the breakage frequency Ki in
eq 5.4.78 . . . . . . . . . . . . . . . . . . . . . . . . .
Average characteristics of the seed population used
in the wet milling experiments. . . . . . . . . . . . .
Simulation, experimental, and controller parameters
used for the wet mill. . . . . . . . . . . . . . . . . . .
Average characteristics of the seed population used
in the controlled multistage process experiments. .
List of all the controlled multistage process experiments along with their cycle logic parameters. . . .
Properties of the PSSDs visualized in Figure B.1. .
Properties of the PSSDs visualized in Figure B.2. .

3

84
96
111
117
140
152
157
187
190
236
240

xxiii

1
INTRODUCTION

1.1
1.1.1

crystallization: what, why and how?
General Introduction

Crystals can be found today in every aspect of our lives either as a naturally
occurring material or as a chemically synthesized product from a industrial
process. Minerals, gemstones, and snowflakes are examples of the former,
while pharmaceutical drugs, sugar, table salt, and cocoa fat in chocolates
are examples of the latter. The most striking features of these crystals are
their packing, their long-range order and their faces that intersect at specific
angles leading to a distinctive appearance. Crystals of the same atom or
molecule can posses different ordering in their lattice (the building block),
which leads to what is termed as polymorphism. Carbon, which appears
either as graphite or as diamond is one such example, where the ordering of
the carbon atoms in the lattice is different for the two forms. The underlying
geometric and energetic considerations of the crystals in most cases leads
to only molecules of one type being incorporated into the lattice, which
thereby facilitates the separation or the purification of the crystallizing
compound depending on its use and its application.1
Crystallization is a separation and purification technique, which is defined
as a phase change in which a crystalline product is obtained from a solution
or a melt. The term solution in this context refers to the combination of the
solute (crystallizing compound in solid phase) and solvent (liquid phase)
molecules. However in this thesis, to avoid any potential confusion, the term
suspension would be used instead of solution. Melt refers to material that is
molten at high temperatures and solid at normal conditions.2,3 New crystals
usually appear through a two-step process, which involves a nucleation step
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(appearance of a crystalline phase) and a growth step (increase in the size
of the crystals). During the growth step, the crystals tend to move toward a
well defined shape. The different faces, that eventually defines the shape
of a crystal, need not necessarily exhibit the same growth and dissolution
rates, optical or thermal properties. Due to the inherent differences in
the energetics of the faces, the environment and the conditions that these
crystals grow and dissolve, they exhibit a plethora of sizes and shapes. A
molecular representation of the incorporation of the crystallizing molecule
and the growth of a new layer on a bulk crystal surrounded by bulk liquid
with solute (naphthalene) and solvent (ethanol) molecules4 is shown in
Figure 1.1. As expected, the bulk crystal possesses only the naphthalene
molecules and these molecules are well ordered. While in the bulk liquid
molecules of both naphthalene and ethanol exist. At the surface layer,
molecules of naphthalene arrange themselves, subjected to constraints,
leading to the growth of the crystal by the addition of a new layer.

Figure 1.1: Molecular representation of a crystal surface exposed to a bulk
liquid with solute (naphthalene, solid color) and solvent (ethanol, faded color)
molecules. The naphthalene molecules are attached to the bulk crystal in the
surface layer (red shaded region) to form a new layer in the existing crystal.
Reproduced from ref 4 - Published by The Royal Society of Chemistry.

Crystallization processes are frequently applied in food, in bioprocessing,
and in pharmaceuticals industries, to name a few. The crystalline products
from these industries are produced in scales ranging from a few milligrams
to a few thousand tons annually. Just to give a sense of magnitude of the
scale of their production, few commonly encountered crystalline products
and their annual industrial production (in tons) is given in Table 1.1.1,5
Apart from the scale of the process, the sizes of these crystalline products
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range from a few nanometers to a few millimeters depending on the
compound being crystallized.
Product

Source

Sodium chloride (table salt)
Sugar
Caprolactum (fiber and plastics)
Ascorbic acid (Vitamin C)
Acetylsalicylic acid (Aspirin)
Vanillin (vanilla extract)

European Union (2001)
European Union (2001)
Worldwide (2002)
Worldwide (2009)
Worldwide (2008)
Worldwide (2012)

Production
38 350 000
15 000 000
3 500 000
110 000
35 000
16 000

Table 1.1: Annual industrial production (in tons per year) of a few relevant
crystalline products.1,5 Rows 1-5 are reproduced with permission from John
Wiley and Sons.

Salts, sugars and protiens are few of the compounds crystallized to
produce edible products in food processing industries. The quality, texture,
and stability of these products is determined by the crystalline structure of
the food. For instance, a specific polymorph of cocoa fat, the main ingredient
of chocoloates, needs to be crystallized to have the desirable stability and
taste. Sucrose (sugar) extracted from sugarcane plants, must be crystallized
exhibiting a distribution of particle sizes, typically in the range of 700800 µm, so that it has a desirable flowability.1,6 Pharmaceutical industry
uses crystallization processes extensively with at least one crystallization
step in the production chain of a compound. Most of the small molecule
drugs are delivered in a crystalline form. It goes without saying that
being able to selectively eliminate impurities to maintain order (unless
impurities share similar geometrical and energetic characteristics as the
crystallizing compound), crystallization often guarantees purity in excess of
99 %. However, this high purity comes at a cost of the crystalline products
exhibiting a wide distribution of sizes and shapes. It is well known that
many active pharmaceutical ingredients have a low solubility in water.
Their dissolution in the gut of a human body is the rate-limiting step
and is affected by the size and shape of these crystals, thereby impacting
the bioavailability of these drugs. Additionally, the size and shape affects
several downstream processes like filtration, tableting, and packaging, to
name a few.7–9
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Even though the process of crystallization appears simple on paper, there
exist several bottlenecks for a robust, reliable, and safe operation. For example these involve controlling the operating conditions to get a desirable size
and shape of the crystalline products, to crystallize the desired polymorph
and to avoid inclusions of impurities or solvents, all without sacrificing the
constraints on the yield and the purity. In order to meet these requirements,
understanding the thermodynamics and the kinetics of the crystallizing
compound is a prerequisite, which is facilitated by the availability of several
experimental and mathematical tools. These tools in turn aid in developing
and operating processes relying either on mathematical formulations of the
process based on the observed phenomena or on feedback control utilizing
online monitoring of the system to reach the necessary targets.
Irrespective of the widespread use of crystallization for decades, it can
be said with certainty that it is poorly understood. The work presented in
this thesis holds a small piece of a very large puzzle that aims to provide
solutions to characterize and understand the behavior of crystals exhibiting
a distribution of size and shapes in a batch process. The solutions thus
proposed will be critical in targeting strategies and processes aimed at
obtaining crystals of desirable characteristics. This introductory chapter
will be hopefully useful in presenting a broader context to the entire
crystallization process, ranging from thermodynamics to process control,
highlighting the importance of possessing reliable solid and liquid phase
characterization tools for the same.
This chapter is organized as follows. First, the thermodynamics of crystallization is presented in Section 1.1.2, followed by a discussion on evolution
of crystal shape in Section 1.1.3. Second, the techniques for the characterization of the solid and the liquid phase is presented in Section 1.2. In order
to provide a better context to the work presented in the first part of this
thesis, a brief summary on the research performed over the years at ETH
Zurich on size and shape monitoring is provided in Section 1.2.1.2. Modeling of crystsallization processes with an emphasis on population balance
modeling, model identification and parameter estimation is presented in
Section 1.3. Finally, approaches for size and shape manipulation of crystals
suspended in a suspension is discussed in Section 1.4. The aforementioned
points provide a theoretical foundation and a perspective from the existing
literature to guide the reader through the thesis.
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1.1.2

Thermodynamics

The thermodynamic equilibrium between the the two phases during crystallization, namely, the solid and the liquid phase, for a component i
(crystallizing compound) can be written using the isofugacity condition as
f iS ( T, P, zi ) = f iL ( T, P, xi )

(1.1)

Often, a crystallization process leads to a pure solid phase (not considering
for example racemates, which can posses different levels of purity), the
dependence of the solid phase fugacity on the composition of component i
vanishes and eq 1.1 reduces to
f iS ( T, P) = f iL ( T, P, xi )
f iS ( T, P)

=

f iL ( T, P) xi∗ γi∗

(1.2)
(1.3)

where f iS ( T, P) and f iL ( T, P) are the pure component fugacities of component i at pressure P and temperature T in the solid and liquid phase,
respectively, xi∗ is the equilibrium composition of component i in the liquid
phase, and γi∗ is the activity coefficient at the given pressure, temperature
and equilibrium composition.
At the solid-liquid thermodynamic equilibrium for a binary system
(solute and solvent), the number of degrees of freedom, according to the
Gibbs’ phase rule, is two. In a typical crystallization processes, one degree of
freedom is utilized by fixing the pressure. The other degree of freedom can
be utilized by specifying either the temperature or the composition of the
solute in the solvent. Fixing one of these quantities – often the temperature
– would lead to a state of equilibrium at which the solid phase and the
liquid phase will coexist together. The equilibrium between the two phases
is a curve, called the solubility curve in the context of crystallization, and
this can be depicted in a phase diagram. The equilibrium composition of
component i in the liquid phase – often called the solubility – is represented
in terms of the activity a∗ at a given temperature T. But for dilute systems,
the activity a∗ can be replaced by the corresponding concentration c∗ .10
Crystallization is a kinetic process and therefore it is essential to define a
driving force. This driving force is called the supersaturation S and based
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on the aforementioned representation of the solubility, it can be defined
based on either the activity or the concentration as
a
xγ
= ∗i i∗
a∗
x i γi
c
S= ∗
c

S=

(1.4)
(1.5)

where a and c are the current activity and the current concentration of component i in the liquid phase. Note that in the context of the work presented
in subsequent chapters, a concentration based supersaturation is employed.
When the supersaturation exceeds unity, i.e., the current concentration is
greater than the saturation concentration, mass transfer occurs from the
liquid phase to the solid phase, thereby leading to nucleation or growth of
crystals. The system in this state is said to be at supersaturated conditions.
When the supersaturation is below one, i.e., the current concentration is
lower than the saturation concentration, mass is transferred from the solid
phase to the liquid phase, thereby leading to the dissolution of the crystals.
The system in this state is said to be at undersaturated conditions. Supersaturation (S > 1) can be generated by varying the temperature (cooling
crystallization), by evaporating the solvent (evaporative crystallization) or by
adding an antisolvent which can significantly reduce the saturation concentration (antisolvent crystallization). Undestaturation (S < 1) can be generated
either by adding excess solvent or by increasing the temperature.2 The estimation of the concentration of the desired compound in the liquid phase is
necessary to study, model, and control crystallization processes. In the light
of these necessities, various techniques exist to estimate the concentration
and a summary of these techniques is presented in subsequent sections
and chapters. In this work, only the temperature would be varied to generate supersaturated or undersaturated conditions. A visual representation
of the concentration based solubility curve explaining the aforementioned
concepts for an arbitrary compound is shown in Figure 1.2
1.1.3 Crystal Shape
Crystals that grow or dissolve in a suspension exhibit a multitude of shapes.
These crystals are faceted convex objects. Under all practical circumstances,
crystals posses a finite number of facets. This faceted crystal can be de-
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Supersaturated (S>1)
Concentration c

c* (T)

Undersaturated (S<1)

Temperature T

Figure 1.2: Graphical illustration of a concentration based solubility c∗ ( T ) of
an arbitrary compound. The solubility curve (green solid line) separates the
space into two distinct regions, namely, supersaturated (S > 1) and undersaturated
(S < 1) conditions, where the definition of S is given in eq 1.5. Supersaturation
(shown by blue dashed arrows) can be generated from a given condition (blue
solid marker) by either evaporating the solvent (vertical line) or by reducing the
temperature (horizontal line). Undersaturation (shown by red dashed arrows)
can be generated from a given condition (red solid marker) by either adding
excess solvent (vertical line) or by increasing the temperature (horizontal line).

scribed solely using the crystal structure, i.e., the unit cell parameters, and
the l experimentally observed facets. However, some of these l facets are
chemically equivalent due to the underlying symmetry of the crystal structure, thereby reducing the number of facets to p independent facet groups.
The normal vectors and the normal distance (the distance from the origin of
the unit cell to the facets) can be computed for every facet using the Miller
indices. An inequality constraint that separates the space into two domains,
namely, the closed domain of the crystal and the open domain around the
crystal, can be written down.11,12 This inequality is the so called parametric
polytope representation and the convex polytope Q is defined as
Q( A, BL) := { x ∈ R3 | Ax ≤ BL}

(1.6)

where A ∈ Rl ×3 is a matrix that contains the unit normal vectors of all
potential facets, B is a l × p boolean matrix to account for the chemically
equivalent facets, and L ∈ R p is the scaling vector that defines the growth
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of the p independent facets utilizing the length of the unit normal vector
(bounding plane) to the center of the crystal.
There exist two different morphologies, namely, the equilibrium and
the steady-state shape that any given crystal can take (and represented
by eq 1.6).8,13 The equilibrium shape comes from thermodynamic considerations, while the steady-state shape comes from kinetic considerations.
The equilibrium shape is given by the Wulff’s theorem, which states that the
equilibrium shape of the crystal is the one that minimizes the total surface
energy for a given volume. This can be mathematically formulated as
γp
γ1
γ
= 2 = ··· =
L1
L2
Lp

(1.7)

where γ p is the surface free energy and L p is the length of the unit normal
vector to the center of the crystal. The Wulff’s construction can be obtained
geometrically by employing a two step procedure. First, lines are drawn
from the center of the crystal to every point on the gamma plot (a polar
plot of surface energy as a function of orientation). Second, perpendicular
planes are drawn at the intersection of these lines with the gamma plot and
the inner envelope of these planes constitutes the Wulff’s construction or the
equilibrium shape of the crystal.14
However, it is well know that the evolution of the crystal shape is usually
determined by kinetics rather than thermodynamics, i.e., crystal shape is
dominated by the slow moving planes under conditions favoring growth,
and is dominated by the fast moving planes under conditions favoring
dissolution. This facilitates the need for a steady-state shape given by the
Chernov condition, which states that a steady-state shape is achieved if the
relative normal velocity of a given face with respect to a reference face
does not change with time. This implies that the crystal shape evolves
toward a unique stable steady-state under conditions favoring growth, and
evolves away from the steady-state under conditions favoring dissolution.
For growth-dominated conditions, the Chernov condition reads as follows
Gp
G1
G
= 2 = ··· =
L1
L2
Lp

(1.8)

where G p is the normal growth rate of facet p with respect to a reference
facet.
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Since the steady-state shape is based on the relative growth/dissolution
rates of individual facets, there might be appearance or disappearance of
faces. At any given instant, faces that are present in the crystal are called
real faces, while faces that are absent in the crystal are called virtual faces. Till
the process reaches a steady-state shape, the changes in the relative growth
rates might lead to transformation of a real face into a virtual face and vice
versa.15
This section will be concluded with a few key take away points. First, the
aforementioned mathematical formulations lead to an accurate characterization of the crystal shape evolution. Second, in circumstances where there is
an ensemble of crystals, characterizing the crystal shape based on the polytopic representation given in eq 1.6 can be computationally very expensive.
Third, in the presence agglomeration, aggregation, and breakage, which is
quite common in crystallization processes, these models need not necessarily guarantee accurate description of the crystal shape. To circumvent these
issues, generic particle shape models have been employed16–20 and they are
employed in this thesis as well. Generic shapes such as spheres, cylinders,
and cuboids are used to characterize the plethora of crystal shapes that are
observed. This formulation reduces the computational burden to characterize millions of particles that are typically observed in almost every single
experiment presented in subsequent chapters. This also additionally aids
in characterizing crystals that do no have fully developed facets due to the
presence of breakage or aggregation. As a word of caution, this approach
like the polytopic representation does not guarantee a highly accurate
shape description. But in the light of the above mentioned advantages, the
polytopic representation is abandoned in favor of the generic shape models
for modeling and control purposes.
1.2

characterization of crystallization processes

Irrespective of the crystallization process chosen, there is always a synergy
between monitoring, modeling, control, and development of the process.
The prerequisite for monitoring and controlling a crystallization process is
the availability of reliable tools that can characterize the solid and liquid
phases. A reliable and accurate characterization of the two phases will
thereby provide insights into the underlying phenomena that occurs during
a given process. To this aim, a brief summary of these tools are provided
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in the following sections, solid phase in Section 1.2.1 and liquid phase in
Section 1.2.2. In order to provide a a better context to the work presented in
this thesis, the section on solid phase characterization tools is divided into
two sub sections, one giving a broad overview of commercially available
techniques with a small note on custom built devices and the other giving
a brief summary of the size and shape monitoring tools developed in ETH
Zurich. The work presented in this thesis revolves around improving the
state-of-the-art solid characterization tool presented in Section 1.2.1.2. The
experimental data obtained from these devices can then further be used
for modeling (discussed in Section 1.3) and for process development and
control (discussed in Section 1.4).
1.2.1 Solid Phase Characterization
1.2.1.1

Commercial Techniques

Various commercially available solid phase characterization tools exist in
the market. A widely used tool, both in the academia and the industry,
is the focussed beam reflectance measurement (FBRM). The FBRM probe,
commercialized by Lasentec/Mettler Toledo, yields a one-dimensional distribution. The probe provides time-resolutions ranging from a few seconds
to a few minutes, which is particularly beneficial for control purposes.21
The FBRM probe consists of a rotating laser beam incident on the the
crystals suspended, and a detector that detects the backscattered light from
the crystals. Based on the duration of the backscattering and the rotational
velocity of the laser beam, the distance of the light travelled through the
crystal would yield the so called chord length of the crystal. By analyzing
multiple particles the chord length distribution (CLD) can be obtained,
which cannot provide shape information unless coupled with other tools
like a single projection imaging device. The major advantage of this probe
is that it is in situ and it provides a high time-resolution. However, the
distribution provided by the FBRM is not the particle size distribution
(PSD), therefore several algorithms have been proposed over the years to
translate the CLD to PSD, with little to moderate success.22–28 Additionally,
factors like the refractive indices of the solid phase and the liquid phase,
the orientation and the shape of the crystals, and the distance of the crystals
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from the probe window can severely affect the measurements obtained
from the probe.22
Coulter counter has also been used to obtain PSDs,29–31 but not to the
extent of the FBRM in terms of usage. This is an ex situ offline (can be
potentially used in an online fashion) device that works based on the
Coulter principle, i.e., a particle flowing between two electrodes causes a
change in the electrical impedance which is directly proportional to the
volume of the particle. This volume can be converted into a representative
particle size by imposing a spherical shape to all the particles, irrespective
of the true shape. This tool like the FBRM provides only a one-dimensional
distribution. A laser diffraction tool, typically operated offline, can also be
used to provide a one-dimensional PSD, where the diffraction pattern of a
particle of certain size obtained from an incident laser light can be used to
infer the particle size.
There are a number of imaging devices, both commercial and custom
built ones, whose prominence in the crystallization community is on a rise
since the past few years. This can be attributed to better computational
tools required to process the images and to cheaper camera sensors. Optical microscopes have often been used to obtain images of dry crystals.
The optical microscopes often suffer from a narrow depth of field and
only recently it has been possible to build custom setups that facilitate
online monitoring of crystallization processes.32,33 Confocal microscopy has
also been used to measure the three-dimensional crystal morphology by
fitting a convex polyhedron to a stack of tomographic images.34 One of
the earliest commercial device employing imaging, tailor-made to crystallization processes, was the Particle Vision and Measurement (PVM) from
Lastenec/Mettler Toledo, which was an in situ front illuminated probe
providing a single projection of the suspended crystals in the reactor. The
PVM was modified, rebranded and is currently sold as Mettler Toledo
ParticleView V19. This device is often used in combination with the FBRM
to provide shape related information of the crystals which can then be
utilized to restore the PSD from the CLD. In situ single projection imaging
probes can potentially suffer from a variety of issues. For instance, they can
suffer from poor image quality, low depth of field, and uneven illumination
which hinders developing reliable and accurate image analysis techniques
to process the images thus obtained. The distance between the optics of
the imaging device and the crystals in constant motion in the reactor cover
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a wide range of distances, resulting in blurry images as only very few
crystals are in the focal plane of the optics (see Figure 1.3). Blurry images
can also be a consequence of a suspension with a high suspension density,
where there is an excessive overlap of crystals rendering the crystal edge
identification impossible. These issues directly translate into an inaccurate estimation of the crystal dimensions and thereby the properties of
the PSD. Additionally, since these devices provide only a single view of
the particle, reconstructing the three-dimensional crystal geometry and
hence the multidimensional particle size and shape distribution (PSSD) is
challenging.35–39 Custom built imaging devices have been mostly developed
in academic institutions. Modification of commercially available techniques
like the PVM and Sympatec’s QICPIC to provide multidimensional PSSDs
were reported recently.11,40–42 Ex situ stereoscopic imaging devices have
also been proposed and developed to image the same particle from two
different directions.16,18,43–45 The presence of two different projections of
the same particle aids in providing more information regarding the shape
of the crystals being imaged. All these custom built devices have been used
extensively to model and control different crystallization phenomena in lab
scale setups. However, note that the stereoscopic imaging devices are not
yet commercially available, thereby severely hindering their true potential
to be exploited for different applications in different scales.
Apart from the devices mentioned above which aims at characterizing individual particles based on their dimensions, several commercial
offline techniques exist that characterize product properties. Some of these
techniques include the scanning electron microscope (SEM), powder Xray diffraction (PXRD), differential scanning calorimetry (DSC), nuclear
magnetic resonance (NMR), to name a few. These techniques provide an
indication on the crystallinity, the polymorphic content, and the presence
of hydrates/solvates in the final products obtained after a crystallization
process.
1.2.1.2

Size and Shape Monitoring at ETH Zurich

Size and shape monitoring of suspended crystals at Prof. Mazzotti’s laboratory in ETH Zurich has been an ongoing topic of research for the past
decade. Earlier works performed at the laboratory made use of a commercially available in situ probe which provides a single projection of the
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suspended crystals, like other research works from that time. It is worth
noting at this point that these commercially available imaging devices are
usually front illuminated, i.e., the light reflected from the crystals is captured by the sensor of the camera. Crystals exhibiting a high transparency
or a shiny surface are additional factors, apart from the ones mentioned in
Section 1.2.1.1, that lead to poor image quality. Issues related to illumination and depth of field can be circumvented by modifying the underlying
approach toward obtaining images of the suspended crystals. The former
issue can be mitigated by employing a back illumination, where the shadow
of the crystals is captured in the camera sensor. The latter can issue can
be mitigated by pumping the suspension through a narrow glass channel,
thereby transitioning the imaging device from an in situ to an ex situ configuration. It is worth noting here that by employing back illumination, edge
detection becomes far less challenging when compared to front illumination.
An illustrative image aimed at pointing the differences between frontlight
and backlight illumination is shown in Figure 1.3.

Figure 1.3: Images of suspended ammonium bicarbonate crystals under growthdominated conditions obtained from (a) Mettler Toledo ParticleView V19, an
imaging device with front illumination and (b) µ-DISCO,45 an imaging device
with back illumination. Note the difference in the contrast between the foreground and the background, and the different fields of view of images obtained
from both the imaging devices.

Taking the aforementioned points into consideration an ex situ single projection imaging setup, which is referred to as FTC Gen. 1.0 (Flow Through
Cell Generation 1.0) shown in Figure 1.4a, was conceived. The suspension
is pumped through a square sapphire glass channel, where the crystals
are imaged, and subsequently being discarded into a waste vessel. The
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two-dimensional PSSD is restored from the two-dimensional axis length
distribution (ALD), typically obtained from the single projection images,
using an inverse optimization problem to find the PSSD that corresponds
best to the measured ALD.26,46
Even though the first generation FTC was able to provide two-dimensional
PSSDs using a single projection, addition of further camera(s) to provide
a different perspective of the suspended crystals will be beneficial for a
better characterization of their shape. To this aim, a stereoscopic imaging
setup, referred to as FTC Gen. 2.0 (Flow Through Cell Generation 2.0),
was designed as shown in Figure 1.4b. The setup consisted of a sapphire
glass channel like the previous version, but additionally had two mirrors
at an angle of 45° to the optical axis providing a reflected beam of light
(green ray in Figure 1.4b) which is captured using the same camera that
captures the transmitted light (blue ray in Figure 1.4b). This configuration
directly translates into the same crystal being observed twice. The resulting
image contains both the perspectives of the imaged crystal separated by
a dark zone that arises due to the arrangement of the flow cell and the
mirrors.16 Unlike FTC Gen. 1.0, this version provides a four-dimensional
ALD, one two-dimensional ALD from each projection. Using the same
algorithm proposed earlier,46 a three-dimensional PSSD is restored from a
four-dimensional ALD. This configuration suffered from two drawbacks
(one hardware and one software). First, the crystals after being imaged are
discarded into a waste vessel. This had to be done to ensure the suspension
density was low enough so that the PSSD obtained was reliable. Second, the
algorithm used to restore the PSSD significantly limited the time resolution
of the measurement. To address these issues, a sampling loop with an
integrated dilution system was connected to the existing mirror-camerailluminator configuration. This ensured that the suspension was diluted for
imaging and was always recirculated back to the crystallizer. Additionally, a
new image analysis algorithm, which classified particles based on different
generic shapes and extracted the crystal dimensions was proposed.17
Notwithstanding the many improvements in the second generation of the
device, there was still scope to improve. The third generation FTC (referred
to as FTC Gen. 3.0 and shown in Figure 1.4c) was thus conceived. This
generation addressed a minor drawback related to the smaller field of view
of each projection. This is attributed to the utilization of only one camera
for both the perspectives, thereby leading to a reduction by at least a factor
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Figure 1.4: Simplified schematic of the ex situ imaging devices developed over the years at ETH Zurich. (a) Single
projection FTC (Gen. 1.0),26,46 (b) Dual projection FTC (Gen. 2.0) with a single camera and mirrors to provide
the second projection,17 and (c) Dual projection FTC (Gen 3.0) with an additional camera to provide the second
projection.18
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of two to the amount of information that is contained in the images. To
this aim, the two mirrors were replaced by an additional camera and an
illuminator. Additionally, the previous generations of the imaging device
was never quantified for potenital effects it might introduce that might have
an impact on the characterization of crystallization processes. To this aim, a
virtual test bench (VTB) was proposed, which artificially generates images
of crystals and simulates the entire imaging device employing the same
image analysis algorithm as in the experimental setup.18
1.2.2 Liquid Phase Characterization
The liquid phase is usually monitored and characterized using spectroscopic or chromatographic techniques, such as attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, attenuated
total reflectance ultraviolet/visible (ATR-UV/vis) spectroscopy,48 Raman
spectroscopy,48,49 high-performance liquid chromatography (HPLC), and
ultra-performance liquid chromatography (UPLC).50
One of the most commonly available and extensively used techniques
for online solute concentration estimation in crystallization processes is the
ATR-FTIR spectroscopy. It has been applied to obtain solubility curves,5,51–53
to study fundamental phenomena in a batch crystallization process,30,40,52,54–57
and to apply feedback control to crystallization processes.21,41 Calibration
methods based on peak height, peak area, or chemometric techniques such
as partial least squares and principal component regression exist to relate
the IR absorbance to the solute concentration.51,58 The different methods
have several advantages and disadvantages that lead to varying levels of
prediction accuracy of the solute concentration. Regardless of the calibration method used, there are systems which are often difficult to characterize
using the ATR-FTIR, e.g, systems with low solubility, with low peak sensitivity of the compound in the mid-IR region, with low absolute change
in the solute concentration during the crystallization process, or with a
combination of these features.58,59
The summary of the liquid phase characterization devices presented in this section have
been reported in: Bötschi, S.; Rajagopalan, A. K.; Morari, M.; Mazzotti, M. An Alternative
Approach to Estimate Solute Concentration: Exploiting the Information Embedded in
the Solid Phase. J. Phys. Chem. Lett. 2018, 9, 4210–4214. This article was published with a
shared first authorship between Stefan Bötschi and myself.
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HPLC has the ability to provide high accuracy solute concentration
measurements using a simple linear calibration model. The primary disadvantage of using HPLC stems from the sample preparation and analysis
time that is around 30 min, which hinders the use of the technique for
online solute concentration measurements and thus also for closed-loop
control strategies. UPLC is a relatively new technique that has the potential
to measure the solute concentration online.50
1.3
1.3.1

modeling of crystallization processes
Population Balance Modeling

The solid phase of any given crystallization process has an ensemble of
particles of characteristic size L in Rn . The ensemble of particles is often
described using the density f (t, L) of an extensive variable. Usually, this
extensive variable is the number of particles, but alternatives includes
using either the mass or the volume of the particles. The total number of
particles can be obtained by integrating f (t, L) over a desired size range.
Note that particles and crystals are used interchangeably. In this thesis,
a one-dimensional number distribution is referred to as the particle size
distribution (PSD) and the two-dimensional distribution is referred to as the
particle size and shape distribution (PSSD). A simple graphical visualization
of a one-dimensional and two-dimensional number-density function f (t, L)
is shown in Figure 1.5.
In order to describe crystallization processes the population balance equation (PBE) is employed. The PBEs takes into account both thermodynamics
and kinetics of the process. It accounts for the thermodynamics of the crystallization process using the driving force of the current state with respect
to the equilibrium state (often the supersaturation). And, accounts for the
kinetics of the crystallization process due to the growth, the dissolution,
the formation, the disappearance of particles, or a combination of these in
the system. Formation of new particles, also referred to as birth of particles, can occur due to nucleation, aggregation, agglomeration, breakage,
to name a few. While, the disappearance of particles, also referred to as
death of particles, can occur due to dissolution, breakage, aggregation, and
agglomeration. In the context of this thesis, crystallization processes in a
well-mixed batch reactor is considered. And hence, the general formulation
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Figure 1.5: Visualization of a (a) one-dimensional number-density function (particle size distribution (PSD)), (b)
two-dimensional number-density function (particle size and shape distribution (PSSD)), and (c) contour plot
corresponding to the number-density function shown in panel (b). The contour line values correspond to 0.1, 0.5,
and 0.9 of each normalized PSSD. Note that these distributions serve as an example to better understand the
PS(S)Ds that will appear in subsequent chapters of this thesis.
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of the morphological population balance equation (MPBE) for a well-mixed
batch reactor is given as
∂
f (t, L) + ∇ L · [U (t, L, Y ) f (t, L)] = B(t, L, Y ) − D (t, L, Y )
∂t

(1.9)

where U is the convective velocity of the particles at time t in state Y (for
example supersaturation or temperature) of the continuous phase; and B
and D are the birth and death terms, respectively. The convective velocity
may represent for instance either the growth rate (G) or the dissolution
rate (D) of the particles in the population. The characteristic size L can be
obtained either by using the polytopic dimensions or the generic particle
shape dimensions (see Section 1.1.3). It is worth noting that eq 1.9 needs
to be coupled with a differential equation for state Y. For crystallization
processes, this is usually the mass conservation constraint which describes
the evolution of the solute concentration c and is given as
dc
d
= − ρc
dt
dt

Z

Vc ( L) f (t, L) dL

(1.10)

Ω

where ρc is the crystal density, Ω is the size domain, Vc ( L) is the volume
of the crystal with characteristic size L. Equations 1.9 and 1.10 require an
initial condition each and eq 1.9 in addition requires appropriate boundary
condition(s).
Several methods exist to solve the MPBE given in eq 1.9.60,61 Few of the
commonly used methods are the method of moments,62–64 the method of
characteristics and the discretization methods (like pivot,65–68 finite difference, finite element, finite volume69–71 ). Each of these method differ in their
formulation and accuracy. For instance, the method of moments approximates the distribution by its moments. This would mean that the method
will provide only its moments, and not the full distribution. Discretization
methods have the advantage of providing the full distribution but comes
with a high computational cost. In this method, the partial differential
equation given in eq 1.9 is discretized along the space domain using finite difference, finite volume or pivot-based techniques to yield a set of
ordinary differential equations. These equations are then integrated in the
time domain using solvers available in commercial mathematical softwares
(for example matlab or python). Thanks to the recent improvements in
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the computational power, these methods have found extensive use to solve
both single and multidimensional population balances to model fundamental phenomena19,30,31,33,40,56,72–79 and to perform model-based operation or
control of crystallization processes.41,80,81
1.3.2 Model Identification and Parameter Estimation
Model identification and parameter estimation steps are commonly applied to model physical processes. For crystallization processes, models
describing one-dimensional and multidimensional fundamental phenomena like growth, dissolution, breakage, and agglomeration exist. The model
parameters are estimated by fitting the models to the available experimental
observations. The quality of the model and thereby the fitted parameter
is often assessed based on a goodness of fit criteria and seldom based on
statistical analysis for estimating the parameter uncertainty. The terms in
eq 1.9 embedding the model are usually the convective velocity U, the
birth B, the death D, or a combination of these. Since the description of
the process involves the characterization of both the solid and the liquid
phase, it is essential to have the PS(S)D of the ensemble of particles (for
the solid phase) and the solute concentration (for the liquid phase). These
can be obtained using one of the several solid phase and liquid phase
characterization tools mentioned in Section 1.2. Typically, the characteristics
of the PS(S)D, like the average dimensions of the ensemble of particles, is
used in the fitting procedure rather than the entire distribution.
The goal of parameter estimation is to find model parameters that would
minimize the residual between the experimental and the simulated model
outcome. The residual emk is defined as
emk (θ) = ŷmk − ymk (θ)

(1.11)

where ŷmk is the kth data point of the mth measured quantity, ymk (θ)
is the corresponding model prediction for the parameter vector θ. An
optimization problem based on least square regression, weighted least
This subsection has been rephrased from the original version reported in: Bötschi, S.;
Rajagopalan, A. K.; Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape
Evolution of Needle-like Crystals in Suspension. IV. Modeling and Control of Dissolution.
Cryst. Growth Des. 2019, 19, 4029–4043. This subsection also appears in the original form in
Stefan Bötschi’s dissertation.82
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square regression or maximum likelihood estimate (MLE) can be framed to
find model paramteres that will minimize the residuals.83
Model parameters for growth,19,84 dissolution,79,84 and breakage78 for
different compounds, utilizing the experimental data obtained from the
solid phase characterization device presented in Chapter 2, were obtained
using the MLE method. The MLE of a function J satisfies the constraints for
which the likelihood function attains the maximum value. In other words,
the parameter vector θ that maximizes the probability of observing the
experimental data set, is the minimizer of the function J
J (θ) =

Nt
2

Nt

Nv

∑

m =1

ln

∑ e2mk (θ)

(1.12)

k =1

where Nt is the total number of data points in the experimental time series
and Nv is the number of measured quantities. Note that the method can
be applied subjected to certain assumptions. The errors are distributed
normally, the errors from different experiments are independent and the
error from each experiment is distributed with the same covariance.
The minimization of eq 1.12 is in general a nonliner and a nonconvex
optimization problem, therefore, finding a global minimizer cannot be
guaranteed. To this end, for instance sequential quadratic programming
routine,85 particle swarm algorithm or the non-dominated sorting genetic
algorithm (NGSA-II) can be used (see ref 85,86 for matlab functions).
Using these routines leads to a thorough search of the parameter space
which thereby aids in escaping local minima.
Statistical approaches exist to assess how well the minimizer θ∗ of the
function J was determined after the optimization routine. To this end, confidence intervals for single parameter or confidence regions for multiple
parameters can be determined. The confidence region in a Np -dimensional
space is a bounded closed subset of parameter vector θ that contains the
true parameter θ∗ in a fraction η of all possible parameter values.83 The
measurement error covariance matrix is approximated and the sensitivities of the model predictions with respect to the parameters are computed,
which is then used to obtain an estimate of the positive semidefinite parameter covariance matrix Vθ .19,83,87 After which the hyperellipsoidal confidence
region can be determined using the following equation

{θ ∈ R Np | (θ − θ∗ )T Vθ−1 (θ − θ∗ ) ≤ Fχ−21 (η, Np )}

(1.13)
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in the Np -dimensional parameter space, where Fχ−21 (η, Np ) is given by the
inverse of the chi-square cumulative distribution function with Np degrees
of freedom at the probability η. As a simplified representation of the multidimensional confidence region, the dimensions of its axis aligned bounding
box can be taken as confidence intervals for the parameter estimates.
1.4

size and shape manipulation of suspended crystals

The shapes of crystals obtained from crystallization in solution are diverse
and they are influenced by a multitude of factors such as the choice of
solvent,89,90 polymorphism,56,91 the presence of additives or impurities,90,92
and the supersaturation.93,94 Due to the impact of the obtained PSSD on
the efficiency of downstream operations as well as on product quality,2,8
there is an incentive to manipulate particle size and shape already during
the crystallization step.
In batch crystallization, the variation of supersaturation lends itself to
this task, since this quantity can readily be altered using physical actuators
such as, e.g., the crystallizer jacket temperature. Consequently, considerable research efforts have been devoted to the calculation of temperature
or supersaturation profiles that are, given a process model, optimal with
respect to some performance measure. Such a measure can comprise quantities related to the one-dimensional PSD95–97 or quantities related to the
multidimensional PSSD.98–103 Cyclic processes involving dissolution stages
coupled with growth stages have also been proposed to modify the size and
shape in a systematic way, since these stages can add an additional degree
of freedom.13,32,41,75,101 An alternative approach to vary the supersaturation by a physical actuator would be to use additives. In the presence of
additives, the integration of the solute molecule into a crystal facet can alter
it’s shape.104,105 Despite all the options mentioned above, the most commonly used approach to manipulate the shape of crystals in an industrial
setting involves applying mechanical action using either a dry mill or a wet
mill.106–110 For elongated particles, milling can be particularly beneficial as
This subsection has been rephrased from the original version reported in: Bötschi, S.;
Rajagopalan, A. K.; Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape
Evolution of Needle-like Crystals in Suspension. I. Concepts and Simulation Studies. Cryst.
Growth Des. 2018, 18, 4470–4483. This subsection also appears in the original form in Stefan
Bötschi’s dissertation.82
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it reduces the length of crystals preferentially over the width.78 But, milling
comes at a cost of generating fine particles which can significantly affect
downstream processing steps. One way of addressing this would be to
employ a dissolution stage81,111–113 or a hydrocyclone with the sole aim of
removing the fines. A novel three stage cycle involving cycles of milling,
dissolution, and growth has been recently proposed.81 The milling stage
aids reducing the length of the crystals, the dissolution stage aids in the
removal of fines, and the growth stage aids in increasing the yield of the
final product. The effectiveness of this cycle in producing equant shaped
particles starting from elongated needles was demonstrated experimentally
using two different compounds.112,113
It is well-known that the performance of crystallization processes relying on predefined operating policies is prone to be deteriorated as a
consequence of uncertainties in the model, entirely unmodeled phenomena,
and unexpected disturbances. Feedback control is a promising approach
to mitigate these undesirable effects, but its successful implementation
requires online monitoring tools.21,114–117 Imaging devices for monitoring
particle size and shape have undergone significant progress within the
last two decades118 and various contributions in the field of crystallization
were reported in the literature.16–18,27,44,45,119–121 Assuming or possessing
online monitoring capabilities to track the evolution of the PSD or the PSSD,
control schemes involving feedback of related quantities can be developed.
These control schemes can be distinguished into schemes that require a
kinetic model (e.g., growth rates) from those which solely rely on thermodynamic data (i.e., the solubility) or do not require any prior knowledge
at all. The former control strategies are usually referred to as model-based
approaches, whereas the latter is referred to as model-free.
Control schemes that take into account only the size of the particles
but not their shape (i.e., measurements of the PSD or related quantities
only) are relatively common in the literature. Several of these studies
implement some form of model predictive control (MPC) and can thus
be classified as model-based.122–126 Approaches comprising model-free
elements seem to appear less frequently.127,128 The number of control
schemes discussed in the literature that make use of measurements related
to the PSSD (i.e., multiple characteristic particle dimensions) is yet limited.
An early contribution relied on image analysis to control the shape of
sodium chlorate crystals.119 A proportional controller (i.e., model-free) for
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reaching a target average aspect ratio of potassium dihydrogen phosphate
(KDP) crystals by manipulating the concentration of a tailor-made additive
was also suggested.129 Furthermore, computationally efficient nonlinear
model predictive control (NMPC) schemes for the mean length and mean
aspect ratio of KDP crystals, including a discussion on the state estimation
problem and the effect of uncertainties in the model, were presented.130,131
Also, it was demonstrated experimentally that the average dimensions of
a population of KDP crystals can be controlled using temperature cycling
based on a pragmatic model predictive approach.41 It is also worth noting
that in the field of protein crystallization, a MPC methodology that is
concerned with crystal shape but avoids feedback of the latter by relying on
growth rate models derived from extensive kinetic Monte Carlo simulations
was suggested.132,133
1.5

structure of the thesis

The overarching goal of this thesis is two-fold. First, improving existing
state-of-the-art technologies to characterize nonequant shaped particles. Second, exploiting the benefits of the improvements mentioned above within
the framework of crystallization processes. The first part of the thesis, titled
Design (Chapter 2), deals with the development of a stereoscopic imaging device and a novel image analysis pipeline to characterize nonequant
shaped particles in suspensions. The improvements were also meant to extract additional information from the raw images of the suspended crystals
that will provide previously unexplored characteristics of the solid phase.
The second part of the thesis, titled Applications (Chapters 3 through 6),
deals with the stereoscopic device being applied to monitor, model and
control crystallization processes with an intent to manipulate the size and
shape of elongated needle-like crystals.
Quite a number of challenges have been addressed in this thesis and
some of the most important ones are
• accurate time-resolved characterization and classification of particles
exhibiting a plethora of shapes observed in typical crystallization
processes.
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• three-dimensional reconstruction of imaged crystals from a pair of
stereoscopic images and subsequently providing a volume estimate
of the reconstructed crystal.
• estimation of solute concentration for systems where accurate estimation using commercially available techniques is challenging or
unfeasible.
• development and experimental validation of feedback controllers for
size and shape manipulation of needle-like particles.
Chapter 2 deals with the design and development of the fourth generation
imaging device from ETH Zurich to characterize particulate suspensions. A
novel image analysis pipeline that translates raw images obtained from the
imaging device to multidimensional particle size and shape distribution
is presented. The image analysis pipeline consist of several steps, and the
two main contributions are the three-dimensional reconstruction of crystals
observed by the cameras and a further classification of the observed crystals
into five different generic shape classes.
In Chapter 3, a novel approach toward estimating solute concentration for
crystallization processes is presented. Instead of observing the liquid phase
– which is the traditional approach – the change in the volume of the solid
phase is observed. The evolution of the solid phase volume coupled with
the mass conservation constraint is used to provide the solute concentration
estimate.
In Chapter 4, a model-free feedback control scheme to manipulate the
size and shape of needle-like crystals in a batch cooling crystallization
process, proposed in ref 88, is experimentally validated. Two model-free
feedback controllers, namely, the constant supersaturation controller and
the path following controller is used to drive seed populations to different
target average dimensions by solely manipulating the temperature in the
absence of multidimensional growth rate models.
Chapter 5 addresses modeling and control of a rotor-stator wet mill with
the intent of altering the aspect ratio of needle-like crystals by employing
mechanical action. Two different milling configurations are modeled and
their performance is tested experimentally. Additionally, a model-based operating policy and two different model-free control strategies are proposed
to reach a certain target average length in the size and shape space.
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To close the arc with regard to monitoring, manipulating and controlling
the size and shape evolution of needle-like particles, the different techniques
developed in Chapters 2 through 5 are integrated to operate, in a fully
automated and controlled fashion, a cyclic process to transform needle-like
crystals into more equant crystals with a narrow PSSD and a lower aspect
ratio when compared to the seed population. In Chapter 6, the experimental
validation of this cyclic process is presented.
It is worth emphasizing at this point that the results presented in Chapters 3 through 6 is facilitated to a large extent by the capabilities of the solid
phase characterization device presented in Chapter 2 to monitor online the
evolution of size, shape and additional characteristics of the solid phase.
Finally, Chapter 7 concludes this thesis by providing a summary of all
the major outcomes of the work and how the many different challenges
listed above are addressed. Additionally, avenues unexplored in this work,
which could lead to potential improvements are discussed.
The work presented in this thesis was made possible due to a collaborative effort with Stefan Bötschi, a fellow doctoral student at Prof. Mazzotti’s
laboratory within the framework of CrystOCAM 2.0 (Crystallization: Optimal Control and Advanced Monitoring). Parts of the work presented in
this work also appears in Stefan Bötschi’s dissertation. The content of most
of the chapters coincide with what has been published in a number of
peer-reviewed journal articles.45,47,79,88,134,135 Each chapter presented in this
thesis is to be considered as a standalone work and to this aim, necessary
definitions of the terminologies used in each chapter is provided. A footnote
– wherever deemed necessary – specifying whether the work appears in a
peer-reviewed journal article is provided at the beginning of each chapter
or each section.
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nomenclature
Acronyms
ALD
ATR-FTIR
ATR-UV/vis
CLD
CrystOCAM
DISCO
DSC
ETH
FBRM
FTC
HPLC
IR
KDP
MLE
(M)PBE
MPC
NMPC
NMR
PS(S)D
PVM
PXRD
SEM
UPLC
VTB

axis length distribution
Attenuated total reflectance Fourier-transform infrared
spectroscopy
Attenuated total reflectance ultraviolet/visible spectroscopy
chord length distribution
Crystallization: Optimal Control and Advanced Monitoring
dual imaging system for crystallization observation GDM
differential scanning calorimetry
Eidgenössische Technische Hochschule
focussed beam reflectance measurement
flow through cell
high-performance liquid chromatography
infrared
potassium dihydrogen phospate
maximum likelihood estimation/estimate
(morphological) population balance equation
model predictive control
nonlinear model predictive control
nuclear magnetic resonance
particle size (and shape) distribution
particle vision and measurement
powder X-ray diffraction
scanning electron microscope
ultra-performance liquid chromatography
virutal test bench

Greek Symbols
γi
γp
η
θ
ρc

activity coefficient of component i [–]
surface free energy of facet p [–]
confidence level (probability) [–]
model parameter vector, units of the entries vary
crystal density, unit varies
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Roman Symbols
a
a
B
A
B
c
c∗
D
e
f
f iL
f iS
Fχ−21
J
Np
Nt
Nv
Lp
l
L
Lp
p
P
Q
S
t
T
U
Vc
Vθ
x
x∗
ymk
Y
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activity of the solute [–]
activity of the solute at equilibrium [–]
birth term in the (M)PBE, unit varies
matrix of unit normal vectors of all potential facets [–]
boolean matrix to account for chemically equivalent facets [–]
solute concentration (per mass of solvent basis) [g kg−1 ]
solubility (per mass of solvent basis) [g kg−1 ]
death term in the (M)PBE, unit varies
residual error of kth data point of the mth measured quantity,
unit varies
number density function (PS(S)D)
fugacity of component i in liquid phase
fugacity of component i in solid phase
inverse of the chi-square cumulative distribution function [–]
MLE objective function [–]
number of parameters [–]
number of data points [–]
number of measured quantities for fitting [–]
normal growth rate of facet p, unit varies
number of experimentally observed facets [–]
characteristic length vector, unit varies
length of unit normal vector of facet p to the center of the crystal,
unit varies
number of independent facet groups [–]
pressure, unit varies
convex polytope [–]
supersaturation [–]
time, unit varies
temperature, unit varies
vector of convective term in the (M)PBE, unit varies
volume of the crystal, unit varies
parameter covariance matrix, units of the entries vary
solute composition [–]
solute composition at equilibrium [–]
kth data point of the mth measured quantity, unit varies
state of the continuous phase, unit varies
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Subscripts and Superscripts
ˆ
∗

measurement
minimizer
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Part I
DESIGN

Design is not just what it looks like and feels like. Design is how it
works.
— Steve P. Jobs

2
S T E R E O S C O P I C I M A G I N G F O R C H A R A C T E R I Z AT I O N
O F PA R T I C U L AT E P O P U L AT I O N I N S U S P E N S I O N S

A state-of-the-art, compact optomechanical setup coupled with an image
analysis routine to measure multidimensional particle size and shape distributions (nD PSSDs) for crystallization processes is presented. A novel image
processing pipeline to process the raw images from the cameras is presented.
The pipeline consists of a stereoscopic camera calibration model, adaptive
background subtraction, particle contour matching, and 3D reconstruction
of the segmented crystals. The reconstructed crystals are subjected to a supervised shape classification strategy, which categorizes each detected crystal
into spheres, needles, quasi-equant particles, platelets and non-convex particles. Additionally, a high-speed image capture mode, capable of monitoring
processes with fast kinetics, is presented. The device discussed in this chapter
is subjected to an experimental campaign, to validate size measurements,
characterize steady state, and confirm repeatability of measurements to affirm
and assess the non-invasive nature of the setup on the measurement. An experiment aimed at evaluating the enhancement in the proposed image analysis
pipeline performance, more specifically the automatic shape classification, is
further conducted. Finally, a dissolution process is monitored using a stereoscopic imaging setup for the first time, and the size and shape evolution of the
population in a growth and dissolution phase is monitored for about 18 h.
The results presented in this chapter have been reported in: Rajagopalan, A. K.; Schneeberger, J.; Salvatori, F.; Bötschi, S.; Ochsenbein, D. R.; Oswald, M. R.; Pollefeys, M.; Mazzotti,
M. A comprehensive shape analysis pipeline for stereoscopic measurements of particulate
populations in suspension. Powder Technol. 2017, 321, 479–493. This article was published
with a shared first authorship between Janik Schneeberger, a masters student I supervised,
and myself.
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2.1

introduction

In crystallization processes, the particle size and shape of the final product
is of key importance as it influences the downstream processing operations
such as filtration, drying, and tableting. Crystals exhibit different shapes
depending on the crystal habit, and an accurate characterization of shape
is critical in the design and control of such processes. Often, commercially
available crystallization process characterization tools condense shape related information of crystals into a single characteristic length.34 Hence, a
one dimensional particle size distribution is obtained leaving out the shape
information of the crystals. However, due to the variety of shapes exhibited
by crystals, in order to accurately quantify the population of crystals, a
multidimensional particle size and shape distribution (PSSD), rather than a
PSD, would be preferable.
As reported recently,39 commercially available sizing tools that rely on
the assumption of a single characteristic length, such as focused beam reflectance measurement (FBRM), laser diffraction (LD), Coulter counter (CC),
as well as monoscopic imaging tools, are prone to errors and misleading
effects for particles that are non-spherical. For example, FBRM provides
a one-dimensional chord length distribution (CLD) which is difficult to
interpret; the transformation from the CLD to PSD is an ill-posed problem
and can in fact simply not be done without additional tools.22 Multiprojection imaging systems,16,17,55,136 have been proposed as remedy as they are
able to tackle shape-related issues rather satisfactorily, thus reducing the ill
effects encountered by commercial sizing tools for non-spherical particles.
In an earlier publication, the successful implementation of a dual projection imaging device using a stereoscopic camera setup with a sapphire
glass based flow channel was demonstrated.18 The setup has been used to
monitor growth and agglomeration of β l-glutamic acid (BLGA),19,20,33,77
and the measurement device enabled modeling the phenomenon with both
size and shape information, which would have been difficult with other
process characterization tools. Even though the image analysis routine
implemented in previous works was able to distinguish primary particles and non-convex particles like agglomerates, the need to implement
a more accurate and robust image analysis routine was identified. For
example, the classification of different primary particles was performed
only based on the contour boundary pixels of the particles. But considering
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the boundary pixels alone, not utilizing the available information in its
entirety, would definitely hinder the characterization of complex shapes in
a process. Although particle shape characterization by means of supervised
and unsupervised learning algorithms is not entirely novel,137 methods for
shape categorization based on reconstructed volumetric 3D models have
never been applied to the best of the knowledge in the past.
The contributions from the work presented in this chapter are as follows.
A compact version of the stereoscopic camera setup, ≈ 5 times smaller than
the previous setup, was engineered. A novel calibration procedure for the
alignment of the multicamera setup is proposed, which was missing in
the previous works. In contrast to the previous work, the proposed image
segmentation algorithm accounts for visual artifacts which finally leads to
an improved reliability of measured particle size distributions over time.
Furthermore, the novel shape classification of volumetrically 3D reconstructed particles leads to a better shape approximation and segregation
of the particles observed by the stereoscopic camera setup. In particular,
the more accurate particle shape description allows for a more precise
and fine-grained classification of particles which allows for better real-time
control of crystallization processes.
First, a detailed hardware overview of the measurement device is provided in Section 2.2. Second, in Section 2.3, a comprehensive theoretical
study of the basic concepts of camera calibration, image analysis, and
3D reconstruction is presented. The measurement device validation and
the application of the new particle reconstruction and shape classification
is reported in Section 2.4. Finally, in Section 2.5, a discussion on the improvements of the measurement device is given along with concluding
remarks.
2.2

measurement device

A major challenge of imaging-based particle sizing techniques is the dependence of the observed particle size on the orientation of the particle under
inspection with respect to the camera. These orientation-related issues can
be mitigated by means of a multicamera setup which provides particle
projections from different angles. The previously reported stereoscopic
imaging setup, henceforth referred to as FTC18 (referred to as FTC Gen
3.0 in Section 1.2.1.2), uses a dual-projection technique capable of merging
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Figure 2.1: Schematic of the new dual imaging system for crystallization observation (µ-DISCO). The suspesion flowing from the reactor through the flow
channel (D) is backlight illuminated using two telecentric illuminators (B). The
suspension is photographed using two digital cameras (A) with telecentric optics (C). The camera, lens and the illuminator system are mounted orthogonally
on an optical rail construction.

particle size information provided by two cameras into nD PSSDs. This feature yields a more accurate measurement than what single-view setups can
provide.39 However, the major drawback of the FTC is its bulky mechanical
design (126×126×90 cm), making it vulnerable to vibrations during image
acquisition. Moreover, the Xenon flashes employed required additional
optics to provide collimated light; also, a square flow channel assembled
by gluing four sapphire glass windows held by a brass holder was used,
making maintenance of the device cumbersome.
Based on the issues described above, a more compact version of the
optomechanical setup (80×74×42 cm) was developed with the goal of
overcoming the problems associated with the FTC. The smaller setup described, henceforth referred to as dual imaging system for crystallization
observation (µ-DISCO), fits into a standard laboratory hood and is less
vibration-susceptible during operation. A schematic of the new setup is
shown in Figure 2.1; it consists of two monochrome CMOS cameras (Point
Grey Research, Richmond, Canada) in an orthogonal configuration with
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telecentric optics (Opto Engineering, Mantova, Italy) resulting in an orthographic projection with very low spatial distortions (< 0.1%). The cameralens system provides a field of view (FOV) of 2.41 × 2.02 mm at a nominal
magnification of 3.5x. Two high-power, telecentric LED illuminators (Opto
Engineering, Mantova, Italy), which emit collimated chief rays parallel
to the optical axis produce high contrast silhouettes of particles passing
through the flow channel. The whole setup is mounted on an optical rail
cross-construction. Manual XYZ-translation stages (Newport Corporation,
Irvine, USA) that allow high precision alignment of the two cameras, and a
rotation stage (Newport Corporation, Irvine, USA) that allows orienting
the parallel illumination beam, are used. Am ATmega32U4 microcontroller
(Atmel Corporation, San Jose, USA) running in-house software provides
an external trigger signal, which enables a synchronized image acquisition
from the cameras.
The introduction of the new cameras allows to operate the µ-DISCO
either in a standard mode, with a constant low frame rate (1–7 Hz), or
in a burst mode, with higher frame rates up to 75 Hz. The burst mode
is particularly useful for capturing processes with fast dynamics, such
as dissolution. In standard mode, the µ-DISCO can be operated either
online, that is, the image processing is performed in real-time, or offline,
where the image processing is performed after the image acquisition for
the entire measurement period. The cameras are connected to high-speed
USB 3.0 ports and controlled with custom drivers implemented using the
FlyCapture SDK (Point Grey Research, Richmond, Canada).
The suspension is sampled from the reactor using a peristaltic pump
(Watson-Marlow, Inc., Falmouth, UK) and flows through a single piece
quartz square channel (FireflySci, Inc., Staten Island, USA) embedded in
an insulated sampling loop. The cross-section of the flow channel is 2 × 2
mm and incorporates the two transitions between the circular tubing and
the square channel at both ends. A one-piece flow channel is superior to
the old channel, because of a reduced risk of leakage and a completely
eliminated risk of dissolution of the glue used to hold the channel.
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2.3

theoretical background

2.3.1 Camera Calibration
The calibration of camera-based measurement setups is necessary to obtain
accurate metric size information from images. It involves finding optical
characteristics of the camera that affect the image formation (intrinsic parameters), as well as the position and orientation of the camera coordinate
systems in space with respect to a world coordinate system (extrinsic parameters). Camera calibration has been a research subject for a long time,138–140
and open-source camera calibration software is available.141 Standard offthe-shelf calibration software usually assumes the cameras to fulfill the
so-called pinhole camera model,142 which however is not applicable when
dealing with telecentric lenses since these types of lenses are designed to
produce an orthographic projection of the object imaged.143 The proposed
calibration procedure is based on the following simplifying assumptions:
1. The optical axes of the two lenses lie on parallel planes and are
orthogonal to each other;
2. Nonlinear lens distortions are negligible due to the particular telecentric lenses used.
Based on the mathematical model of a telecentric camera presented by
Huiyang et al.,144 a custom camera model is derived. The world coordinate system in homogeneous form is denoted by Ow = [ xw , yw , zw , 1]T ,
and its origin is placed in the center of the square glass channel (shown
in Figure 2.2). The two camera coordinate systems OA = [ xA , yA , zA , 1]T
and OB = [ xB , yB , zB , 1]T of camera A and B, respectively, are shown in
Figure 2.2.
The local image plane coordinate system of each camera, [uA , vA ] and
[uB , vB ], is placed at the upper-right corner of each image plane. Given
that the location of both cameras is fixed by the optical rail, the remaining
degrees of freedom of each camera include one rotation axis, around zA
and zB , respectively, denoted by the roll angles, φA and φB , and three
translational degrees of freedom for each camera along axes x j , y j , and z j ,
denoted with d j,x , d j,y , and d j,z , respectively, where the subscript j identifies
the camera source, i.e., j ∈ {A, B}. The distance along z j is determined
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Figure 2.2: Coordinate system convention used for the calibration of the stereoscopic camera setup.

by the nominal working distance of the telecentric lenses, which defines
the distance between the front of the lens and the object when the lens is
correctly focused (dA,z = dB,z = 132.3 mm). The image formation of the
camera-lens system is modeled by a weak perspective projection,142 which is
an orthographic projection followed by isotropic scaling, denoted by the
scaling factors αA and αB , respectively. Following the notation proposed by
Huiyang et al.,144 the relationship between a 3D point [ xw , yw , zw , 1]T in the
world coordinate system Ow and its image projection [u j , v j , 1]T is given in
homogeneous form as
 
 

 xw
uj
 
 v j  = K j R j Tj  yw 
(2.1)
0
1  zw 
1
1
where, the intrinsic camera matrices, K j , are given by


1
α−
j


Kj =  0
0



0

0

ũ0
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0

0
0


ṽ0 
1

(2.2)
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and the rotation matrices, R j ∈ R3 , are given by

− cos(φB )
− sin(φB ) 
0
(2.3)
respectively. Here, [ũ0 , ṽ0 ]T = [1224, 1024]T denotes the principal point in
pixel coordinates, i.e., the point where the principal camera axis intersects
the image plane. The image resolution of both cameras is 2448 × 2048
pixels. The translation vectors are given by Tj = [d j,x , d j,y , d j,z ]T . The relative
shift along the zw axis between the two camera coordinate systems is
defined as ε = dB,x − dA,x . In the ideal case, ε should be equal to zero
after the mechanical alignment, thus indicating that a projected 3D point
in Ow shares one common coordinate in the image planes of the cameras.
However, in reality, ε 6= 0 since mechanical alignment cannot be attained
with sufficient precision; the exact value of the relative shift, ε, has to be
found during the extrinsic calibration. The distances d j,y are mechanically
adjusted, so as that the cell is centered in both images.
In summary, the five parameters to be found by means of the calibration
procedure are αA and αB (intrinsic parameters), and φA , φB , and ε (extrinsic
parameters).


− sin(φA )
RA = − cos(φA )
0

2.3.1.1

0
0
1



0
− cos(φA )
sin(φA )  RB =  0
−1
0

sin(φB )
− cos(φB )
0

Intrinsic Calibration

A planar-object-based calibration method is employed to find each cameras intrinsic parameters. In order to do so, a calibration plate with a
checkerboard pattern of 0.2 × 0.2 mm (Opto Engineering, Mantova, Italy)
is mounted perpendicular to the optical axis and an image of the checkerboard calibration pattern is captured. After the manual selection of 9 × 9
checkerboard corner points, a corner-refinement routine141 is applied, and
the exact location of the corner points on the image plane is found. The
distances between neighbouring corner pixel locations are measured and
plotted against the corresponding nominal checkerboard size of the pattern. The scaling factor is then taken as the slope of the line that best fits
the data distribution. The scaling factors for the cameras of the setup are
αA = 0.993 ± 0.002 µm/pixel, and αB = 0.991 ± 0.002 µm/pixel.
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2.3.1.2

Extrinsic Calibration

The extrinsic calibration procedure is carried out in two steps, namely, a
rough mechanical alignment of the optical components followed by a highprecision software calibration. A thin nylon filament is used as a reference
object for the rotational alignment of the two cameras; one end of the
filament is attached to the frame of the setup and the other end is attached
to a weight so as the filament is aligned with the direction of gravity and
centered in the FOV of the cameras. After an initial, coarse mechanical
alignment of the cameras, multiple images of the shadow created by the
nylon filament are captured. A simple image gradient-based algorithm is
used to determine the exact location of a set of center points of the nylon
filament with sub-pixel accuracy. The rotation angles are calculated from
the slope of a linear function found using linear regression of the set of
center points. The values for the roll angles determined in this way are
φA = −0.86 ± 0.02° and φB = 0.15 ± 0.01°.
The remaining extrinsic parameter, ε, is determined by means of a statistical calibration measurement involving spherical latex beads (CC Size
Standard L90, Beckman Coulter, Nyon, Switzerland) with a nominal diameter of 90 µm. For this, the bounding box centroid difference along the
zw -direction, ∆x = x̂B − x̂A , is reported for every matched contour pair,
where x̂ j are the x-components of the particle bounding box centroid. Assuming a perfect rotational correction of the cameras, the mean of ∆x over
all contour-matches can be taken as an approximation for ε.
2.3.2

Image Processing and Analysis

A multistep, in-house developed image processing approach (illustrated in
Figure 2.3) for extracting contours of particle silhouettes (Sections 2.3.2.1 and 2.3.2.2),
reconstruction of particle shapes in 3D (Section 2.3.2.4), and shape classification of the particles (Section 2.3.3) is presented.
2.3.2.1

Adaptive Background Subtraction

After the acquisition of a stereoscopic image pair, an adaptive background
subtraction step145,146 is applied to both images in order to remove stationary content from the images such as dust, dirt or scratches on the flow cell,
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A

B

C

D

E

F

1
Sphere
Quasi-equant

1

2

Platelet
Needle

2

Stereo image
acquisition

Adaptive
background
subtraction

Contour extraction
and contour
matching

3D reconstruction
and extraction of
2D/3D features

Non-convex

Automated classification
into generic shape models

nD PSSD
reconstruction

Figure 2.3: Illustration of the multistep image processing approach. This includes the adaptive background subtraction (B), a contour matching algorithm
(C), 3D shape reconstruction (D), and the automated shape classification of
reconstructed particles (E). The result of this procedure is an nD PSSD for each
generic shape model.

which tend to increase as the cell ages. The idea behind this technique is to
generate a foreground mask of pixels belonging to moving objects (see III
in Figure 2.4) by estimating the stationary background of the scene (see II
in Figure 2.4), which can be subtracted from successive images. A simple
yet effective way to model the background, B( x, y, tk ), at the pixel location
( x, y) and time step tk is used to compute the temporal mean over a series
of images. Using this approach, the background is updated with a new
frame, I ( x, y, tk ), according to the recursive update equation
B( x, y, tk ) = (1 − γ) B( x, y, tk−1 ) + γI ( x, y, tk )

(2.4)

where, γ ∈ [0, 1] is the learning rate of the update equation, which determines the contribution from a new frame to the background. For this
application, a small value of γ = 0.05 was used. The subtraction of a new
frame with the estimated background model results in a difference frame,
Idiff x, y, t = I ( x, y, tk ) − B( x, y, tk ) , containing only moving objects, i.e.,
objects that appear new in the image.
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I

𝐼 𝑥, 𝑦, 𝑡𝑘

II

𝐵 𝑥, 𝑦, 𝑡𝑘

III

𝐼diff 𝑥, 𝑦, 𝑡𝑘

IV

𝐺 𝑥, 𝑦, 𝑡𝑘

V

𝑇 = 0.4

Figure 2.4: (I): New frame at time tk showing a crystal; (II): static background;
(III): difference frame (intensity normalized); (IV): segmented difference frame;
(V): extracted contour of the crystal.

2.3.2.2

Image Segmentation

This processing step identifies whether pixels in the image either depict
a crystal (shown as bright pixels in Figure 2.4 IV) or if they belong to the
background (shown as dark pixels). Given the difference image Idiff : Ω ⊂
R2 × T → [0, 1] from the previous background subtraction step, a binary
image G : Ω ⊂ R2 × T → {0, 1} that labels every pixel as either foreground
or background is computed. T ⊂ R denotes the time domain. Being the
simplest and fastest segmentation algorithm, thresholding is used and all
the pixels are classified by means of a global threshold τ ∈ [0, 1] as
(

1 if Idiff x, y, tk > τ
G ( x, y, tk ) =
(2.5)
0 otherwise
In this application, the global threshold value, τ, is found using a photometric calibration involving spherical latex beads (Beckman Coulter, Nyon,
Switzerland) with a nominal diameter of 90 µm. It is a well-known fact
that thresholding is prone to noise because the classification of each pixel
is independent of its direct neighbors. Therefore, the segments might not
be contiguous or contain holes. In order to cope with this problem, a median filter with window size of 5 × 5 pixels is applied to G ( x, y, tk ) after
segmentation, followed by a morphological opening and closing operation
with a rectangular structuring element with the size of 13 pixels.147 These
operations reduce noise and close thin concavities in the binary mask. In a
successive step, the contour of the particle silhouettes is extracted using a
boundary tracing algorithm148 (illustrated in image V of Figure 2.4). Contours containing less than 50 connected pixels are considered to be below
the optical resolution of the camera-lens system and are thus excluded from
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further analysis. Contours intersecting the image boundaries are discarded
as they cannot provide an accurate size measurement of the corresponding
particle. All image processing operations are implemented using the open
source computer vision library OpenCV.149
In the course of this evaluation, also a variational segmentation approach
known as Total Variation Segmentation (TVSeg)150–152 was extensively
tested and carefully evaluated for the application of this chapter. This
method overcomes the drawbacks of simple segmentation techniques and
produces excellent segmentation outcomes also for images with intensity
inhomogeneity and Poisson noise.151 However, when compared with binary
thresholding, the computation time of TVSeg is significantly higher which
impedes its application for real-time measurements. Hence, it was decided
to implement binary thresholding for the context of this chapter and the
work presented in subsequent chapters.
2.3.2.3

Stereoscopic Contour Matching

The aim of this processing step is to find spatial correspondences between
silhouettes on the two stereoscopic images that originate from the same
crystal. Assuming perfect alignment of both cameras and a segmentation
without errors, the matching would be performed by comparing the upper
and lower coordinates of the contours from the two stereoscopic images
along the common zw -coordinate. In reality, the particles from the two
stereoscopic images do not share identical upper and lower coordinates due
to calibration errors, mechanical micro-vibrations, or image segmentation
errors.
A particle matching algorithm based on the Euclidean norm of the
upper and lower coordinates of the bounding box, and centroid of the
different particles with a fixed matching threshold from the two stereoscopic
projections was reported earlier.16,18 Instead of assigning a fixed threshold
for the contour matching procedure, a statistical assignment approach
to find the correspondence between contoured particles from the two
segmented images is employed. The matching is performed based on
conditions imposed on (i) the absolute difference in the zw -coordinate of
the contour centroids, and (ii) absolute or relative differences in the upper
and lower zw -coordinates of the bounding box of the contour.
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In the first step, pairs of contours that satisfy the centroid threshold
from the two matched stereoscopic images are checked for difference in
the zw -coordinate of the bounding box. On the one hand, if a pair of
contour satisfies the threshold for absolute difference of the zw -coordinate,
it is considered to be matched. While on the other hand, if the absolute
difference threshold is not met, but the the relative difference threshold is
satisfied, the contour pair is considered to be matched and is subjected to
further image processing steps.
2.3.2.4

Visual Hull-Based 3D Reconstruction

For the classification of crystals based on shape, a 3D volumetric model of
each crystal is required from which shape attributes can be extracted and
used in the context of shape classification. Shape-from-Silhouette (SFS)153,154
is a popular technique for the shape estimation of an object from a set of
calibrated silhouette images. The reconstruction obtained with this method,
henceforth referred to as visual hull (VH), is the intersection of the projective
sets (silhouette cones) obtained by unprojecting all camera-aligned silhouette images into 3D space. Since object concavities can only be recovered if
they are visible in at least one of the silhouettes, the VH can be regarded as
an upper bound of the actual object shape.

A

B

C

D

Figure 2.5: Volume intersection method used for the 3D reconstruction of particles being imaged by the two cameras. (A) and (B) show the volumes spanned
by the two silhouettes, V A (red silhouette) and V B (blue silhouette); (C) illustrates the intersection of V A and V B ; (D) shows the final reconstructed visual
hull V = V A ∩ V B .

Two methods for the construction of the VH are found in literature,
namely, volume- and surface-based methods. The first category includes
methods that approximate the VH by collections of cubic elementary cells,
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so-called voxels,155 and the latter method estimates the surface of the VH
as a polyhedron by intersecting silhouette cones.156 Due to its efficient
implementation, the volume-based approach is the selected method for the
application in this chapter. The visual hull is approximated by a set of N
points inside the VH, denoted by the data matrix, V = [ x1 , ..., x N ] ∈ R3× N ,
where each column xi represents a data point in R3 defining the centroid
location of a cubic voxel with edge length ∆s. With the two orthogonally
aligned cameras, V can be computed by the volume intersection V =
V A ∩ V B of the two silhouette cones, V A and V B , each representing a
discretized volume spanned by the two projected silhouettes as illustrated in
Figure 2.5. The volume intersection is performed separately for each pair of
silhouette contours that have been found in the previous contour matching
step. This avoids many reconstruction artifacts such as so-called "ghosts"
that appear when particles occlude each other in the camera views.157 The
accuracy of the approximation of the VH is inherently determined by the
edge length of a voxel, ∆s. An adaptive voxel size approach is pursued
in order to keep the computation time for the reconstruction constant,
independent of particle volume. As a consequence, larger particles are
approximated by larger voxels and vice-versa. An upper-bound estimate of
the volume of a reconstructed particle is given by VVH = N∆s3 . A limitation
of the exploited method in the given application is the dependence of the
reconstructed VH on the orientation of the particle with respect to the
cameras. With only two cameras, the shape of the VH might be ambiguous,
e.g., a needle-like particle cannot be distinguished from a platelet-like
particle when it is oriented in a 45°-angle with respect to both cameras (see
Figure 2.6). This ambiguity also affects the reconstruction of flat, plateletlike particles, where certain orientations can lead to non-platelet shaped
reconstructions. These inherent ambiguities could be resolved by adding
more cameras to the setup, providing additional silhouette projections of
particles flowing through the cell.
2.3.3 Automated Shape Classification
The measurement of the particle size by means of imaging methods requires
a size metric capable of adequately representing the characteristic size of
the particle to be measured. Finding such a suitable metric requires prior
3D shape information of the particle before particle sizing is performed.
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1A

2A

1B

2B

Figure 2.6: Favourable orientation of a cylinder (1A) leads to a correct VHreconstruction (1B). In an ambiguous cylinder orientation (2A) one cannot
reconstruct the true shape of the cylinder with only two cameras since both
shapes (2A) and (2B) generate the same silhouettes. The virtual cameras are in
both cases aligned along the green and blue coordinate direction.

In the context of this chapter, the task of classifying the shape of a crystal
consists of assigning a generic shape model to each particle recorded by
the stereoscopic camera setup, and hence categorizing crystals into shape
groups that share certain geometric properties.
2.3.3.1

Definition of Generic Shape Models

In general, one can distinguish between physically based morphological
particle models and generic particle models. The first class of models uses
crystallographic data and aims at reflecting the morphology of an ideal
crystal as accurately as possible.18 In contrast, generic particle models
aim at simplifying the shape of the crystals as much as is sensible for a
given application. The faces of crystals are not necessarily respected using
such an approach and only the macroscopic form is considered. Following
the definition of Schorsch et al.,17 the generic model particles sphere and
needle are distinguished, along with the new classes quasi-equant, platelet,
and non-convex. Note that the non-convex class strongly resembles the
class denoted by the term agglomerate in the work by Ochsenbein et al. to
describe agglomerates of needle-like crystals.20 In this chapter, however,
the more general term non-convex is used since this label is restricted not
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only to the agglomeration of needle-like crystals. The non-convex label in
the context of this chapter might also include overlapping particles which
exhibit non-convex shape, thus making it difficult to distinguish them from
real agglomerates.
The set of generic shapes distinguished in this chapter is illustrated in
process step E of Figure 2.3. Members of the sphere class are spherical objects
(spheroids), which can be described with a diameter, L1 , only. Elongated,
needle-like particles are described by the needle class whose characteristic
dimensions are approximated by a cylindrical shape with length, L1 , and
width, L2 , where L1  L2 . The class quasi-equant consists of regular, nonspherical particles, for which L1 ≥ L2 ≥ L3 can be assumed, as for instance
in the case of cuboid shaped crystals. The platelet class describes flat-shaped,
tabular objects like platelet crystals, for which L1 ≥ L2  L3 is assumed.
The non-convex class is intended for the detection and classification of
crystal agglomeration events yielding irregularly shaped particles.
2.3.3.2

2D and 3D Shape Descriptors

The design and the selection of shape descriptors is of central importance to
supervised learning approaches. A common way for characterizing particle
shapes is to use 2D shape factors that are computed from the contour of a
particle silhouette. Shape factors are dimensionless quantities that numerically describe the shape of a particle, independent of its size. Ochsenbein
et al. used a set of shape factors for a supervised machine learning strategy using a non-linear Support Vector Machine (SVM) algorithm for the
separation of primary (needle-like, spheres, cuboids, etc.) particles and
agglomerates.20 Following up on their work, new descriptors are investigated in this chapter. The circularity (roundness) of a particle contour
is measured using the isoperimetric quotient (reciprocal of the P2A compactness measure158 ). In the context of this application, the isoperimetric
quotient, Q j , of a closed contour associated with camera j is defined as the
ratio of the projected contour area Aproj,j to the area of a circle with same
perimeter as the contour, denoted by Pproj,j , i.e.,
Qj =

48

4πAproj,j
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Pproj,j
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It is easy to show that Q j belongs to the interval (0, 1] and becomes 1
for a perfect circle. In order to combine the circularity from both projected
contours, the feature transform ω = QA QB is applied, where ω is referred
to as the circularity product of a particle contour pair. Besides circularity,
also perimeter-based convexity,159 κ j , is calculated for each particle contour
pair:
Pconv,j
κj =
(2.7)
Pproj,j
where Pproj,j and Pconv,j are the perimeters of the silhouette contours and
the convex hull of the silhouette, respectively, associated with camera j. The
same concept for combining shape descriptors from multiple projections
into a single-valued number is applied to the convexity measurement, i.e.,
β = κA κB is referred to as the convexity product. 3D shape descriptors are
extracted using an approach for the analysis of point clouds based on
the covariance matrix of the VH. For this, a sub-set, V̂ ⊂ V with V̂ =
[y1 , . . . , yn ] ∈ R3×n , is sampled uniformly at random without replacement
for each reconstructed particle. The sample covariance matrix Σ = Cov(V̂ )
for the voxels represented in the rows of matrix V̂ is calculated as
Σ=

1
n

n

∑

i =1

yi − y



yi − y

T

∈ R3×3

where

y=

1
n

n

∑ yi ∈ R3

i =1

(2.8)
contains the means of all voxels in the corresponding dimension. In order
to construct geometric covariance-descriptors as proposed by Blomley et
al.,160 the eigenvalues of the covariance matrix are sorted in such a way
that λ1 ≥ λ2 ≥ λ3 ≥ 0. A scale normalization is achieved by dividing all
eigenvalues by the largest eigenvalue, i.e., λi∗ = λi /λ1 where i ∈ {1, 2, 3}.
The covariance-sphericity, Sλ = λ3∗ /λ1∗ , and the covariance linearity, Lλ =
(λ1∗ − λ2∗ )/λ1∗ , were identified as promising descriptors for the given shape
classification problem. The resulting 4-dimensional feature vector, including
shape descriptors from both the 2D and 3D domain, takes the form x =

T
ω, β, Sλ , Lλ , and is used within the framework of a supervised learning
scheme.
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2.3.3.3

Classifier Selection

In this context, the term classifier refers to a function inferred from labeled training data, which maps the feature vector representing the shape
of a particle to a shape category, called class. Due to its computational
efficiency and its capability of performing multiclass classification on a
data set, the decision tree algorithm161,162 is chosen as a classifier. Additionally, discriminant functions for the binary classification of the sphere and
the non-convex class are found using linear support vector machines. A
cascaded classification scheme with two instances is thus proposed. The
first classification instance performs two binary classifications using the
convexity and circularity product, ω and β, in order to detect non-convex
particles and spheroids. Particles belonging to none of the two classes are
classified by the second classification instance which distinguishes needle,
quasi-equant or platelet based on a decision tree inferred from simulated
training data. It is worth noting that the discussed classification model does
not include a rejection option, i.e., a particle is assigned to one of the five
shape classes in any case.
2.3.3.4

Training Data Sets and Supervised Learning

Training set of spheres: A training set was obtained from real experiments
containing 962 particles out of which 12.6 % were labeled as spheres (positive) and the rest as others which build the set of the remaining four classes
(negative). The positive examples were spherical latex beads (Beckman
Coulter, Nyon, Switzerland) of different nominal diameters. The optimal
linear class-separating decision boundary (shown in Figure 2.7a) was calculated from the circularity product of the training data set by means of a
linear Support Vector Machine (SVM) using the fitcsvm function from the
Statistics and Machine Learning Toolbox of matlab.163
Training set of non-convex particles: The same approach was followed in
the case of non-convex shaped particles like agglomerates. A training
set consisting of 973 particles, out of which 11.8 % were labeled as nonconvex shaped by an independent expert, were used to identify the decision
boundary using a linear SVM. After the calculation of the convexity product,
the optimal linear decision boundary, shown in Figure 2.7b, was calculated
by the linear SVM reported above.
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Simulated training set: On the basis of the reconstruction ambiguity (mentioned in Section 2.3.2.4), the second classifier instance was trained with in
silico data so as feature vectors are not compromised by the limitations of
the reconstruction method using only two cameras. For this, the extended
virtual test bench (eVTB)39 for simulating crystal morphologies was used.
The eVTB is a simulation framework which provides an idealized in silico
environment for the simulation of a variety of different crystal morphologies. A training set including 2,400 cuboids and 1,200 cylinders served as
basis for learning a decision tree model to distinguish the shape classes
quasi-equant, platelets, and needles. Feature vectors of all simulated objects
were collected and the fitctree function from the Statistics and Machine
Learning Toolbox of matlab was used to build a decision tree model from
the generated training data. The covariance linearity, Lλ , and the covariance
sphericity, Sλ , along with the decision boundaries are shown in Figure 2.7c.
The complexity (or depth) of the decision tree is determined using 10-fold
cross validation. Using this method, the training samples are split into 10
smaller sets and decision trees ensembles are generated while the complexity parameter is increased. For each ensemble, the cross-validated training
error is reported and the parameter yielding a small training error is chosen.
It is important to mention that the characteristic size of simulated particles
for the generation of training data was sampled from a user-defined distribution. Therefore, the decision boundaries found using the decision tree
algorithm were implicitly determined by the parameters of this distribution. The chosen parameters for generating the distribution were related to
outcomes from real experiments.
Shape classification validation: In order to validate the classification performance of the implemented model, three independent experts were asked
to classify 524 samples from a data set not used for training of the classifier.
Classifier labels are compared to the majority label given by the experts
using the confusion matrix,164 which is commonly used for calculating precision and sensitivity of multiclass classifiers. The validation revealed an
overall agreement of 69.0 % of the classification model labels and the majority label by the experts. The reader is referred to the appendix of this
chapter for a detailed assessment of the multiclass validation results.
A few examples of shaded 3D visual hulls, along with the predicted
shape class label of the classification model, are shown in Figure 2.8. The
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Figure 2.7: Feature space with projected histograms of convexity product, β, and circularity product, ω, to
distinguish (a) spheres (purple circles) from others (needles, quasi-equant, platelets and non-convex – cyan rightpointing triangle); (b) non-convex (grey downward-pointing triangle) from others (spheres, needles, quasi-equant,
and platelets – cyan right-pointing triangle). (c) feature space of covariance linearity, Lλ , -and sphericity, Sλ , to
distinguish between needles, quasi-equant particles and platelets. The brown dotted lines indicate the decision
boundaries for the different classes.
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(a)
Non-convex

(b)
Quasi-equant

(c)
Needle

(d)
Platelet

(e)
Sphere

Figure 2.8: Examples of reconstructed visual hulls of crystals belonging to the
generic shape classes distinguished by the classifier. (a): non-convex shaped
agglomerate of needle-like BLGA; (b): quasi-equant shaped Aspirin crystal; (c):
needle-like BLGA crystal; (d): broken crystal segment of BLGA which takes the
shape of a platelet; (e): spherical latex bead with a nominal diameter of 90 µm
(Beckman Coulter, Nyon, Switzerland).
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figure shows corresponding stereoscopic image pairs captured by camera
A and B, respectively, and the resulting reconstructed VH.
2.4

experimental results

An experimental campaign was executed for assessing the performance of
the µ-DISCO and of the image analysis routine presented in this chapter. In
Section 2.4.1, the stability of the measurements, as well as their repeatability
is shown by measuring a population of γ d-mannitol (GDM) crystals in 2propanol at saturated conditions. In Section 2.4.2, the accuracy of µ-DISCO
in estimating the particle size is assessed by measuring populations of
standardized spherical latex beads of three different nominal diameters. In
Section 2.4.3, the capability of the image analysis routine to perform shape
classification discussed in Section 2.3.3 and the characteristic response
time of the device for a measurement of a suspension consisting of a
mixture of particles exhibiting three different shapes is discussed. Also, an
experiment with a growth and dissolution phase for BLGA is presented
in Section 2.4.4, with the aim of demonstrating the potential of the device
to provide time resolved changes in size and shape of the crystals during
an experiment, even for processes with fast dynamics. It is to be noted
that every measurement performed using µ-DISCO produces five different
distributions for the five different classes. In this chapter the numberand volume-based distributions are shown for the class with the highest
contribution, unless stated otherwise. The reader is directed toward the
appendix of this chapter for information regarding the calculation of the
characteristic sizes, nD PSSDs, and moments that will be used in the
following subsections. Additionally, a note on the graphical representation
of the PSSDs, which will be used extensively in this thesis, is provided in
Appendix B.
2.4.1 Steady State and Measurement Repeatability
In order to establish that the system is at steady state, i.e., there is no
change in the underlying population in the sampling loop or the channel, the PSSD of needle-like GDM suspended in a saturated solution (S =
1.0) in 2-propanol (Sigma-Aldrich, Buchs, Switzerland) at 25 ◦C was mea-
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sured over a period of 5 h by circulating the suspension at a flow rate
of 100 mL min−1 through the channel of µ-DISCO, capturing images at
a frequency of 5 Hz. Crystals of γ polymorph of d-mannitol (DM) were
produced by crash cooling from 25 ◦C to 5 ◦C, a saturated solution of DM
suspended in deionized and filtered (filter size of 0.22 µm) water obtained
from a Milli-Q Advantage A10 system (Millipore, Zug, Switzerland). The
crystals thus obtained were washed with 2-propanol, filtered and dried
for 24 h. In the case of appearance or disappearance of particles, a change
in the average characteristic size of the population or in the percentage of
particles belonging to the different classes would be observed. For example,
during a measurement with needle-like particles, a breakage event would
lead to particles exhibiting a prismatic shape, which in turn would lead to
an increase in the percentage of quasi-equant particles and decrease in the
percentage of needle-like particles; this would most likely be associated to a
decrease in the average characteristic length along the length (L1 ) direction.
Figure 2.9a shows the time-resolved evolution of number-weighted characteristic size, along the mean length (L1,mean = µ10 /µ00 ) and mean width
(L2,mean = µ01 /µ00 ) of the needle-like crystals. The measured time average
L1,mean and L2,mean for repetition 1 was 157 µm and 19 µm, respectively,
while for repetition 2, these measures were 156 µm and 19 µm, respectively.
The generic particle model assumes a needle-like particle to be approximated by a cylinder. It is to be noted that this approximation introduces
a geometrical error independent of the optical error reported for the measurement of a population of spheres in Section 2.4.2. The quantification of
this error is beyond the scope of this chapter. Apart from the characteristic
lengths, the time-resolved broadness of the number-weighted distribution, σi , along the two directions are shown in Figure 2.9b. The broadness
measure of the 2D distribution used in this chapter is calculated as
r

2
σ1 = µ20 /µ00 − µ10 /µ00
r

2
σ2 = µ02 /µ00 − µ01 /µ00
(2.9)
The metric also exhibited a deviation with the same order of magnitude
as that of the two characteristic lengths. The near-constant broadness of the
distribution further confirms the fact that there were no significant changes
in the suspension, over the entire duration of the measurement. A negligible
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Figure 2.9: Time-resolved (a) number-weighted characteristic lengths, µ10 /µ00 (left ordinate) and µ01 /µ00 (right
ordinate) and the (b) number-weighted broadness of the distribution, σ1 (left ordinate) and σ2 (right ordinate) of
GDM in 2-propanol at saturated conditions (S = 1.0) for the two repetitions (repetition 1 - circles and repetition 2 squares).
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change in the number and fraction of particles in the different shape classes
was observed over the duration of the experiment, where, 87.8 ± 1.6% and
90.4 ± 0.4% of the detected particles accounted for the needle-like shape in
the two repetitions, respectively.
The constant and repeatable trends observed from Figure 2.9 are good
indicators, that the hardware setup has negligible to minimal impact on
quantifying the population in a crystallizer. In addition, the observation of
the minor differences in number and percentage of the predicted shapes by
the new shape classification algorithm has further strengthened the confidence in using the µ-DISCO for quantitative and reliable measurements.
2.4.2

1D Particle Size Validation

Spherical latex beads (Beckman Coulter, Nyon, Switzerland) with nominal diameters of 20 µm, 65 µm, and 90 µm were suspended in 400 mL of
deionized and filtered (filter size of 0.22 µm) water obtained from a Milli-Q
Advantage A10 system (Millipore, Zug, Switzerland). The size of the particles was measured using the µ-DISCO at a frequency of 5 Hz in order to
evaluate the sizing accuracy of the device. The suspension is circulated for
a duration of 15 min at a constant flow rate of 100 mL min−1 through the
channel. After each experiment, the sampling loop and the channel were
carefully cleaned and thoroughly flushed with purified water, ethanol, and
acetone.
On average, 86.5 ± 1.0% of all detected particles were classified as spheres
by the shape classifier over the three independent experiments. The second
largest shape contribution was the quasi-equant particles, which contributed
to 13.2 ± 1.0% to the overall shape composition. Particles of other shapes
were present in negligible amounts (< 0.3%). The discretized normalized
1D number- and volume-weighted distributions for the three independent
repetitions of the measurement are shown in Figure 2.10, where the particle
size distribution (PSD) is shown only for particles classified as spheres. The
distributions nicely overlap, again indicating an excellent repeatability of
the three independent measurements. In the smaller particle size range
(below 60 µm), a lower measurement accuracy was observed. This can be
attributed to the limited depth of field and the optical resolution of the
telecentric lenses, which lead to an impairment of the measurements as
the particles are likely to be out of focus. This is in line with observations
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Figure 2.10: Discretized normalized 1D (a) number density distribution, q̂, and
(b) volume density distribution, q̂V (solid lines) from three repetitions for a
mixture of spherical latex beads. The latex beads have nominal diameters of
20 µm, 65 µm and 90 µm (dotted lines). The distribution is discretized using
a linear grid with 100 bins with a grid spacing of 2 µm. The modes of the
distribution corresponding to L20, L65, and L90 are 24 µm, 68 µm, and 90 µm,
respectively. (c) Microscope image of the standard spherical latex beads with a
nominal diameter of 90 µm. Particles highlighted with red contours would be
classified as spheres and broken particles highlighted with blue contours would
be classified as quasi-equant particles. The spherical particles highlighted (red)
shows two different diameters, 90 µm and 109 µm.
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from similar imaging devices.136 For larger particles (above 60 µm), the
measurement error between the mode of the number- or volume-weighted
distributions, and the nominal diameters of the latex beads was less than
5 %.
An interesting observation from the microscope images of the latex
beads, shown in Figure 2.10c, was the presence of broken beads and of
beads with nominal diameter larger than the one obtained from the manufacturer. The broken beads would explain the contribution from quasiequant-particles, while the presence of the larger beads would explain the
peak at around 110 µm, clearly visible in the volume-weighted distribution
shown in Figure 2.10b.
2.4.3

Characterization of Spheres, Needle-like, and Quasi-Equant Particles

The automated shape classification model was tested with particles of three
distinct shapes, namely, spheres, needles, and quasi-equant particles, to
evaluate its efficacy in tracking sudden changes in the suspension during
the online measurements. Two different polymorphs of LGA, namely, the
prismatic metastable α polymorph (ALGA), and the needle-like, stable β
polymorph, exist. The two polymorphs combined with the spherical latex
beads (Beckman Coulter, Nyon, Switzerland) make an excellent system to
test the performance of the shape classification algorithm during a dynamic
measurement with sudden changes in the population of suspension of
particles. Crystals of the α polymorph were produced by mixing equimolar
amounts of monosodium l-glutamic acid monohydrate (NaGlu), SigmaAldrich, Buchs, Switzerland, purity >99 %) and hydrochloric acid (HCl,
Sigma-Aldrich, Buchs, Switzerland, 37–38 %) in deionized and filtered
water with continuous stirring at 5.0 ◦C for one hour. The α crystals this
obtained were filtered and dried. To obtain the β polymorph, a saturated
solution with respect to the α form of LGA at 45.0 ◦C was created by mixing
equimolar amounts of NaGlu and HCl, and the α crystals obtained from
the previous step were allowed to undergo a polymorphic transformation
over 36 h. The transformed crystals were subsequently filtered and dried.165
The measurement was initiated by the addition of spherical latex beads
(phase I), with a nominal diameter of 90 µm, to 300.0 g of pure ethanol
(Merck KGaA, Darmstadt, Germany, purity >99.5 %), followed by the
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Figure 2.11: Time-resolved (a) normalized number of particles, ζ, and (b) fraction of classes, Ψ, for a mixture of spherical latex beads, ALGA, and BLGA in
pure ethanol. At t = 0 min, spherical latex beads were added in ethanol, followed by the addition of prismatic shaped ALGA at t = 10 min, and needle-like
BLGA at t = 20 min.

addition of 0.5 g of ALGA after 10 min (phase II). Finally, 10 min after the
addition of ALGA, 0.1 g of BLGA was added to the suspension (phase III).
Since, LGA is insoluble in ethanol, neither growth nor dissolution of the
crystals during the experiment occurred. The suspension was stirred at 300
rpm and was pumped through the µ-DISCO at a flow rate of 100 mL min−1 .
The addition of particles of different shapes at short frequent intervals
renders the standard mode of operation, i.e., obtaining images at a constant,
low frequency over the entire duration of the measurement, suboptimal.
Hence, the burst mode described in Section 2.2 with a frequency of image
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capture, which is an order of magnitude higher than in the standard mode,
would be efficient in capturing the sudden changes in the process.
The suspension was analyzed by the µ-DISCO operating in the burst
mode and capturing 600 images every minute at a maximum theoretical
frame rate of ≈ 75 Hz for a total measurement duration of 30 min. A total
of 9×104 particles were observed and analyzed. The normalized number of
particles (defined as the ratio of number of particles of a desired class at a
specific time to the total number of particles of the desired class over the
entire measurement duration), and the time-resolved fraction of the five
particle classes are shown in Figure 2.11. During phase I of the measurement,
as expected, the sphere class has the highest contribution to the fraction of
particles observed, while the needles, platelets and non-convex particles
have a negligible contribution. The higher fraction of the quasi-equant class
during phase I can be attributed to the presence of broken spherical latex
beads, which were classified as quasi-equant particles. During phase II, an
increase in the number and fraction of quasi-equant particles due to the
presence of the prismatic (classified as quasi-equant particles) α polymorph
was observed. Interestingly in phase II, also an increase of non-convex
particles can be observed, which can be explained by the fact that crystals
of the sample can stick together. In phase II, the delay in the stabilization
of the normalized number of particles and of the fraction of classes is
understandable due to the time required for proper mixing of the newly
added particles and to the dead volume of the sampling loop.
During phase III, more than 60 % of the particles were classified as needles. With the presence of needle-like particles, an increase in the number
and contribution from the platelet class was also evident due to the ambiguities arising from the camera setup as described in Section 2.3.2.4.
The higher fraction of non-convex particles compared to phase-I can be
explained by the presence of crystals exhibiting non-convex shapes, and
overlapping needle-like crystals.
One interesting point to note is that even though the three phases of the
measurement last only for 10 min each, the number and fraction of different
classes in each of these individual phases exhibit only a small deviation
around their mean, thus confirming that the system was indeed at steady
state during the individual phases.
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2.4.4 Growth and Dissolution of BLGA
The potential of the stereoscopic imaging setup to monitor the growth of a
population of BLGA crystals has been reported in previous publications.19,33
However, to the best of the knowledge, dissolution has never been monitored using a stereoscopic imaging setup like the one described in this
chapter, although dissolution kinetics have been reported in the past using
other monoscopic imaging techniques.40,166 Hence, an experiment was set
up consisting of growth followed by dissolution, to demonstrate the ability
of µ-DISCO to track the evolution of a population of BLGA seeds during
the two distinct phases.
Needle-like BLGA crystals produced by the protocol described in Section 2.4.3 were milled at 10,000 rpm in a wet mill to produce quasi-equant
shaped particles. An amount of 0.165 g of the seeds were suspended in
2,000 g of saturated solution of BLGA in water at 30.1°C, and the population was characterized using µ-DISCO for 0.6 h (steady state phase).
The suspension was then crash cooled (from 30.1 ◦C to 25.0 ◦C) to induce
supersaturation (S = 1.20), while being continuously stirred at 300 rpm.
The population was allowed to grow for 11.4 h (growth phase), while being
monitored by µ-DISCO operating in intermittent burst mode, capturing 800
images at a maximum theoretical frame rate of ≈ 75 Hz every 6 min. After
the growth phase, a linear heating ramp (25.0 ◦C to 33.1 ◦C at 2.7 ◦C h−1 )
aiming at a complete dissolution of the population was applied. Since the
dissolution kinetics of BLGA are significantly faster than growth kinetics, it
was decided to operate the device in the burst mode capturing 800 images
at a maximum theoretical frame rate of ≈ 75 Hz every 2 min to obtain a
better time-resolved measurement in this phase. It is worth noting that in
the experiment considered in this section, i.e. in the temperature range and
at the pressure explored here, LGA is present only in the β form, which is
the thermodynamically stable one. The supersaturation generated during
the growth phase in the experiment discussed above does not cause any
observable nucleation and agglomeration, as previously confirmed by other
independent studies.19,20,165
Over the entire duration of the experiment, a total of 1.3×106 particles
were measured by µ-DISCO. Figure 2.12a and Figure 2.12b show the normalized number of particles and fraction of different classes, respectively.
Spheres, platelets, and non-convex particles are lumped together as others,
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as the classes of interest for this experiment were the needle-like and quasiequant particles. The normalized total reconstructed VH volume, which,
ideally should be proportional to the true volume of crystals being observed
by the measurement device, is shown in Figure 2.12c.
The quasi-equant class is characterized by a 3D PSSD in (L1 ,L2 ,L3 ) space.
In order to facilitate a comparison with the needle class, a reduced 2D PSSD
for the quasi-equant class combined with the needle class in the ( L̃1 , L̃2 )
plane was used, where L̃1 and L̃2 are the length and width of the needle-like
particles, respectively. The reduced 2D PSSD
√ for the quasi-equant class was
generated by assuming L̃1 = L1 , and L̃2 = 4L2 L3 /π, which preserves the
volume of the particle and transforms it into a needle-like particle with
length, L̃1 , and width, L̃2 . The number-weighted characteristic length along
the L̃1 direction is shown in Figure 2.13b, and the aspect ratio, µ̃21 /µ̃12 , for
the reduced 2D PSSD is shown in Figure 2.13c.
During the steady state phase, the normalized number of particles, the
fraction of classes, as well as the total reconstructed VH volume remained
unchanged as expected. Similar values for the fraction of needle-like and of
quasi-equant shaped particles for the milled seeds of BLGA were observed.
The volume-weighted seed distribution shown in Figure 2.13a has an aspect
ratio of 3.3. The seed population has a number-weighted characteristic
length of 84 µm. During the growth phase, the kinetics of BLGA along L̃1
direction are faster than along the L̃2 direction. The preferential growth
along one characteristic direction suggests that BLGA crystals exhibiting
quasi-equant shape develop into a needle-like shape, hence a decrease in
the number and fraction of quasi-equant particles, and an increase in the
needles would be expected; this hypothesis was indeed confirmed by the
experiment. The population at the end of the growth phase had an aspect
ratio of 5.9 with a number-weighted characteristic length of 179 µm. It is
interesting to note that the aspect ratio during the growth phase is not
constant; the increase in the aspect ratio can be explained by the change in
shape of the quasi-equant BLGA particles. The increase in the reconstructed
VH volume during this phase serves as an additional aid to visualize crystal
growth of the population of crystals.
The final phase of the experiment is divided into two sub-phases, namely,
a partial dissolution phase and a complete dissolution phase for better
clarity. No visible change in the number or fraction of classes, in the
total reconstructed VH volume, or in the number-weighted characteristic
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Figure 2.12: Time resolved (a) normalized number of particles (ζ), (b) fraction
of classes (ψ), and (c) normalized reconstructed VH volume (V) of all particles
analyzed by the measurement device. Seeds of BLGA (grey shaded region) were
grown at a supersaturation of S = 1.20 for 11.4 h (growth phase - blue shaded
region), followed by a complete dissolution of the grown crystals (red shaded
region). The 2D PSSD for the seeds and the product at the end of the growth
phase, time-resolved number-weighted characteristic length and aspect ratio of
the reduced 2D PSSD is shown in Figure 2.13.
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Figure 2.13: (a) Volume weighted 2D PSSD, q̂V , in the reduced ( L̃1 , L̃2 ) plane for
the seeds (grey) and products (blue) at the end (t = 12 h) of the seeded growth
phase of BLGA. The contour line values correspond to 0.2, 0.5, 0.7, and 0.9
of the maximum of the PSSD. A linearized grid with 20 bins at a spacing of
46 µm for seeds and 54 µm for products along the L̃1 direction, and a spacing of
13 µm for seeds and 12 µm for products along the L̃2 direction was used. The
constant aspect ratios (µ̃21 /µ̃12 ) for the two distributions are given by the dotted
lines. Time-resolved (b) number-weighted characteristic length (µ̃10 /µ̃00 ), and
(c) aspect ratio (µ̃21 /µ̃12 ) of the reduced 2D PSSD.

length was observed in the first 2 hours of the dissolution phase, which
could be explained by the incomplete consumption of supersaturation
during the growth phase. The number of needles drop significantly from
this moment on, while the number of quasi-equant particles attains a
maximum followed by a gradual drop to zero. Upon examination of the
images obtained, it could be confirmed that the long needle-like particles
undergo a shape change to quasi-equant particles, followed by a complete
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dissolution. During the final dissolution phase, from Figure 2.12a, it is clear
that the particle count for all the three classes drops to zero, while the
fraction of classes shown in Figure 2.12b has a high variance, as expected
from the low particle count. The number-weighted characteristic length and
aspect ratio also exhibit a high variance in the complete dissolution phase,
hence for better clarity it was decided to plot these quantities only during
the partial dissolution phase. The particles in the suspension dissolve,
leading to a decrease in the total reconstructed VH volume and numberweighted characteristic length; and also the distribution evolves toward a
lower aspect ratio, which might indicate faster dissolution kinetics along
the length direction when compared to the width direction.
The versatility of µ-DISCO to provide information at two different levels
is clearly demonstrated in this experiment. On the one hand, Figure 2.12
provides a qualitative high-level information concerning the evolution of
the population during the experiment, which can be used for process
monitoring. On the other hand, Figure 2.13 provides a quantitative detailed (low-level) information about the experiment, which can be used for
process modeling and development. Note that, the results shown in this section concerning the dissolution phase represent merely a proof-of-concept
experiment, intended to demonstrate the ability of µ-DISCO to monitor
dissolution; a quantitative interpretation of such results should be made
only with great caution.
2.5

concluding remarks

2.5.1 Key Outcomes
In this chapter, an improved dual-camera measurement device, along with
enhanced image processing and analysis algorithms, which are used to
extract 3D metric information from stereoscopic images acquired using a
backlight illumination technique is presented. A novel calibration procedure for multicamera systems with telecentric lenses, was proposed which
aids in the correction of mechanical misalignment, and thereby increases
the accuracy of spatial matching of particle projections. 3D visual hull
reconstruction of particle shapes observed by the two stereoscopic cameras
and in turn, the ability of geometric shape descriptors to classify particles
into generic shape classes was shown.
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The compact optomechanical camera setup, alongside improved optics,
calibration model, background subtraction for image segmentation, and
statistical contour matching from the stereoscopic images, paves the way
toward an even more accurate characterization of the particle size, and
hence the PSSDs when compared to previous works employing similar
techniques. The characterization of a suspension with three characteristic
particle shapes presented in this chapter indicated the ability of µ-DISCO
to track shape changes with a time resolution an order of magnitude higher
when compared to the FTC. Also, the positive outcome from the experiment
concerning the dissolution of BLGA is the first step toward monitoring,
characterizing, and modeling a dissolution process using a stereoscopic
imaging setup.
2.5.2

Key Limitations

It is worth acknowledging the fact that the long sequence of image processing steps going from the two raw images to the final size and shape
distributions introduces several uncertainties. The camera-lens system introduces an optical error, while the assumption of a generic particle model
introduces a geometrical error. Alas, the quantification of such errors is
a nontrivial task, which is beyond the scope of this chapter. It is worth
acknowledging that the VH reconstruction method presented here merely
yields a rough approximation of the three-dimensional particle shape as
long as only two projections are available. It is clear that configurations
with more cameras would alleviate the problems associated with this aspect. However, the accompanying, necessary changes in cost, (flow cell)
geometry and the additional effort w.r.t. the calibration, imaging cost, etc.
imply that the choice of the number of cameras represents a trade-off in
this application. It can be said with a fair level of certainty that the boost
in information obtained from having a second camera is such that adding
it is hugely advantageous, whereas every subsequent camera only offers
incremental improvement. Furthermore, there is no doubt that the output
from the shape classification model is a qualitative result, which is not
necessarily linked to physical quantities. However, it may be closely correlated with such. The work carried out is conceived to make meaningful
process indicators available, which provide an insight into the predominant
shape of crystal populations during a crystallization process. Considering
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the mentioned limitations, the output from the measurements should be
analyzed with care, to avoid over-interpretation.
2.5.3 Way Forward
The techniques outlined in this chapter could be a useful aid in other
fields of research dealing with particulate matter where shape related
information is critical. The compact design enables the device to be set up
in a standard laboratory hood or cart, which paves way for it to be utilized
for industrial applications in particular during late-stage development and
for the troubleshooting of launched products, in synergy with available
commercial characterization tools to provide better insights into various
processes. A significant step forward has been made toward making size
and shape feedback control of a process possible in the near future.
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nomenclature
Acronyms
1D, 2D
BLGA
CC
CLD
CMOS
DISCO
eVTB
FBRM
FOV
fps
FTC
GDM
LD
LED
PAT
PSD
PSSD
rpm
SDK
SFS
SVM
TVSeg
VH

n-dimensional, n = 1, 2, ...
β l-glutamic acid

Coulter counter
chord length distribution
complementary metal-oxide-semiconductor
dual imaging system for crystallization observation
extended virtual test bench
focused beam reflectance measurement
field of view
frames per second
flow through cell
γ d-mannitol
laser diffraction
light-emitting diode
process analytical technology
particle size distribution
particle size and shape distribution
revolutions per minute
software development kit
shape-from-silhouette
support vector machine
total variation segmentation
visual hull

Greek Symbols
αj
β
γ
ε
κj
λn
λ∗n
µij
Ω
ω
φj

j-th isotropic scaling factor [µm/pixel]
convexity product [–]
learning rate of the adaptive background subtraction [–]
relative translational misalignment of cameras along the zw [µm]
convexity pertaining to camera j [–]
n-th eigenvalue of V̂ [µm]
n-th normalized eigenvalue of V̂ [–]
ij-cross moment of shape distribution [µmi + j − 2 ]
image domain
circularity product [–]
roll angle of j-th camera [rad]
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Ψ
σn
τ
µ̃ij
ζ

normalized fraction of classes [–]
broadness measure of a 2D distribution in direction n [µm]
global intensity threshold for binarization [–]
ij-cross moment of reduced shape distribution [µmi + j − 2 ]
normalized number of particles [–]

Roman Symbols

[ũ0 , ṽ0 ]
principal point offset coordinates [pixel]
[u j , v j ]
image plane coordinates camera j [pixel]
[ x, y]
discrete pixel coordinates on Ω [pixel]
V̂
data matrix holding voxels of the subsampled visual hull [µm]
V
data matrix holding voxels of the visual hull [µm]
∆s
edge length of a cubic voxel in the visual hull [µm]
∆x
bounding box centroid difference along the zw -direction [µm]
q̂
discretized normalized nD number density distribution [–]
q̂V
discretized normalized nD volume density distribution [–]
x̂ j
bounding box centroid x-coordinate in coordinate system O j [µm]
Ow
world coordinate system
Oj
j-th camera coordinate system
Kj
j-th camera matrix
Rj
j-th camera rotation matrix
Tj
j-th translation vector
V
normalized reconstructed visual hull volume [–]
L̃n
reduced characteristic particle size [µm]
x
4-dimensional feature vector [–]
B( x, y, tk ) background model at time step tk
G ( x, y, tk ) binary segmentation mask at time step tk
I ( x, y, tk ) new frame at time step tk
Idiff ( x, y, tk n
) ew difference frame at time step tk
Ln
characteristic particle size, L1 ≥ L2 ≥ L3 [µm]
N
number of voxels in the visual hull [–]
Qj
isoperimetric quotient (circularity) pertaining to camera j [–]
S
supersaturation [–]
T
temperature [◦C]
tk
time at discrete time step k [s]
Subscripts and Superscripts
A, B
j
k
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subscript pertaining to primary and secondary camera
camera identifier j ∈ {A, B}
discrete time step
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x, y, z

subscripts denoting direction in Euclidean space
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Part II
A P P L I C AT I O N S

If it disagrees with experiment, it’s wrong. In that simple statement is
the key to science.
— Richard P. Feynman

3
E S T I M AT I O N O F L I Q U I D P H A S E C O N C E N T R AT I O N
U S I N G I N F O R M AT I O N E M B E D D E D I N T H E S O L I D
PHASE

The solute concentration in crystallization processes is generally estimated
by observing properties of the liquid phase. In this chapter, a novel method for
online estimation of the change in the solute concentration caused by seeded
batch crystallization or dissolution of a population of crystals in suspension is
presented. The method is based on multiprojection imaging to track variations
in the total solid volume of the population, thus enabling inference of the
solute concentration through the mass conservation constraint. The solute
concentration estimates obtained in this way are validated by using them to
measure the solubilities of β l-glutamic acid and vanillin in water within certain temperature ranges and comparing them to literature data. The presented
method shows promise in estimating the solute concentration reliably under
circumstances where employing conventional techniques is challenging.

The results presented in this chapter have been reported in: Bötschi, S.; Rajagopalan, A. K.;
Morari, M.; Mazzotti, M. An Alternative Approach to Estimate Solute Concentration:
Exploiting the Information Embedded in the Solid Phase. J. Phys. Chem. Lett. 2018, 9, 4210–
4214. This article was published with a shared first authorship between Stefan Bötschi and
myself. This chapter also appears in a condensed form in Stefan Bötschi’s dissertation.82
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3.1

introduction

Crystallization processes involve two phases, namely, the solid phase (crystals or particles) and the liquid phase (solute dissolved in solvent). In
order to accurately describe crystallization phenomena or to control the
process, the ability to obtain robust information of the two phases, preferably online, is essential. The solid phase can be monitored and characterized using a variety of techniques, such as light scattering, laser diffraction, Raman spectroscopy, digital holography, and single and dual projection imaging.16,18,22,34,39,55,136,165,167 The liquid phase is usually monitored and characterized using spectroscopic or chromatographic techniques, such as attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, attenuated total reflectance ultraviolet/visible
(ATR-UV/vis) spectroscopy,48 Raman spectroscopy,48,49 high-performance
liquid chromatography (HPLC), and ultra-performance liquid chromatography (UPLC).50 Based on the summary of the liquid phase characterization
devices presented in Chapter 1, it is clear that in some batch crystallization
processes, unfavorable experimental conditions, the time required to obtain
the concentration estimate, or a combination of these factors may prohibit the use of commercially available spectroscopic or chromatographic
techniques to accurately observe the evolution of the solute concentration.
The purpose of this chapter is to present an alternative approach to
estimate solute concentration in crystallization processes. The need for
an alternative approach arises due to the inherent challenges posed by
conventional and commercially available techniques to estimate the solute
concentration. In the proposed approach instead of directly observing the
liquid phase, as done by conventional techniques, the changes in the solid
phase is tracked which by the mass conservation constraint embeds information regarding the changes in the liquid phase. To test the performance
of the proposed approach, the solubility curves of two systems, namely, β
l-glutamic acid in water and vanillin in water, was estimated. The solubility
curves thus obtained was compared with literature data, where the corresponding literature data was obtained using an ATR-FTIR. Additionally,
a qualitative comparison of the solute concentrations obtained from the
proposed approach with ATR-FTIR and a quantitative elementary error
analysis was performed.
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The chapter is structured as follows. First, the concept of the proposed
approach is presented in Section 3.2. Second, a description of the materials
and methods is provided in Section 3.3. Finally, the performance of the
proposed approach to estimate the solute concentration is discussed in
detail in Section 3.4.
3.2

concept

In a seeded batch crystallization process where no reactions occur, the
presence of solid particles and their change over time inherently contains
information regarding the liquid phase through the mass conservation
constraint, i.e., an increase in the mass of the crystals is reflected as a
decrease in the solute concentration, and vice-versa. This basic principle
can be exploited by means of multiprojection imaging devices that provide
time-resolved measurements of the volume of the particles. For instance,
the µ-DISCO (see Chapter 2)45 is a stereoscopic imaging device that has
been developed to characterize the evolution of the particle size and shape
distribution during seeded batch crystallization or dissolution (see Section 3.3.2). Image analysis routines operate on the orthographic projections
of the particles in the flow channel obtained in this way.45 Apart from
characterizing the population of crystals, these routines provide an estimate
of the visual hull154 of the particles observed in the channel. The volume of
a specific visual (see Section 2.3.2.4) hull can be seen as an approximation
to the volume of the corresponding particle. A schematic of this particle
volume approximation procedure is visualized in Figure 3.1. Below, the
quantity obtained by estimating and summing up the visual hull volumes
of all the particles imaged within a short period of time, i.e., between the
time instants t and t + ∆t, will be referred to as the total visual hull volume
V̂ (t) at time t.
In order to estimate the change in the solute concentration based on the
observed change in the total visual hull volume, the material balance


ĉ(t) = c0 − ρc φv V̂ (t) − Vseed
(3.1)
is employed, where ĉ and c0 are the estimated solute concentration at time t
and the known initial solute concentration, respectively, both on a per mass
of solvent basis. ρc is the crystal density, φv is a scaling factor explained
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Figure 3.1: Schematic of the visual hull approximation procedure for the silhouettes of a needle-like particle observed by the two cameras of a stereoscopic
imaging device such as the µ-DISCO.45 The two silhouettes (green and gray
areas on the vertical planes) are projected into and intersected in space, yielding
the visual hull (dark body) of the particle.

below, V̂ is the total visual hull volume observed at time t, and Vseed is the
volume of seeds added per mass of solvent. The latter quantity is defined
as
mseed
Vseed =
(3.2)
msolvent ρc
where mseed is the mass of seeds and msolvent is the mass of the pure solvent.
Since a measurement approach that is based on sampling particles from
a crystallizer is considered here, a scaling factor φv has to be introduced
to account for the difference in the volume of particles observed by the
device V̂ in the time interval between t and t + ∆t and the total volume of
particles in the crystallizer. At the time instant t0 (i.e., when the seeding
takes place), the total volume of the solids in the crystallizer is given by
the known volume of the seeds. Thus, the scaling factor can initially be
taken to be the ratio of the volume of the seeds (which, for convenience,
is normalized by the solvent mass) and V̂ (t0 ). Under the assumption that
the ratio of the total solid volume in the crystallizer to the sampled solid
volume remains constant over the course of the batch experiment, the same
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scaling factor can be applied at all sampling instants with t > t0 . Thus, the
scaling factor in eq 3.1 is defined to be the constant
φv =

Vseed
V̂ (t0 )

(3.3)

It is worth acknowledging that the method proposed here to estimate the
solute concentration has a certain error associated with it. First, the visual
hull volume overestimates the true volume of the observed crystals.45 Second, to use the information provided by sampling devices in a quantitative
way, the sampling from the crystallizer needs to be unbiased and consistent
over time, which may or may not be the case. One way of assessing the
impact of these errors, and thus the accuracy of the method, is to compare
the solute concentration estimates obtained from eq 3.1 with independent
measurements. An alternative approach is to perform an elementary error
analysis by propagating uncertainties in the measured total visual hull
volume through eq 3.1. Both these approaches are discussed in detail in
Section 3.4.
3.3
3.3.1

materials and methods
Materials

Monosodium l-glutamic acid monohydrate (NaGlu, Sigma-Aldrich, Buchs,
Switzerland, purity > 99 %) and hydrochloric acid (HCl, Sigma-Aldrich,
Buchs, Switzerland, 37-38 %) were used as purchased to prepare seed
crystals. For all the experiments performed in the scope of this chapter,
deionized and filtered (filter size of 0.22 µm) water was taken from a Milli-Q
Advantage A10 system (Millipore, Zug, Switzerland). The needle-like, stable
β polymorph of l-glutamic acid was used for the experiments involving
this compound. The saturated solutions were prepared using β l-glutamic
acid (BLGA, Sigma-Aldrich, Buchs, Switzerland, purity > 99 %).
Vanillin (Sigma-Aldrich, Buchs, Switzerland) and deionized and filtered
water were used for the experiments. Four different polymorphs of Vanillin
exist. The stable form I was purchased from the supplier and subsequently
used as purchased for the preparation of saturated solution.
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Figure 3.2: Schematic of the experimental setup (crystallizer and sampling
loop) coupled with the stereoscopic imaging device (µ-DISCO). A predefined
temperature profile for each experiment is provided to the thermostat, which in
turn controls the temperature of the suspension.

The BLGA and vanillin crystals purchased from the manufacturer were
not used for seeding the experiments. Instead, a seed preparation protocol,
which is described in Section 3.3.3, was employed.
3.3.2 Setup
The experiments in this chapter were performed in a 2000 mL glass jacketed stirred crystallizer. A ministat 230-CC3 thermostat (Huber, Offenburg,
Germany) was used to control the temperature in the crystallizer. The suspension for all the experiments was stirred at 400 rpm using a 4-blade glass
impeller of 60 mm diameter at an inclination of 45° (LaboTechSystems LTS
AG, Reinach, Switzerland). The characterization of the solid phase was performed using the stereoscopic imaging device µ-DISCO (see Chapter 2),45
which is an ex situ device that makes use of a sampling loop; a schematic
of this setup is shown in Figure 3.2.
The suspension from the crystallizer was pumped through a square
channel at a flow rate of 400 mL min−1 . It was observed that this flow rate
used in this chapter (and subsequent chapters) was adequate enough to
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ensure minimum sedimentation of the particles along the sampling loop.
Every 2 min, either 500 or 800 images of the suspension were acquired at a
frequency of around 75 frames per second. During the image acquisition
phase, the flow rate was reduced to 100 mL min−1 to avoid motion blur.
Motion blur in such imaging systems can often be encountered when
the suspension is pumped at a high flow rate and when the images are
acquired with long exposure times. Eventually, motion blur can lead to an
inaccurate characterization of the size and shape of the observed particles.
Upon the acquisition of the images, the original flow rate of 400 mL min−1
was resumed. The images obtained were processed using an automated
image analysis routine to characterize the solid phase, i.e., to obtain a
multidimensional particle size and shape distribution (PSSD). Apart from
characterizing the dimensions of the particles, the µ-DISCO provides also an
estimate of the volume of the crystals being sampled from the crystallizer,
referred to as the total visual hull volume in Section 3.2 (see Section 2.3.2.4).
Within the scope of this chapter, the total visual hull volume is the measured
quantity of interest and the visual hull volume of each observed crystal
was considered. Further information regarding the µ-DISCO and the image
analysis routines can be found elsewhere (see Chapter 2).45
3.3.3

Seed Preparation Protocol

In the case of BLGA, the seed crystals were prepared by means of a twostep pH-shift precipitation. In the first step, crystals of the α polymorph of
l-Glutamic acid (ALGA) were produced by mixing equimolar quantities of
NaGlu and HCl in deionized and filtered water and by stirring at 300 rpm
at 5.0 ◦C for 1 h. Subsequently, the solution was filtered off and the ALGA
crystals were dried. In the second step, a saturated solution of ALGA in
water at 45.0 ◦C was prepared by again mixing equimolar quantities of
NaGlu and HCl. The ALGA crystals obtained in the previous step were
suspended in this solution and subsequently allowed to undergo a solventmediated polymorphic transformation to the β polymorph.165 The solution
was filtered off, the BLGA crystals were dried, and finally, they were drysieved using the sieve fraction 90-180 µm.
In the case of vanillin, a saturated solution of vanillin in water was
prepared at 40 ◦C, corresponding to a concentration of 23.49 g kg−1 on a per
mass of solvent basis. The saturated solution was subsequently crash-cooled
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to 20 ◦C. Once the temperature reached 20 ◦C, the suspension was filtered
off and the retained solids were dried.
3.3.4 Experimental Protocol
3.3.4.1

BLGA

For the six BLGA experiments performed in this chapter (and referred to
as experiment α through ζ), saturated solutions of BLGA in water were
prepared at the temperatures 25.0 ◦C, 25.8 ◦C, 27.0 ◦C, 28.2 ◦C, 29.4 ◦C, and
26.2 ◦C by adding excess amounts of purchased BLGA and letting the suspensions equilibrate for several hours. Afterward, for each experiment, the
solution was filtered off and 2000.0 g were loaded into the batch crystallizer.
The sampling loop of the µ-DISCO was inserted into the crystallizer, and
the clear solution was cooled down to the temperature corresponding to
the desired initial supersaturation of S0 = 1.01. Upon reaching this temperature, 0.8 g of BLGA seed crystals were added to the clear solution.
Subsequently, the following temperature profile was applied to the suspension: first, it was kept at the initial temperature for two hours, i.e., at
slightly supersaturated conditions. This ensured that the solid particles
did not dissolve during this initial phase. Note that the growth rate of
BLGA at such a low supersaturation is negligible. Then, a heating rate of
0.3 ◦C h−1 was applied until reaching the saturation temperature, where
the suspension was kept for half an hour. Subsequently, the suspension was
heated again with a heating rate of 0.3 ◦C h−1 for two hours, after which
it was kept at the intermediate temperature for either half an hour or two
hours (intermediate temperature plateau), before heating it further with the
same heating rate until it reached the final temperature of the experiment,
which was 1.2 ◦C above the saturation temperature. Finally, the suspension
was kept at the final temperature for either two or five hours. The duration
of this final phase, of the intermediate temperature plateau, as well as
the initial temperature T0 , the saturation temperature Tsat , and the final
temperature Tfinal are listed in Table 3.1.
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3.3.4.2

Vanillin

For the seven vanillin experiments discussed in this chapter (and referred
to as experiment η through χ), saturated solutions of vanillin in water
were prepared at the temperatures 25.1 ◦C, 25.8 ◦C, 26.5 ◦C, 27.2 ◦C, 27.9 ◦C,
28.5 ◦C, and 25.8 ◦C by adding excess amounts of purchased vanillin and
letting the suspensions equilibrate for several hours. Afterward, for each
experiment, the solution was filtered off and 2000.0 g were loaded into the
batch crystallizer. The sampling loop of the µ-DISCO was inserted into the
crystallizer, and the clear solution was cooled down to the temperature
corresponding to the desired initial supersaturation of S0 = 1.02. Upon
reaching this temperature, 1.0 g of vanillin seed crystals were added to
the clear solution. Subsequently, the following temperature profile was
applied to the suspension: first, it was kept at the initial temperature for
three and a half hours. The vanillin seeds used for the experiments were
aggregated and suspending them in water led to a detectable deaggregation
over a period of about 90 min, during which also the observed total visual
hull volume stabilized. This initial stabilization phase was removed from
the data in a post-processing step. Similar to BLGA, during the initial
phase, the suspension was under slightly supersaturated conditions, and
growth of the crystals was not observed during this phase. After staying
at the initial temperature, a heating rate of 0.3 ◦C h−1 was applied until
reaching the saturation temperature, where the suspension was kept for
30 min. Subsequently, the suspension was heated again with a heating
rate of 0.3 ◦C h−1 for 80 min, after which it was kept at the intermediate
temperature for 2 h (intermediate temperature plateau), before heating it
further with the same heating rate until it reached the final temperature of
the experiment. This final temperature was either 0.7 ◦C (experiments η-κ)
or 0.6 ◦C (experiments λ and ν) above the saturation temperature. Finally,
the suspension was kept at the final temperature for another 5 h. The
duration of this final phase, of the intermediate temperature plateau, as
well as the initial temperature T0 , the saturation temperature Tsat , and the
final temperature Tfinal are listed in Table 3.1.
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Exp

Intermediate
plateau duration [h]

Final phase
duration [h]

T0 [◦C]

Tsat [◦C]

Tfinal [◦C]

2.0
0.5
0.5
2.0
2.0
2.0

5.0
2.0
2.0
5.0
5.0
5.0

24.7
25.5
26.7
27.9
29.1
25.9

25.0
25.8
27.0
28.2
29.4
26.2

26.2
27.0
28.2
29.4
30.6
27.4

2.0
2.0
2.0
2.0
2.0
2.0
2.0

5.0
5.0
5.0
5.0
5.0
5.0
5.0

24.7
25.4
26.1
26.8
27.5
28.1
25.4

25.1
25.8
26.5
27.2
27.9
28.5
25.8

25.8
26.5
27.2
27.9
28.5
29.1
26.5

BLGA
α
β
γ
δ
ε
ζ

Vanillin
η

θ
ι
κ
λ
ν
χ

Table 3.1: Experimental conditions explored to estimate the solubility curves
of BLGA in water and of vanillin in water using the method proposed in this
chapter.

3.4

efficacy of the proposed approach

3.4.1 Estimation of Solubility Curves
In the scope of this chapter, a series of batch experiments was carried out
with the aim of obtaining the solubility curves for two different compounds
using the proposed method and of comparing these curves to solubility data
available in the literature. To this aim, small amounts of BLGA and vanillin
seed crystals were suspended in saturated solutions, where these amounts
had to be chosen so as there was only a small number of overlapping
particles18 in the images taken by the µ-DISCO. Heating the suspensions
based on the protocol described in Section 3.3.4, with the aim to drive
them to slightly undersaturated conditions should lead to the dissolution
of solids and an associated change in the solute concentration, which could
be visualized in the phase diagram. During all the experiments and all the
experimental phases, the evolution of the solid phase was characterized
using the µ-DISCO. In a post-processing step, eq 3.1 was applied to estimate
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the evolution of the solute concentration over time for each experiment. It
is worth noting that online estimation is possible as well. By combining
the solute concentration estimates for the multiple experiments obtained
in this way, a certain range of the solubility curves of the two systems
could be covered. The independently measured solubility curves used for
comparison are reported in the literature, where both of them were obtained
using ATR-FTIR spectroscopy.5,56 These solubility curves were also used to
obtain the value of c0 in eq 3.1 at the corresponding saturation temperatures
of the experiments.

Figure 3.3: Evolution of the solute concentration estimate (dark gray and brown
solid markers) and the temperature (dark green solid markers) for BLGA experiment (a) α and (b) ε. (c) Phase diagram (concentration versus temperature)
containing the solubility of BLGA in water reported in the literature56 (solid
blue line), as well as the experiments α through ε performed in the scope of
this chapter (dark gray, light blue, and brown solid markers). The brown and
light blue markers correspond to data points where the temperature was above
the initial saturation temperature for each experiment, whereas the dark gray
markers highlight the data points where it was below.

In the case of BLGA, a total of five experiments were performed according
to the procedure outlined above, each covering a different part of the
temperature range from 25.0 ◦C to 30.6 ◦C. Below, these five experiments
will be referred to as experiments α through ε. The corresponding results
are visualized in Figure 3.3. In Figure 3.3a it can be seen that experiment
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α was kept at the initial temperature of 24.7 ◦C for two hours (which

corresponds to the desired initial supersaturation of 1.01), after which it
was heated to the saturation temperature of 25.0 ◦C within another hour,
and kept there for another half an hour. As expected, during these initial
three and a half hours, the solute concentration estimate obtained from
eq 3.1 did not change. After the initial phase, the suspension was heated
to the final temperature of 26.2 ◦C with a heating rate of 0.3 ◦C h−1 , but the
heating was interrupted by a two-hour temperature plateau at 25.6 ◦C. After
exceeding the saturation temperature, the solute concentration estimate
increased until the intermediate temperature plateau was reached, during
which it stabilized with a certain delay. A delayed stabilization could also
be observed after reaching the final temperature plateau at 26.2 ◦C. In both
cases, this delay can be attributed to the dissolution kinetics of BLGA
in water. Figure 3.3b confirms that experiment ε, which was operated at
higher temperatures, showed qualitatively the same behavior as experiment
α. In Figure 3.3c, it can be seen that the concentration versus temperature
evolution of the five experiments stays close to the solubility of BLGA in
water reported in the literature56 and approaches it during the intermediate
and final temperature plateaus.
For the system vanillin in water, six experiments (η through ν) were
performed, each covering a different part of the temperature range from
25.1 ◦C to 29.1 ◦C. The evolution of the temperature and the solute concentration estimate of experiments η and ν are plotted in Figure 3.4a and
Figure 3.4b, respectively. It can be seen that these experiments behaved
qualitatively in the same way as those using BLGA. A slight difference
is visible in Figure 3.4a (experiment η): the solute concentration estimate
already started to increase mildly when the initial saturation temperature
of 25.1 ◦C was reached. Also, Figure 3.4c shows that the final concentration
estimates tend to be slightly above the solubility curve from the literature.
The reason for this behavior can be twofold: one, the vanillin seeds were
aggregated initially and deaggregated more and more into primary, needlelike particles over the course of the experiments, which could influence the
observed total visual hull volume. Two, the various solubilities of vanillin
in water reported in the literature show discrepancies among themselves.5
All in all, based on Figure 3.4c it can be concluded that the six experiments
agree well with the solubility data reported in the literature.
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Figure 3.4: Evolution of the solute concentration estimate (dark gray and brown
solid markers) and the temperature (dark green solid markers) for vanillin
experiment (a) η and (b) ν. (c) Phase diagram (concentration versus temperature)
containing the solubility of vanillin in water reported in the literature5 (solid
blue line), as well as the experiments η through ν performed in the scope of
this chapter (dark gray, light blue, and brown solid markers). The brown and
light blue markers correspond to data points where the temperature was above
the initial saturation temperature for each experiment, whereas the dark gray
markers highlight the data points where it was below.

For BLGA, in addition to the five experiments mentioned above, another
experiment was performed that covered the temperature range from 26.2 ◦C
to 27.4 ◦C (experiment ζ). And for vanillin, in addition to the six experiments mentioned above, another experiment was performed that covered
the temperature range from 25.8 ◦C to 26.5 ◦C (experiment χ). These two
experiments can be seen as a reproducibility test since it covered a temperature interval that was already covered by the series of experiments α
through ε and η through ν for BLGA and vanillin, respectively. The corresponding data, alongside the data of the main experiments, are visualized
in Figure 3.5 in the form of a concentration versus temperature plot for both
the compounds. It is evident that the experiments conducted to test the
reproducibility of the proposed concept to estimate the solute concentration
is indeed satisfactory.
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Figure 3.5: (a) Solubility curve of BLGA in water reported in the literature56
(solid blue line), and concentration estimated using the µ-DISCO for experiments
α through ε (light blue solid markers) and ζ (dark gray and dark blue solid
markers). The dark gray markers highlight the data points of experiment ζ
where the temperature was below the initial saturation temperature Tsat . (b)
Solubility curve of vanillin in water reported in the literature5 (solid blue line),
and concentration estimated using the µ-DISCO for experiments η through
ν (light blue solid markers) and χ (dark gray and dark blue solid markers).
The dark gray markers highlight the data points of experiment χ where the
temperature was below the initial saturation temperature Tsat .

3.4.2 Comparison Between Concentration Estimates Based on ATR-FTIR Spectroscopy and on Stereoscopic Imaging
As discussed in the introduction, ATR-FTIR spectroscopy is one of the
the most commonly used techniques to monitor the solute concentration
in a crystallization process. In order to better understand the shortcomings of using ATR-FTIR to measure the concentration for systems that
are challenging, a study was performed to compare the solubility curve
measurements obtained from the ATR-FTIR with the method proposed in
this chapter. To this end, the solubility of BLGA in water was measured experimentally using a ReactIR 45m system from Mettler-Toledo (Greifensee,
Switzerland), equipped with a diamond ATR crystal. The spectra were
collected over a 1 min interval in the range 650 cm−1 to 2400 cm−1 with a
resolution of 4 cm−1 . A linear baseline correction and Savitzky-Golay filter-
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ing were applied to all the spectra. The linear baseline consisted of a linear
spline, spanning the wavenumber ranges from 1208 cm−1 to 1240 cm−1 and
from 1336 cm−1 to 1476 cm−1 . A multivariate calibration model based on
the partial least squares method with 49 variables was built using known
concentrations,58 and this model was subsequently used for estimating the
solubility curve.

Figure 3.6: (a) Solubility curve of BLGA in water reported in the literature56
(solid blue line), measured using the µ-DISCO (light blue solid markers), and
ATR-FTIR (light green solid markers). (b) Solubility of BLGA in water at 25 ◦C
reported in the literature56 (solid blue line) and evolution of the concentration
of BLGA in water measured at constant temperature using the µ-DISCO (light
blue solid markers) and using ATR-FTIR (light green solid markers).

When the ATR-FTIR was used, the solubility of BLGA in water was
measured by heating a saturated suspension from 25 ◦C to 30 ◦C at a rate of
1 ◦C h−1 . At 25 ◦C and at 30 ◦C, the temperature was held constant to verify
if the suspension was at equilibrium. An excess of solid particles was added
at the beginning of the experiment to ensure that the suspension would also
be at equilibrium at the end of the experiment. Since a single experiment
was used to cover the whole temperature range between 25 ◦C to 30 ◦C,
this implies that the solid phase concentration in this experiment was
considerably higher than the one in the experiments where the µ-DISCO
was applied to estimate the solute concentration.
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For obtaining the concentration estimates using stereoscopic imaging,
the protocol described in Section 3.3.4 was employed.
The solubility curve of BLGA in water estimated using the µ-DISCO
(experiments α-ε), the one obtained from ATR-FTIR, and the solubility curve
reported in the literature56 are shown in Figure 3.6a. One can infer from it
that the concentration estimates of both techniques are in good agreement
with the literature data. However, a closer look reveals a higher noise level
in the concentration estimate obtained from ATR-FTIR when compared
with the one obtained from the µ-DISCO over the whole temperature
range explored. Time-resolved concentration estimates obtained from the µDISCO and from ATR-FTIR at a temperature plateau corresponding to 25 ◦C
are shown in Figure 3.6b. Even though the concentration estimate obtained
from ATR-FTIR has an error of less than 3 % with respect to the equilibrium
concentration reported in the literature, the estimated concentration at a
constant temperature again confirms that the noise level from the ATRFTIR is significantly higher than the one obtained from the µ-DISCO in this
case. Since the spectroscopic instrument was carefully calibrated using a
state-of-the-art method,58 the higher noise level has to be attributed to the
inherent limitations of the technique applied to this system (having low
solubility and exhibiting a weak peak in the mid-IR region).
The comparison presented in this section indicates that a concentration
estimate with a comparatively low noise level for the system BLGA in water
was obtained using the µ-DISCO. However, the advantages that ATR-FTIR
spectroscopy has over multiprojection imaging in terms of concentration
estimation, besides being widely used, also need to be kept in mind. In fact,
obtaining a solubility curve using IR spectroscopy enables exploring larger
ranges of temperature and concentration in a single experiment, where the
high solid phase concentration hinders covering the same range using a
multiprojection imaging based method in the absence of additional dilution
equipment. Moreover, ATR-FTIR spectroscopy has the ability to distinguish
different species in solution. This information cannot be inferred from a
multiprojection imaging device, since it only observes directly the solid
phase.
For a crystallization experiment, be it either growth or dissolution, the
imaging based method requires only knowledge of the equilibrium (or
initial) solute phase concentration, thereby eliminating the need to build
a calibration model. This feature is particularly beneficial since building a
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calibration model for a spectroscopic concentration measurement method
requires a time-consuming series of experiments using comparatively large
amounts of solid material.
3.4.3

Elementary Error Analysis

As discussed in Section 3.2, estimating the solute concentration based on
multiprojection imaging is not free of errors, and an experimental approach
to quantify the overall inaccuracy is presented by means of measuring
the solubility curves of two different compounds (see Section 3.4.1). An
alternative way of assessing the impact of the first possible source of error,
namely, the uncertainty in the total visual hull volume, is to propagate the
uncertainty in this measurement through eq 3.1. As a first step, eq 3.3 is
plugged into eq 3.1, which yields


V̂
(
t
)
− 1
(3.4)
ĉ(t) = c0 − ρc Vseed 
V̂ (t0 )
For the elementary error analysis discussed below, the simplifying assumption that c0 , ρc , and Vseed are known exactly is made, whereas V̂ (t) and
V̂ (t0 ) are subject to uncertainty. In order to propagate the uncertainties
in the latter two quantities through eq 3.4, they have to be known quantitatively, which is however not the case in reality. Thus, in this section,
an in silico study is relied upon to quantify the difference between the
total visual hull volume V̂ (t) measured by the stereoscopic imaging device
µ-DISCO and the true total volume Vtrue (t) of a sampled and observed
subset of a population of polyhedral particles. To do so, both quantities
were determined using the virtual test bench (VTB) introduced and applied
previously.18,19,88 The purpose of the VTB is to emulate in silico the measurement process performed by a stereoscopic imaging device that relies
on sampling of the suspension from a batch crystallizer. In general, it is a
priori clear that the difference between the two quantities Vtrue (t) and V̂ (t)
is a strong function of the actual geometry of the observed particles and
also of their size, since these factors influence the accuracy of the visual hull
approximation procedure.45 Therefore, the error analysis was conducted
for three different particle populations that were measured during three
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different temperature plateaus of experiment α, which implies that the
particle sizes in these three populations are different as well.
3.4.3.1

Measurement of Particle Populations

As discussed in Section 3.3.2, the µ-DISCO characterizes the dimensions of
the observed particles. For experiment α, about 85% of all observed particles
were classified as either needle-like or quasi-equant by the automated shape
classifier algorithm of the µ-DISCO (see Section 2.3.3).45 The characteristic
dimensions of these particles were obtained by imposing a cylinder shape
with a characteristic length and width. These dimensions were subsequently
used to generate a 2D PSSD (henceforth referred to as PSSD).
In order to perform the error analysis, the particle population was obtained from the µ-DISCO for experiment α at three different temperature
plateaus Tsim corresponding to 25.0 ◦C, 25.6 ◦C, and 26.2 ◦C. To obtain a
statistically relevant number of particles, at each temperature plateau, the
population was characterized using a sampling interval of 2 min over a
period of 30 min. The resulting 15 measurements were concatenated to
yield a single population, characteristic of each temperature plateau. A total
of about 75 300, 67 700, and 60 100 particles were used to reconstruct the
PSSD at a temperature of 25.0 ◦C, 25.6 ◦C, and 26.2 ◦C, respectively. Notice
that, due to the dissolution of the crystals over time, the number of particles
used to reconstruct the PSSDs reduces as the temperature increases for a
fixed time of observation.
Since the PSSDs obtained in this way were based on the generic, cylindrical particle shape model, they were subsequently transformed into the
polyhedral particle model for BLGA and they were scaled to match the
solid mass present in the experiment, as described elsewhere.88
3.4.3.2

Quantification of the Uncertainty in the Total Visual Hull Volume

The three particle populations obtained as explained in Section 3.4.3.1 were
input to the simulation framework described previously.88 For each of
these populations, a steady state simulation (i.e., at saturated conditions)
over a duration of 5 h was conducted, where the saturation temperatures
Tsim were given by 25.0 ◦C, 25.6 ◦C, and 26.2 ◦C, and the corresponding
solubilites c∗ ( Tsim ) were obtained from the solubility data reported in the
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literature.56 During these steady state simulations, in order to emulate
the measurement process of the µ-DISCO, the particle populations were
characterized using the VTB as described elsewhere,88 with a sampling
time of 2 min. The number of polyhedral BLGA particles Ns sampled at
each sampling instant was 7000, 5742, and 4470 for the three populations.
Np of these particles were placed in the virtual flow channel at the same
time, leading to Ns /Np pairs of virtual images to be analyzed at each
sampling instant. Np was set to 14, 11, and 6. Note that the values chosen
for Ns and Np were inferred from the experimental data of experiment α.
Both the total visual hull volume V̂ (t) of the simulated measurement and
the true total volume Vtrue (t) of the sampled subset of polyhedral BLGA
particles were computed. The evolution of V̂ (t) and Vtrue (t), as well as that
of the ratio of these two quantities, is visualized in Figure 3.7 for the three
steady-state simulations. It can be seen in Figure 3.7a that both V̂ (t) and
Vtrue (t) exhibit small fluctuations around an otherwise constant level for
all three cases. Additionally, it can also be observed that the level of both
quantities decreases with increasing temperature, indicating the decrease
in the overall particle volume caused by dissolution over the course of
experiment α. Figure 3.7b demonstrates that the ratio of V̂ (t) to Vtrue (t)
is larger than 1 for all three populations, i.e., the total visual hull volume
always overestimates the true volume of the sampled particles. Furthermore,
this ratio is also a function of the particle size, as indicated by the different
temperature plateaus. The smaller the particles get (i.e., the higher the
temperature plateau), the larger the ratio of V̂ (t) to Vtrue (t) gets. In other
words, the relative overestimation of the particle volume by the visual hull
gets larger as the particle size decreases.
3.4.3.3

Error Propagation

The uncertainty in the observed particle volume (as quantified in Section 3.4.3.2) needs to be propagated through eq 3.4 to assess the impact that
it has on the concentration estimate ĉ. Two different types of errors need to
be analyzed:168 first, the random error that stems from the fluctuations in
the data (see Figure 3.7a), and second, the systematic error that arises as
a consequence of the deviation between Vtrue (t) and V̂ (t) (see Figure 3.7).
To do so, as a first step, a number of key figures need to be derived from
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Figure 3.7: (a) Evolution of the true volume Vtrue of the sampled particles
(dark lines with circular markers) and of the total visual hull volume V̂ of the
observed particles (light lines with triangular markers) for the three steady state
simulations obtained from the VTB. (b) Evolution of the ratio of the total visual
hull volume V̂ to the true volume of the sampled particles Vtrue for the three
steady state simulations obtained from the VTB.

the data illustrated in Figure 3.7a. Concerning the uncertainty in V̂ (t0 ), the
following quantities are defined
V0 := V̂25.0 (t0 )
h
i
σV20 := Var V̂25.0 (t)

(3.5)

i.e., V0 is the first measurement of the total visual hull volume obtained
in the steady state simulation at 25.0 ◦C and σV20 is the empirical variance
of the time-resolved total visual hull volume at 25.0 ◦C, since in principle,
due to the random sampling, the variance of V0 and the variance of the
time-resolved total visual hull at the desired temperature should be equal.
Concerning V̂ (t), the following two statistical measures are defined
h
i
V̄Tsim := E V̂Tsim (t)
h
i
σV2T := Var V̂Tsim (t)
(3.6)
sim
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where Tsim is either 25.0 ◦C, 25.6 ◦C, or 26.2 ◦C. In eq 3.6, V̄Tsim is the mean
value of the time-resolved total visual hull volume observed in the steadystate simulation conducted at Tsim and σV2T is the variance of the same
sim
quantity.
By the propagation of error formulas,168 the mean ĉ¯ and the variance σĉ2
of the concentration estimate ĉ in steady-state at Tsim can be approximated
by


V̄Tsim
ĉ¯ = c0 − ρc Vseed 
− 1
V0
σĉ2

=

∂ ĉ
∂V̂

!2
σV2T
sim
V0 ,V̄Tsim

2
= ρ2c Vseed

1 2
σ
+
V02 VTsim

+

∂ ĉ
∂V̂0

V̄T2sim 2
σ
V04 V0

!2
σV20

(3.7)

V0 ,V̄Tsim

!

where V̂0 is a placeholder for V̂ (t0 ). Equation 3.7 accounts for the impact of
two random errors: first, for the fact that V0 solely depends on the random
sampling of the particle population at the first sampling instant of an
experiment (here: at 25.0 ◦C). Second, eq 3.7 also accounts for the random
fluctuations of V̂ (see Figure 3.7a), whose impact on the concentration
estimate is quantified by σĉ2 .
As can be seen in Figure 3.7, the total visual hull volume consistently
overestimates the true volume of the sampled particles. As long as this
overestimation is consistent between V̂ (t0 ) and V̂ (t), it does not introduce
a bias in the concentration estimate, since only the ratio of these two
quantities is considered in eq 3.4. However, as the particles change in size,
V̄Tsim overestimates the true volume of the particles by a different factor, as
can be seen in Figure 3.7b. Since the volume overestimation associated with
V0 remains the same for all the three temperature plateaus considered in
this study, a bias or a systematic error168 is introduced in the concentration
estimate. This systematic error can be quantified by


V̄
T
∆ĉ := c∗ ( Tsim ) − ĉ¯ = c∗ ( Tsim ) − c0 + ρc Vseed  sim − 1
(3.8)
V0
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where the true concentration c∗ ( Tsim ) at the considered temperature plateau
Tsim is known.
When applying Eqs. 3.5 through 3.8 to the data obtained from the in
silico study presented in this section, the numerical values listed in Table 3.2 are obtained. The true concentration c∗ ( Tsim ) (corresponding to
thermodynamic equilibrium or steady state) obviously increases with the
temperature Tsim . The mean ĉ¯ of the concentration estimate is close to the
true concentration c∗ ( Tsim ) in all three cases. The standard deviation σĉ of
the concentration estimate decreases slightly with increasing temperature,
which is consistent with the fluctuations of the total visual hull volume visualized in Figure 3.7a. As expected from the explanation given above, the
systematic error ∆ĉ increases with increasing temperature. Also, it is worth
noting that the magnitude of the uncertainties in the first row of Table 3.2 is
consistent with the experimentally observed uncertainty at the temperature
plateau of 25.0 ◦C as illustrated in Figure 3.6b. To conclude, it can be said
that both the random and the systematic error in the concentration estimate
are small in magnitude.
Tsim [◦C]

c∗ ( Tsim ) [g kg−1 ]

ĉ¯ [g kg−1 ]

σĉ [g kg−1 ]

∆ĉ [g kg−1 ]

25.0
25.6
26.2

8.268
8.448
8.632

8.272
8.383
8.550

0.013
0.009
0.005

-0.004
0.066
0.082

Table 3.2: True concentration c∗ ( Tsim ), mean ĉ¯ and standard deviation σĉ of the
concentration estimate, and systematic error ∆ĉ obtained from the elementary
error analysis conducted for all the three temperatures plateaus Tsim considered
in the in silico study.

The accurate estimation of the solubility curves for the two compounds,
the qualitative analysis presented in Section 3.4.2, and the error analysis
presented in this section clearly indicate that the concentration estimation
technique presented in this chapter can be used quantitatively in a seeded
batch crystallization or dissolution process.
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3.5

concluding remarks

To summarize, a novel method to estimate the evolution of the solute
concentration using multiprojection imaging in a crystallization process is
presented. To do so, a stereoscopic imaging device was utilized to track
changes in the solid phase volume. Even though the method is approximate
in nature, estimating the solute concentration by observing the solid phase
is promising, as the solubility measurements obtained in this study, for two
different compounds exhibiting different seed characteristics in terms of
particle shape, show good agreement with literature data. The method can
be useful in situations where employing commercially available standard
solute concentration monitoring tools is challenging. Additionally, in the
development phase of fine chemical production processes, both the solid
and the liquid phase could be characterized using the same device. In such
a scenario, this approach would eliminate the need to develop calibration
models for characterizing the liquid phase, which is beneficial since only
small amounts of the compound may be available.
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nomenclature
Acronyms
ALGA
ATR-FTIR
ATR-UV/vis
BLGA
DISCO
HPLC
IR
PSSD
rpm
UPLC
VTB

α l-glutamic acid
Attenuated total reflectance Fourier-transform infrared
spectroscopy
Attenuated total reflectance ultraviolet/visible spectroscopy
β l-glutamic acid
dual imaging system for crystallization observation
high-performance liquid chromatography
infrared
particle size and shape distribution
revolutions per minute
ultra-performance liquid chromatography
virtual test bench

Greek Symbols
α, . . . , ζ
η, . . . , χ

φv
ρc
σi

BLGA experiment labels
vanillin experiment labels
volume correction scaling factor [kg−1 ]
crystal density [g µm−3 ]
emperical variance of quantity i, unit varies

Mathematical Operators
E
Var

mean
variance

Roman Symbols
c
c∗
∆ĉ
mseed
msolvent
N
NP
NS
S
T
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solute concentration (per mass of solvent basis) [g kg−1 ]
solubility (per mass of solvent basis) [g kg−1 ]
systematic error in the concentration estimate (per mass of
solvent basis) [g kg−1 ]
seed mass [g]
solvent mass [kg]
total particle count [–]
number of sampled particles placed in virtual flow cell [–]
number of sampled particles [–]
relative supersaturation, c/c∗ [–]
temperature [◦C]
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t
V
Vseed
Vtrue

time, unit varies
total visual hull volume [µm3 ]
volume of seeds per mass of solvent [µm3 kg−1 ]
true total volume [µm3 ]

Subscripts and Superscripts
ˆ
¯
0
samp
sat
sim

measurement or estimate
average of the quantity
initial value
sampling
saturation
simulation
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4
M A N I P U L AT I O N O F S I Z E A N D S H A P E O F N E E D L E - L I K E
C R Y S TA L S U N D E R G R O W T H - D O M I N AT E D
CONDITIONS

The experimental validation of a model-free path following control (PFC)
scheme to manipulate the size and shape evolution of needle-like crystals in a
seeded, growth-dominated batch cooling crystallization process is presented.
To this aim, constant supersaturation control (CSC) and PFC experiments
were performed on the needle-shaped compound β l-glutamic acid. First, the
feedback controllers were coupled with an online size and shape monitoring
tool. Second, attainable regions for the average particle dimensions of two
different seed populations were determined experimentally using the CSC
strategy, which enabled selecting reasonable targets in the size and shape
space for the PFC experiments. Then, PFC experiments were performed to
guide the populations of seed crystals to certain targets within the attainable
region exhibiting different average sizes and shapes. The PFC strategy was
able to successfully and repeatedly complete this task, thereby operating in
a model-free fashion in the sense of not requiring multidimensional crystal
growth rate models. The experimental validation underlines the effectiveness
and the robustness of this feedback control scheme for the considered process.

The results presented in this chapter have been reported in: Rajagopalan, A. K.; Bötschi, S.;
Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape Evolution of Needle-like
Crystals in Suspension. II. Cooling Crystallization Experiments. Cryst. Growth Des. 2018,
18, 6185–6196
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4.1

introduction

Feedback control approaches have been proposed to control primarily
the size and more recently the shape of particles in a population during
crystallization processes.21,115,117 Experimental studies applying feedback
control based on particle size and shape measurements are rare in the
literature, because the required online monitoring devices are not yet widely
available. In an early contribution, an image analysis routine was applied
to classify the shape of growing sodium chlorate crystals and to control
the percentage of a certain shape class by modifying the concentration of
an impurity.119 Later, temperature cycling based on a multidimensional
crystal growth rate model coupled with online optimization was applied to
control the average size and shape of an ensemble of potassium dihydrogen
phosphate crystals.41
The purpose of this chapter is the experimental validation of the path
following control (PFC) scheme presented previously.88 This feedback
control strategy was designed specifically for seeded, growth-dominated
batch cooling crystallization processes. Its goal is to guide the evolution
of the average size and shape of a seed population of needle-like crystals
into a target region in the crystal size and shape space. In the scope of
this chapter, the model-free variant of the PFC was implemented, where
the term model-free refers to the favorable fact that the control strategy
does not require any crystal growth rate model, but only the solubility data
for the considered solute and solvent in the temperature range of interest.
Online monitoring of the particle size and shape distribution (PSSD), as
well as of the solute concentration, is required to provide the feedback
controller with the relevant measurements. These capabilities are provided
by the stereoscopic imaging device µ-DISCO that was described previously
(see Chapters 2 and 3).45
In this chapter, the system of β l-glutamic acid (BLGA) in water was
chosen for performing batch crystallization runs operated by the modelfree PFC. As a first step, two different seed populations were prepared.
Afterward, a supersaturation interval was chosen in which the considered
process is growth-dominated, i.e., in which nucleation and agglomeration
are negligible. Then, the underlying assumption for the operation of the
PFC was verified, i.e., that the ratio of the rate of change of the two average
dimensions considered is monotonic in the process temperature. To this
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end, a constant supersaturation control (CSC)169,170 strategy was applied,
which also allows to experimentally estimate the attainable region for the
average sizes and shapes of a given seed population. Finally, multiple
batch crystallization runs controlled by the model-free PFC strategy were
performed for both seed populations with the goal of repeatedly reaching
target average dimensions within the corresponding attainable regions.
This chapter is structured as follows. First, a brief overview of the PFC
scheme is given in Section 4.2. Second, a description of the materials
and methods is provided in Section 4.3. Finally, the results obtained from
performing feedback control experiments are discussed in Section 4.4.
4.2

overview of the control strategy

A PFC strategy was proposed to influence the evolution of the average
dimensions of needle-like crystals in a seeded, growth-dominated batch
cooling crystallization process. Its efficacy was tested using a custom process simulation framework, and it was shown that the PFC was able to
successfully guide the average dimensions of a population of BLGA crystals
to different targets within the corresponding attainable region, without any
knowledge of multidimensional crystal growth rate models.88
In this chapter, the proposed model-free variant of the PFC is coupled
with an experimental setup to drive populations of needle-like BLGA crystals in the crystal size and shape space, where this space is spanned by
the average length L̄1 and the average width L̄2 of the particles in these
populations. Within the scope of this chapter, the term PFC will always
refer to the model-free implementation of the controller. The experiments
are performed under conditions where nucleation, agglomeration, and
breakage are negligible. The assumption behind controlling the evolution
of the average dimensions is that the ratio of the rate of change of the two
L̄1 d L̄2
average dimensions ddt
/ dt is a monotonic function of the process temperature. This assumption is critical as it allows the crystal size and shape
to be influenced by soleley changing the process temperature (hence the
supersaturation), in the absence of other external actuators.88 Growing seed
populations of compounds characterized by multiple average dimensions
and subjected to constraints on temperature and supersaturation, where
the monotonicity assumption in the temperature (or in the supersaturation)
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is satisified, exhibit an attainable region for crystal size and shape.41,101 In
order to verify the monotonicity assumption and to determine the attainable
region in the crystal size and shape space (which is, in fact, a plane in the
case of needle-like crystals), experiments at different constant supersaturations (using CSC169,170 ) can be performed. Subsequently, a population of
seed crystals with measured average dimensions [ L̄ˆ 1,0 L̄ˆ 2,0 ]T can be directed
toward target average dimensions [ L̄1,target L̄2,target ]T chosen to lie within
the attainable region using the PFC strategy.
The PFC is implemented as a proportional-integral (PI) controller which
tries to keep the measured average dimensions of the PSSD [ L̄ˆ 1 (t) L̄ˆ 2 (t)]T
in the crystal size and shape space close to a reference path that connects
the measured average dimensions of the seed population [ L̄ˆ 1,0 L̄ˆ 2,0 ]T and
the target average dimensions [ L̄1,target L̄2,target ]T . This behavior enables termination of the batch process close to the selected target. The perpendicular
distance between the point with coordinates given by the measured average
dimensions and the reference path e(t), which is defined by eq 4.3 and is
referred to as the lateral deviation in ref 88, is computed at every point in
time when a new measurement of these average dimensions becomes available. In the scope of the PFC scheme, these measured average dimensions
of the PSSD can be defined either on a number- or on a volume-weighted
basis.88 The distance e(t) serves as the control error and is PI filtered to
produce a feedback contribution ∆Tfb (t) to the process temperature set
point that is given as
∆Tfb (t) = kp



1
e(t) +
τI

Zt

e(s) ds



(4.1)

t0

where kp and τI are the PI tuning parameters and t0 is the time at which
the controller action is initiated, which corresponds usually to the seed
addition time. The feedback contribution obtained from eq 4.1 is added to a
feedforward temperature set point Tff (t) to obtain the process temperature
set point
Tset (t) = Tff (t) + ∆Tfb (t)
(4.2)
After enforcing constraints on both the supersaturation and the temperature, this set point is sent to a low-level temperature controller in the
thermostat.88 A schematic of the measured average dimensions in the crys-

104

4.3 materials and methods

tal size and shape space, the distance e(t), and the predefined reference
path is shown in Figure 4.1.
In the PFC strategy, the control error, i.e., the perpendicular distance of
the current measurement from the reference path, is defined as88


 


R20 (t) − R2 (t) L̄ˆ 1 (t) − R10 (t) + R1 (t) − R10 (t) L̄ˆ 2 (t) − R20 (t)
r
e(t) =
2 
2
R2 (t) − R20 (t) + R1 (t) − R10 (t)
(4.3)
On the discretized reference path, [ R1 (t) R2 (t)]T and [ R10 (t) R20 (t)]T are
the two points that are closest to the current measurement [ L̄ˆ 1 (t) L̄ˆ 2 (t)]T ,
where the former point has a distance from the origin larger than the latter.

Figure 4.1: Schematic of the PFC approach to influence the evolution of the
average length L̄1 and width L̄2 of a population of needle-like crystals. Adapted
from ref 88.

4.3
4.3.1

materials and methods
Materials

Monosodium l-glutamic acid monohydrate (NaGlu, Sigma-Aldrich, Buchs,
Switzerland, purity > 99 %) and hydrochloric acid (HCl, Sigma-Aldrich,
Buchs, Switzerland, 37-38 %) were used as delivered for the preparation
of seed crystals. Deionized and filtered (filter size of 0.22 µm) water obtained from a Milli-Q Advantage A10 system (Millipore, Zug, Switzerland)
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was used for all the experiments performed in this chapter. Two different
polymorphs of l-glutamic acid exist, namely, the prismatic, metastable α
polymorph and the needle-like, stable β polymorph.58 β l-glutamic acid
(Sigma-Aldrich, Buchs, Switzerland, purity > 99 %) was used to prepare
saturated solutions. Since BLGA crystals obtained from the manufacturer
were milled, they were not used as seeds for the experiments. Instead, the
seed preparation protocol described in Section 4.3.4 was employed.
4.3.2 Experimental Setup
All the experiments performed in the scope of this chapter were carried out
in a 2000 mL glass jacketed stirred tank crystallizer (inner diameter = 15 cm)
connected to a ministat 230-CC3 thermostat (Huber, Offenburg, Germany)
with fixed internal controller parameters (P-cascade = 1000, I-cascade =
750, D-cascade = 0). The suspension was stirred by a 4-blade glass impeller
with 45° inclined blades and a diameter of 60 mm (LaboTechSystems LTS
AG, Reinach, Switzerland). A stirring rate of 400 rpm was used for all the
experiments, except during seed preparation. To monitor and characterize
the evolution of the process, the suspension from the crystallizer was
pumped through an ex situ stereoscopic imaging device using a sampling
loop.
4.3.3 Characterization Technique
A stereoscopic imaging device, the µ-DISCO (see Chapter 2) shown in
Figure 4.2, was used to measure the evolution of the 2D-PSSD (henceforth
referred to as PSSD).45 The suspension sampled from the reactor flowed
through a square quartz channel embedded in a sampling loop at a flow
rate of 400 mL min−1 . Every 5 min, 800 images of the suspension were
acquired using the burst mode at frame rates of up to 75 fps. During the
image acquisition phase, the flow rate of the suspension was reduced to
100 mL min−1 in order to eliminate motion blur (see Section 3.3.2 for a
detailed explanation). Upon the acquisition of the images, the original flow
rate of 400 mL min−1 was resumed.
The images were processed online using an automated image analysis
routine, which provided the size and shape of the imaged crystals. At each
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Figure 4.2: Schematic of the experimental setup coupled with the online characterization tool (µ-DISCO) and the feedback controller. The control algorithm is
implemented in a PC running matlab with the measured process temperature
T and the measured PSSD fˆ (t, L1 , L2 ) as inputs. The output from the controller
is the set point temperature Tset for the process.

sampling instant, on an average, around 10 000 particles were characterized
by the µ-DISCO. The elongated BLGA crystals were mostly classified
as needles and quasi-equant particles using the classification algorithm
described elsewhere (see Section 2.3.3).45 Particles assigned to these two
classes were assumed to be primary particles and, based on the generic
particle shape models proposed previously, each particle was approximated
by a cylinder with length L1 and width L2 .17 The PSSDs were reconstructed
by applying a binning protocol using a regular grid along the length and
width dimension over all the primary particles characterized by the µDISCO.17 Upon the reconstruction of the PSSD for the primary particles,
the characteristics of the distribution such as the average length and width,
the broadness, etc., could be described using different combinations of
cross moments of the PSSD. For instance, the average dimensions of the
population can be defined on a number- or on a volume-weighted basis.17,18
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The measurement technique has a threshold on the smallest size of
the particle that can be observed.45 During a growth process, particles
generated due to secondary nucleation, or fines present in the batch of
seed crystals, if any, can lead to new particles being observed by the µDISCO once they reach the minimum detectable size. Eventually, this can
have a significant impact on the number-weighted average dimensions. On
the contrary, the volume-weighted average dimensions are usually only
slightly affected, if at all. Note that this was not the case for the growth and
dissolution experiment presented in Section 2.4.4. Hence, in this chapter,
the volume-weighted average length and width of the measured PSSD were
used. They are defined as
µ̂22 (t)
L̄ˆ 1,v (t) =
µ̂12 (t)
µ̂ (t)
L̄ˆ 2,v (t) = 13
µ̂12 (t)
where
µ̂ij (t) =

Z∞ Z∞

j

L1i L2 fˆ (t, L1 , L2 ) dL1 dL2

(4.4)

(4.5)

0 0

is the ij-cross moment of the measured discretized number density function
fˆ (t, L1 , L2 ) at time t. A regular grid with 500 bins along the L1 direction and
with 150 bins along the L2 direction was used for the online reconstruction
of the PSSDs and for the evaluation of the cross moments of the distribution
for all the PFC experiments. The two quantities defined in eq 4.4 were fed
back to the PFC control algorithm to provide size and shape feedback. Prior
to using them in the control algorithm reviewed in Section 4.2, they were
low-pass filtered as described previously.88 After conducting the first PFC
experiment in this chapter (run γ1 in Section 4.4.3.1 and Figure 4.7), the
cut-off frequency of the low-pass filter was reduced to one twentieth of the
sampling frequency for all the remaining PFC experiments to reduce the
noise level even further.
The volume-weighted broadness of the measured PSSD at time t in each
of the two dimensions is defined as
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r


2
µ̂32 (t)/µ̂12 (t) − µ̂22 (t)/µ̂12 (t)

r


2
µ̂14 (t)/µ̂12 (t) − µ̂13 (t)/µ̂12 (t)

σ̂11,v (t) =
σ̂22,v (t) =

(4.6)

these quantities were however not used for feedback.
The discretized volume-weighted distribution fˆv shown in Sections 4.3.4 and 4.4.3.2
is defined as
L1 L22 fˆ(t, L1 , L2 )
fˆv (t, L1 , L2 ) =
(4.7)
µ̂12 (t)
4.3.4

Preparation of Seed Crystals

The seed crystals of BLGA were obtained via pH-shift precipitation followed
by polymorphic transformation, i.e., involving two steps. In the first step,
equimolar amounts of NaGlu and HCl were mixed in deionized and filtered
water with continuous stirring at 300 rpm at 5.0 ◦C for 1 h to produce
crystals of the α polymorph. The α crystals obtained were filtered and
dried. Subsequently, a solution saturated with respect to α l-glutamic acid
at 45 ◦C was created by mixing equimolar amounts of NaGlu and HCl.
The α crystals obtained from the previous step were allowed to undergo
a polymorphic transformation over 36 h to form the β polymorph. The
transformed crystals were subsequently filtered and dried.73
Three different batches of seed crystals were used in this chapter. They
will henceforth be referred to as Seeds 01, Seeds 02, and Seeds 03. Seeds
01 were obtained by dry-sieving (40-63 µm) BLGA crystals obtained at the
end of the precipitation process. Seeds 02 were obtained by wet-milling at
10 000 rpm (IKA Magic Lab rotor-stator wet mill equipped with MK/MKO
300) BLGA crystals obtained at the end of the precipitation process, followed
by dry sieving (40-63 µm). Seeds 03 were obtained by dry sieving (63-90 µm)
BLGA crystals obtained at the end of the precipitation process. The average
characteristics of the measured populations of Seeds 01 and 02 are given in
Table 4.1 and the corresponding PSSDs are shown in Figure 4.3. Note that
the population of Seeds 02 is more compact than that of Seeds 01. Also,
the average particle size in Seeds 02 is smaller than that in Seeds 01. These
differences are attributed to the wet-milling step. Seeds 03 are not shown in
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Figure 4.3 since this batch of seeds was only used for one of the steady-state
measurements described in Section 4.4.1, but not for growth experiments.

Figure 4.3: Discretized volume-weighted PSSDs fˆv (obtained using eq 4.7 and
normalized by the maximum of each PSSD) of the seed population for (a) Seeds
01 and (b) Seeds 02 used in the CSC and the PFC experiments. The contour line
values correspond to 0.1, 0.5, and 0.9 of each normalized PSSD. Along the L1
direction, a regular grid with a spacing of 18 µm and 13 µm was used for the
Seeds 01 and Seeds 02, respectively. Along the L2 direction, the corresponding
grid spacing was 10 µm and 13 µm.

4.3.5 Limits on Operating Conditions
A lower and an upper limit both on the supersaturation and on the temperature were defined for the experiments to satisfy various operational
constraints. The limits were chosen based on experimental experience with
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Seeds
01
02

L̄ˆ 1,v [µm]

L̄ˆ 2,v [µm]

σ̂11,v [µm]

229
169

39
45

107
77

σ̂22,v [µm]
12
12

Table 4.1: The measured volume-weighted average length L̄ˆ 1,v , width L̄ˆ 2,v , and
the measured broadness of the seed PSSD along the length direction σ̂11,v and
along the width direction σ̂22,v for the two batches of seeds used in the CSC and
the PFC experiments.

BLGA in water. The lower limit on the supersaturation Smin was set to
1.10 to ensure significant growth, whereas the upper limit Smax was set
to 1.18 to prevent observable nucleation and agglomeration. The bounds
on the operating limits of the temperature Tmin and Tmax were fixed at
20 ◦C and 41 ◦C, respectively. In the considered system BLGA in water, the
temperature limits themselves are not critical. They were chosen so that
the bounds on the supersaturation can be satisfied at any time by selecting
an appropriate process temperature, and so that the upper boundary of
the temperature range explored in a previous work19 was not exceeded.
A final supersaturation Sfinal of 1.05 was defined in order to end batches
controlled by the PFC upon reaching the target orthant (see Figure 4.1).
The value of Sfinal was chosen to ensure that no dissolution of the product
crystals occurs, possibly due to the uncertainty in the solubility data. It is
also worth noting that growth of crystals was not observed at S = 1.05, as
further discussed in Section 4.4.1.
4.3.6

Protocol

All the experiments performed in this chapter, except the steady-state
measurements presented in Section 4.4.1, had three distinct phases, namely,
an initial idle phase, a main experimental phase, and a final phase.
For all the experiments, a saturated solution of BLGA in water was prepared at 29.9 ◦C by adding excess BLGA crystals to the pure solvent. The
reactor was kept at constant temperature and at the desired stirring rate
to let the suspension equilibrate. The saturated solution was then filtered
off and 2000.0 g were put back into the reactor. The temperature of the
reactor was then reduced to the initial temperature T (t0 ) corresponding
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to the desired initial supersaturation S(t0 ) for a given experiment. Upon
reaching T (t0 ), 0.35 g of BLGA seeds prepared using the protocol described
in Section 4.3.4 were added and the experiments were subjected to the three
distinct measurement phases explained below. Note that the low seed loading was chosen so that particles rarely overlapped in the images, thereby
ensuring the accuracy of the characterization technique (see Section 4.3.3).
To operate with higher solid phase concentrations (amount of seed crystals suspended in the suspension), a dilution loop would be required, as
described previously (see also Appendix D).17
During the initial idle phase, the controller was inactive, i.e., the suspension was monitored and characterized, but the process temperature
set point in the thermostat was not updated. The duration of the initial
idle phase, tinitial , was 5 min and 30 min for CSC and PFC experiments,
respectively.
During the main experimental phase, the controller was operated with
a sampling time of 5 min, i.e., the suspension was monitored and characterized, and based on the desired controller action (CSC or PFC), an
updated process temperature set point was assigned to the thermostat. The
maximum allowed duration of the main experimental phase for a given
experiment was tmax and the value assigned to this upper limit depended
on the type of experiment being conducted. For the CSC experiments, tmax
ranged from 14 h to 40 h, depending on the desired supersaturation at
which the experiment was conducted, and the main experimental phase
was always ended after tmax . For the PFC experiments, tmax was set to 50 h,
unless explicitly stated otherwise in Section 4.4.3. If the PFC was able to
drive the measured average dimensions into the target orthant before tmax ,
the controller switched to a process temperature set point corresponding
to a supersaturation of Sfinal to end the batch. The PFC did the same if the
target orthant was not reached until the end of the main phase, i.e., at tmax .
During the final phase, the PFC was inactive. A constant supersaturation of Sfinal was maintained for 70 min (tfinal ) for all the CSC and PFC
experiments.
4.3.7 Solute Concentration Estimation
In order to determine the correct temperature set point during a CSC experiment, or to keep the supersaturation of the liquid phase within the chosen

112

4.3 materials and methods

supersaturation limits during a PFC experiment, a measurement of the
current solute concentration is required. An ATR-FTIR spectrometer was
employed in the past to measure the solute concentration to characterize
the polymorphic transformation, growth, and agglomeration of BLGA in
water.19,20,56,59,73 Owing to the low solubility of BLGA in water and to a
weak peak in the IR spectra of BLGA at low solute concentrations, calibrating an ATR-FTIR and using the concentrations thus obtained quantitatively
is a rather challenging task (see Chapter 3 for a detailed discussion). For
the studies cited above, the solid phase concentration or the process temperature was such that a significant change in the solute concentration could
be expected. Hence, monitoring the evolution of the BLGA peak in the IR
spectra and thus estimating the solute concentration was feasible.
The solid phase concentration and the temperature ranges explored in the
different experiments in this chapter resulted in a small change in the solute
concentration and thus they did not permit the use of an ATR-FTIR. Hence,
in order to estimate the solute concentration, a technique relying on the
µ-DISCO and proposed in Chapter 3,47 was employed and slightly adapted.
The solute concentration as a function of time was estimated by directly
observing the evolution of the total solid volume in the suspension and by
enforcing the mass conservation constraint, i.e., by using the equation


ĉ (t) = c0 − ρc V̂R (t) − Vseed
(4.8)
where ĉ is the estimated solute concentration at time t, c0 is the known
initial solute concentration, V̂R is the estimated total solid volume in the
suspension and Vseed is the volume of the seeds per mass of solvent.
The estimated total solid volume V̂R is obtained by rescaling the total
visual hull volume V̂ which is the measured volume of all the particles
observed by the µ-DISCO at time t (in fact, V̂ is an approximation of the
real volume as discussed in Section 2.3.2.4 and ref 45). The estimation of the
total volume of the solid phase is based on the use of two scaling factors,
φv and φn . The former accounts for the difference in the volume of particles
observed by the device and the volume of particles in the crystallizer,47
whereas the latter is introduced to compensate for unwanted changes in the
observed particle count over the duration of the experiment. Note that, in
an ideal growth experiment without birth or death of particles, φn should
be 1. The volume of the seeds Vseed per mass of solvent and the two scaling
factors φv and φn are given by
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mseed
msolvent ρc
V
φv = seed
V̂0

Vseed =

φn (t) =

N̂0
N̂ (t)

(4.9)

where mseed is the mass of seeds, msolvent is the mass of the pure solvent,
V̂0 is the initial total visual hull volume (measured at time t0 ), N̂ is the
particle count at time t, and N̂0 is the initial particle count (obtained at t0 ).
It is worth noting at this point that in Chapter 3, only φv was accounted for.
Using eq 4.9, the estimated total solid volume V̂R is
V̂R (t) = φv φn (t)V̂ (t)

(4.10)

By plugging eqs 4.9 and 4.10 into eq 4.8, the estimated solute concentration
ĉ is obtained. Prior to using this quantity in the controllers, it was low-pass
filtered as described previously,88 thus yielding ĉfilt (t). The supersaturation
estimate Ŝ at time t is then calculated as
Ŝ(t) =

ĉfilt (t)


T (t)

c∗

(4.11)

where c∗ is the solubility as a function of temperature T.
It is worth acknowledging that this method for estimating the solute
concentration is not without error.47 For the experiments performed in this
chapter, a combination of the low seed loading and the slow growth of
BLGA in water resulted in a small change in the solute concentration over
time. Thus, a viable alternative may be to approximate CSC experiments
by simply operating at a constant temperature, where such temperature,
given the initial solute concentration c0 , corresponds to the desired constant
supersaturation. Similarly, for PFC experiments, instead of supersaturation
limits, the temperatures corresponding to Smin and Smax at the known
initial solute concentration c0 could be used as limits for the temperature set
point to ensure that there is considerable growth of the population without
significant nucleation and agglomeration. This alternative would completely
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eliminate the need for online solute concentration measurements when
performing batches controlled by both controllers. Nevertheless, in order
to operate the controlled process in the most general way, concentration
estimation based on stereoscopic imaging using the µ-DISCO was employed
for both CSC and PFC experiments in this chapter.
4.4
4.4.1

experimental results
Steady-State Measurements

Two individual steady-state experiments were carried out by suspending
BLGA crystals in a saturated solution (S = 1.00, Seeds 03) and a weakly
supersaturated solution (S = 1.05, Seeds 01) and monitoring the population
using the characterization technique described in Section 4.3.3 for approximately 20 h. The goal was to check if the crystals were prone to breakage
at the given stirring rate or at the flowrates used to pump the suspension
through the µ-DISCO. Even though steady-state experiments were previously reported in Chapter 2, these experiments were deemed necessary due
to long experimental duration that might be associated with the CSC and
the PFC runs. Provided that breakage (and also dissolution) of crystals is
indeed absent for the two conditions considered, the time-resolved changes
in the primary particle count N̂p , the total visual hull volume V̂, and the
volume-weighted average dimensions should be negligible. As shown in
Figure 4.4, this was indeed confirmed by the data obtained from the two
experiments.
4.4.2

Constant Supersaturation Control

To select sensible target average particle dimensions for batches controlled
by the PFC, it is beneficial to estimate the attainable region for crystal size
and shape corresponding to a given seed population. In the scope of this
chapter, the attainable region is defined as a region in the space with the
two average dimensions as coordinates, which under the given operating
constraints is fully accessible to the seed population. Previously, it was
demonstrated how to estimate this region using simulations of batch experiments controlled directly by the PFC.88 However, in this experimental work,
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Figure 4.4: Time-resolved (a) number of primary particles N̂p and total visual hull volume of the particles V̂
observed by the µ-DISCO, and (b) measured volume-weighted average length L̄ˆ 1,v and width L̄ˆ 2,v for the two
experiments performed at S = 1.00 and S = 1.05. Along the L1 direction, a regular grid was used to reconstruct
the PSSDs and to compute the average dimensions, with a grid spacing of 17 µm and 15 µm for the experiments at
S = 1.00 and S = 1.05, respectively. Along the L2 direction, the corresponding grid spacing was 7 µm and 5 µm.
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Parameter
Experimental
ρc
c∗ 56,171
c0
mseed
T∗
Tmin
Tmax
Smin
Smax
Sfinal
Controller
tsamp
tinitial
tmax
tfinal
ngrid
kp
τI

Unit

Value

g µm−3
g kg−1
g kg−1
g
◦C
◦C
◦C
-

1.59 × 10−12
3.37 e0.0359T
9.86
0.35
29.90
20.00
41.00
1.10
1.18
1.05

min
min
min
min
◦C µm−1
s

5
5 (CSC)
30 (PFC)
3000
70
500 (L1 )
150 (L2 )
-0.5
5000

Table 4.2: Experimental and controller parameters used in the experimental
campaign. Unless stated otherwise in the main text, the parameters given in
this table were used for all the experiments.

additionally the a priori experimental confirmation of the monotonicity
assumption introduced in Section 4.2 is required. After confirming this
assumption, it is clear that the attainable region for a given seed population
and for the chosen supersaturation limits is bounded by the two trajectories
obtained with the supersaturation kept constant at its two extremal values.
To this aim, CSC experiments were performed for Seeds 01 and Seeds 02 at
four constant supersaturation levels, all of them within the supersaturation
limits given in Table 4.2. The four constant supersaturation levels explored
are referred to as ε, ζ, η, and θ, with values of 1.18, 1.14, 1.12, and 1.10,
respectively.
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Under supersaturated conditions, the solute concentration decreases as
the solute mass is taken up from the liquid phase onto the solid phase.
Hence, to maintain the supersaturation constant over time, the temperature
of the process has to be lowered.169,170 To determine the appropriate process
temperature set point, eq 4.11 was solved for the temperature at each
sampling instant of the controller.
The results of the CSC experiments also allow to select the correct sign of
kp in eq 4.1 for subsequent PFC experiments: a negative kp results if the ratio
d L̄1,v d L̄2,v
dt / dt

decreases with temperature (increases with supersaturation) and
a positive kp is required in the opposite case.
The evolution of the low-pass filtered volume-weighted average dimensions in the crystal size and shape space of the primary particles of Seeds
01 for the four different supersaturation levels is shown in Figure 4.5a. As
expected for the needle-like BLGA in water, the population grows preferentially along the L1 direction. A cone-like area can be observed in this
plot, with the trajectory corresponding to experiment ε (S = 1.18) as the
upper boundary and that of experiment θ (S = 1.10) as the lower boundary.
The intermediate supersaturations lie within this cone-like area, which
d L̄

d L̄

demonstrates the desired monotonic behavior of dt1,v / dt2,v with respect to
the supersaturation. The time-resolved evolution of concentration, supersaturation, and temperature is shown in Figure 4.5b-d. The concentration
and the process temperature do not change significantly over the course
of the experiments. From this observation, and as already discussed in
Section 4.3.7, one can conclude that a constant temperature would suffice to
maintain an approximately constant supersaturation. It is also worth noting
that the batch times are considerably different for the different experiments.
Finally, the chosen lower bound on the supersaturation Smin can be justified
by observing the evolution of the average dimensions in experiment θ,
where, over a 40 h period, the average length and width increased only by
approximately 20 µm and 5 µm, respectively. It would have been difficult to
guarantee any observable growth in the population if a value lower than
1.10 had been allowed for Smin .
CSC experiments using the same set of four supersaturation levels were
also performed using Seeds 02. The corresponding results are visualized
in Figure 4.6. When comparing Figure 4.5a with Figure 4.6a, it becomes
clear that the average aspect ratio of the seed particles from Seeds 02 is
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Figure 4.5: CSC experiments to estimate the attainable region of Seeds 01. (a) Evolution of the low-pass filtered
volume-weighted average dimensions in the crystal size and shape space for crystals grown at S = 1.10 (θ), 1.12
(η), 1.14 (ζ), and 1.18 (ε). (b) Evolution of the solute concentration. The solid markers represent the concentration
estimate ĉ according to eq 4.8 and the solid lines represent the low-pass filtered concentration ĉfilt . (c) Evolution of
the supersaturation Ŝ calculated according to eq 4.11. (d) Evolution of the measured process temperature T.
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Figure 4.6: CSC experiments to estimate the attainable region of Seeds 02. (a) Evolution of the low-pass filtered
volume-weighted average dimensions in the crystal size and shape space for crystals grown at S = 1.10 (θ), 1.12
(η), 1.14 (ζ), and 1.18 (ε). (b) Evolution of the solute concentration. The solid markers represent the concentration
estimate ĉ according to eq 4.8 and the solid lines represent the low-pass filtered concentration ĉfilt . (c) Evolution of
the supersaturation Ŝ calculated according to eq 4.11. (d) Evolution of the measured process temperature T.
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significantly different from that of Seeds 01. Concerning the monotonicity
assumption and the general shape of the attainable region, the two batches
behave similarly. Thus, it can be concluded from these experiments that the
PFC strategy can be applied to both seed batches. As a general comment, it
can be said that the attainable region is narrow for both Seeds 01 and 02.
This fact can be attributed to how BLGA crystals grow in water within the
ranges of operating conditions explored in this chapter.
4.4.3

Path Following Control

The attainable regions obtained from the experiments discussed in Section 4.4.2 enabled an experimental campaign aimed at growing different
batches of BLGA crystals to reach different target dimensions within the attainable regions. To this aim, for each of the two seed populations (Seeds 01
and 02), two different target average dimensions were chosen in the crystal
size and shape space spanned by the volume-weighted average length and
width of the populations. The experiments were repeated to assess if the
control scheme was robust enough to guide the seed population toward
the desired target dimensions repeatedly. Additionally, for Seeds 02, experiments with three different integrator time constants τI (aiming at the same
target dimensions) were performed to get a qualitative insight into the effect
of the PI tuning parameters on the performance of the controller. It should
be noted that a detailed parametric study of the PI parameters is beyond the
scope of this chapter. For simplicity, the reference paths were chosen to be
the straight lines connecting the initial measurement [ L̄ˆ 1,0 L̄ˆ 2,0 ]T obtained
from the µ-DISCO and the assigned target [ L̄1,target L̄2,target ]T in all the PFC
experiments.
4.4.3.1

Seeds 01

A total of four closed-loop experiments with the PFC were performed for
Seeds 01, with the goal of reaching two different targets in the attainable
region. The experiments with the two different targets are henceforth
distinguished by referring to them as γ and δ. The target average dimensions
[ L̄1,target L̄2,target ]T were [330 46]T µm and [280 45]T µm for experiments γ
and δ, respectively. A constant feedforward temperature Tff of 26.8 ◦C
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and 26.2 ◦C was set for experiments γ and δ, respectively. These values
correspond to initial supersaturation levels of 1.12 and 1.14, respectively.
The outcomes of the four experiments are illustrated in Figure 4.7. The
evolution of the low-pass filtered volume-weighted average dimensions is
shown in Figure 4.7a. It can be seen that the controller managed to guide
the population very close to the assigned target points for all the four
experiments. The slopes of the paths taken in the crystal size and shape
space for targets γ and δ appear to be similar. Indeed, by considering again
the CSC experiments shown in Figure 4.5, it follows that the final aspect
ratios lie at 5.8 and 9.0 for constant supersaturation levels of 1.10 and 1.18,
respectively, which corresponds to a narrow attainable region of BLGA in
water. Taking into account these inherent limitations of the studied system,
the differences in the product aspect ratio for the two targets γ (7.2) and δ
(6.2) are quite significant. Note that, in the context of this discussion, the
aspect ratio is defined as the ratio of the two average dimensions at a given
time. The supersaturation and temperature profiles shown in Figure 4.7c
and Figure 4.7d, respectively, and the batch times also indicate that the seed
population evolved rather differently when approaching the two targets.
For target γ, the control error shown in Figure 4.7e was positive for the
first few hours, which indicates that the measured average size and shape
was below the reference path. The controller managed to compensate for
the increasing control error by lowering the temperature, thereby gradually
increasing the supersaturation from the initial value of 1.12 to the upper
bound Smax , as can be seen in Figure 4.7c. The suspension was kept at Smax
almost until the population hit the target. The evolutions of the concentration, the supersaturation, and the temperature for the two repetitions
of the target γ qualitatively show the same behavior, as can be seen in
Figure 4.7b–d. Note that the change of the slope of the solute concentration
depletion shown in Figure 4.7b matches the increase of the supersaturation
between 5 h and 10 h. Moreover, both repetitions resulted in very similar
batch times of around 15 h.
Unlike for target γ, for target δ the measured average dimensions stayed
relatively close to the reference path, which can be seen from the evolution
of the control error in Figure 4.7e. Since the control error was negative
initially, the controller had to slow down the growth of the population by
increasing the temperature and thereby reducing the supersaturation from
the initial value of 1.14 to values close to the lower limit Smin . After about
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Figure 4.7: PFC experiments for Seeds 01. (a) Evolution of the low-pass filtered volume-weighted average
dimensions in the crystal size and shape space for two different target dimensions [ L̄1,target L̄2,target ]T , namely,
[330 46]T µm (γ) and [280 45]T µm (δ). The subscripts denote the repetition of the PFC experiment performed for
each target. (b) Evolution of the solute concentration. The solid markers represent the concentration estimate
ĉ according to eq 4.8 and the solid lines represent the low-pass filtered concentration ĉfilt . (c) Evolution of the
supersaturation Ŝ calculated according to eq 4.11. (d) Evolution of the measured process temperature T. (e)
Evolution of the control error e.
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15 h, the control error became positive and the controller started cooling
the suspension. Subsequently, intermediate supersaturation levels were
applied until the measured average dimensions reached the target. Similar
to the experiments with target γ, the two repetitions with target δ evolved
qualitatively similarly in terms of the concentration, the supersaturation,
the temperature, and the batch time, as observed in Figure 4.7b–d.
It is worth noting that the initial measured average dimensions of the seed
population [ L̄ˆ 1,0 L̄ˆ 2,0 ]T for the four experiments discussed in this section
were quite dispersed in the crystal size and shape space. Regardless of this
dispersion in the average dimensions of the seed population, the controller
coupled with the online monitoring capability of the µ-DISCO was able to
robustly guide the four seed populations to the assigned targets.
4.4.3.2

Seeds 02

A total of five closed-loop experiments with the PFC were performed for
Seeds 02 to reach two different targets in the attainable region. The experiments with the two different targets [ L̄1,target L̄2,target ]T = [240 52]T µm and
[ L̄1,target L̄2,target ]T = [200 50]T µm are henceforth distinguished by referring
to them as γ and δ, respectively. The three experiments with target average
dimensions corresponding to γ were performed by choosing three different
integrator time constants τI while keeping the rest of the parameters listed
in Table 4.2 constant. The values of τI were 5000 s, 10 000 s, and 50 000 s
for γ1 , γ2 , and γ3 , respectively. The two experiments with target average
dimensions corresponding to δ were performed with the same experimental
and controller parameters as listed in Table 4.2. A constant feedforward
temperature Tff of 26.8 ◦C was set for both the targets, which corresponds
to an initial supersaturation of 1.12.
The results obtained from the five experiments are illustrated in Figure 4.8.
Out of the three γ experiments, the controller was successful in driving γ1
to the target orthant, while this was not the case for γ2 and γ3 . This can
be attributed to two factors, namely, the different τI values and the maximum allowed duration of the main experimental phase texp for the three
experiments. The batch time for γ1 was about 30 h, hence it was decided to
limit tmax to 30 h for γ2 and γ3 . The evolution of the supersaturation and
of the temperature for experiments γ1 through γ3 shown in Figure 4.8c,d is
qualitatively similar, but shifted in time when compared with each other.
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Figure 4.8: PFC experiments for Seeds 02. (a) Evolution of the low-pass filtered volume-weighted average
dimensions in the crystal size and shape space for two different target dimensions [ L̄1,target L̄2,target ]T , namely,
[240 52]T µm (γ) and [200 50]T µm (δ). The subscripts denote the repetition of the PFC experiment performed for
each target. (b) Evolution of the solute concentration. The solid markers represent the concentration estimate
ĉ according to eq 4.8 and the solid lines represent the low-pass filtered concentration ĉfilt . (c) Evolution of the
supersaturation Ŝ calculated according to eq 4.11. (d) Evolution of the measured process temperature T. (e)
Evolution of the control error e.

4.4 experimental results

125

manipulation of size and shape in cooling crystallization

These time shifts are a direct consequence of the different integrator time
constants τI . For γ1 (τI = 5000 s), the integral part in eq 4.1 accumulated
faster than for γ2 (τI = 10 000 s), and that of the latter accumulated faster
than that of γ3 (τI = 50 000 s). In the extreme case of a very high value of τI ,
i.e., when the contribution from the integral part is negligible as in the case
of γ3 , the feedback controller acts less aggressively, which can impact the
path following performance and thus also the batch time. The outcome of
experiments γ1 through γ3 , but also of the experiments conducted for Seeds
01, confirms that the combination of the values kp = −0.5 ◦C µm−1 and
τI = 5000 s is a reasonable choice for achieving a satisfactory closed-loop
performance in the studied system. The two repetitions for experiments
δ were in stark contrast to the experiments discussed previously. As can
be seen in Figure 4.8b–e, the batch time of experiment δ1 was twice that
of experiment δ2 . Additionally, experiment δ1 was operated at a supersaturation level close to Smax for a significant portion of the batch duration,
while the maximum supersaturation attained by δ2 was about 1.15. The
differences observed between the two repetitions may have different root
causes. The presence of impurities in the suspension or surface defects in
the seed crystals can alter the growth rates considerably. Moreover, the
presence of a different fraction of fines or of a different number of large
particles in the seed samples taken for the two experiments can also impact
the evolution of the controlled average quantity of the population (i.e., the
average dimensions). Nevertheless, it is crucial to notice that the controller
was able to guide the population toward the target for both the repetitions,
despite their obviously different behavior.
The initial (seeds) and final (products) PSSDs for experiments γ1 , γ2 , δ1 ,
and δ2 are shown in Figure 4.9a–d, from which two important observations
follow. First, both the seed and the final PSSDs of the two repetitions
for each target are very similar. Second, as expected due to the different
target average dimensions, the final PSSDs shown in Figure 4.9a,b have
covered a larger distance in the crystal size and shape space than the ones
shown in Figure 4.9c,d. A further interesting observation is the presence
of fines in the products of the γ experiments in the form of peaks in the
bottom left corner of Figure 4.9a,b. These peaks might seem minor, but
it has to be kept in mind that the volume-weighted representation of
the PSSD attenuates the contribution of small particles. The presence of
these fines in the products can be attributed to two main factors. First,
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Figure 4.9: Discretized volume-weighted PSSDs fˆv (obtained using eq 4.7 and
normalized by the maximum of each PSSD) of the seeds (gray contours) and
products (colored contours) at the end of the main experimental phase of the
PFC experiments (a) γ1 , (b) γ2 , (c) δ1 , and (d) δ2 for Seeds 02. The contour line
values correspond to 0.1, 0.5, and 0.9 of each normalized PSSD. Along the L1
direction, a regular grid with a spacing of 19 µm, 14 µm, 13 µm, and 13 µm for
both seeds and products was used for experiment γ1 , γ2 , δ1 , and δ2 , respectively.
Along the L2 direction, the corresponding grid spacing was 7 µm, 7 µm, 13 µm,
and 6 µm.

small seed particles can be below the detection threshold of the µ-DISCO
initially, but they cross such threshold at some point when growing at high
supersaturations for extended periods. Second, secondary nucleation or
breakage can never be ruled out completely. However, to the best of the
knowledge, BLGA in water does not exhibit these two phenomena under
the operating conditions explored in this chapter. Notice that the product
PSSDs for the δ experiments do not exhibit the presence of fines, even
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though δ1 was operated at high supersaturations for a long duration. This
observation can be explained with the specific behavior of this particular
experiment, which has already been discussed above.
4.5

concluding remarks

4.5.1 Key Outcomes
In this chapter, an experimental validation of the model-free PFC scheme
proposed previously88 has been presented, using the system BLGA in water.
It has been shown that, when combined with suitable online monitoring
tools to characterize the evolution of the PSSD such as the µ-DISCO, the
controller is able to guide the average size and shape of a population
of needle-like BLGA seed crystals toward a sensible target region in the
crystal size and shape space in a seeded, growth-dominated batch cooling
crystallization process. This capability was demonstrated for two different
populations of seed crystals. Moreover, the controller ensured repeatability
of all the experiments performed in this chapter in terms of reaching
the assigned target average dimensions, despite the likely presence of
differences in the properties of the seed particles and in their growth rates.
This fact clearly demonstrates the benefits of the proposed combination of
online monitoring and feedback control: a considerable level of robustness
with respect to unexpected disturbances is achieved, which increases the
repeatability and thus the predictability of the outcome of consecutive
batches. Moreover, it is worth emphasizing that the control strategy applied
in this chapter operates with only thermodynamic knowledge of the system,
thereby eliminating the need to develop multidimensional crystal growth
rate models for feedback control purposes, which would be a challenging
and time consuming task.19,40,80,120
4.5.2 Key Learnings
For the system BLGA in water, the attainable region of two different seed
populations under growth-dominated conditions has been found to be
narrow. Hence, achieving a significant change in the shape of the crystals
does not seem possible when only considering a growth process. For this
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system and for a pure growth process, operating the batch at the minimum
supersaturation that ensures significant growth would yield particles with
the lowest achievable aspect ratio. This operating strategy would be even
simpler than applying the PFC, but it is also very unfavorable in terms of the
batch time. Furthermore, it is to be noted that the operation of the modelfree PFC strategy is not restricted to the system BLGA in water.88 Thus, for a
different compound with a broader attainable region, the controller applied
in this chapter might already be sufficient to achieve a significant shape
change. In any other case, there is a need to integrate the growth step with
more complex processes exhibiting increased actuation with respect to the
crystal size and shape, such as milling,81 temperature cycling,32,41,80,101,171
combined cooling and anti-solvent crystallization,52,127,172 cooling crystallization under the influence of additives,90 or a combination thereof. Some
of these alternatives will be discussed in subsequent chapters. Despite the
observed limitations in terms of shape change, this chapter provides a
basis to develop and control such integrated crystallization processes in an
entirely model-free framework, benefiting from the robust operation of the
process enabled by feedback control.
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nomenclature
Acronyms
ATR-FTIR Attenuated total reflection Fourier-transform infrared spectroscopy
BLGA
β l-glutamic acid
CSC
constant supersaturation control/controller
DISCO
dual imaging system for crystallization observation
fps
frames per second
IR
infrared
PFC
path following control/controller
PI
proportional-integral (controller)
PSSD
particle size and shape distribution
rpm
revolutions per minute
Greek Symbols
γ, δ
ε, ζ, η, θ

µij
φn
φv
ρc
σii,v
τI

PFC experiment labels
CSC experiment labels
ij-cross moment of PSSD [µmi + j kg−1 ]
particle count correction scaling factor [–]
volume correction scaling factor [kg−1 ]
crystal density [g µm−3 ]
volume-weighted broadness of the PSSD along the ith dimension [µm]
integrator time constant of PI controller [s]

Roman Symbols
c
c∗
e
f
fv
kp
Li
L̄i,v
mseed
msolvent
N
Np
ngrid
Ri and Ri0
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solute concentration (per mass of solvent basis) [g kg−1 ]
solubility (per mass of solvent basis) [g kg−1 ]
PFC control error [µm]
number density function (PSSD) [µm−2 kg−1 ]
volume-weighted PSSD [µm−2 ]
proportional gain of PI controller [◦C µm−1 ]
ith particle dimension (i = 1, 2), where L1 ≥ L2 [µm]
volume-weighted average of the ith particle dimension [µm]
seed mass [g]
solvent mass [kg]
total particle count [–]
primary particle count [–]
number of grid points for the PSSD binning protocol [–]
ith dimension of points on the reference path [µm]
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Sexp
Texp
T∗
t
V
VR
Vseed

relative supersaturation, c/c∗ [–]
temperature [◦C]
saturation temperature [◦C]
time, unit varies
total visual hull volume [µm3 ]
estimated total solid volume (per mass of solvent basis) [µm3 kg−1 ]
volume of seeds per mass of solvent [µm3 kg−1 ]

Subscripts and Superscripts
ˆ
¯
0
fb
ff
filt
max
min
samp
set

measurement or estimate
average of the quantity
initial value
feedback
feedforward
low-pass filtered
upper limit
lower limit
sampling
setpoint
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5
P O T E N T I A L O F S I Z E A N D S H A P E M A N I P U L AT I O N
U S I N G A R O T O R - S TAT O R W E T M I L L : M O D E L I N G A N D
CONTROL

Several operating and control strategies with the purpose of manipulating
the size and shape of crystals exhibiting needle-like morphology are presented
using an ex situ wet mill as the actuator. A model-based operating policy and
different model-free controllers are discussed. These controllers were coupled
with an online particle size and shape monitoring tool. First, the attainable
region in the size and shape space for a wet milling operation was evaluated
in a simulation framework using a multidimensional population balance
model describing the breakage phenomenon. Second, the operating and control
strategies were tested experimentally in a lab-scale setup using two different
milling configurations and two different compounds, namely, β l-glutamic
acid and γ d-mannitol. The goal of the experiments was to drive various seed
populations of the two compounds to several target average lengths in the size
and shape space. It was observed that the model-based operating policy, run
without any feedback action, was not able to achieve this goal for arbitrary seed
populations. The model-free controllers incorporating feedback were able to do
so without relying on any multidimensional breakage model. These controllers
enable the robust operation of wet milling stages in complex crystal size and
shape modification processes.

The results presented in this chapter have been reported in: Rajagopalan, A. K.; Bötschi, S.;
Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape Evolution of Needle-like
Crystals in Suspension. III. Wet Milling. Cryst. Growth Des. 2019, 19, 2845–2861
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5.1

introduction

Milling is a widely applied unit operation during the production of solid
pharmaceuticals and fine chemicals. It has the potential to strongly modify
the particle size and shape, either during or after a crystallization step,
which can increase the efficiency of various downstream unit operations
and improve important quality attributes of the final product. For instance,
milling can enhance bioavailability, tablet content uniformity, and powder
compactability.107,110 Wet milling is often employed to produce narrow
crystal size distributions without altering the crystallinity of the solids. Dry
milling techniques can have several disadvantages, such as higher cost,
generation of lattice defects, and amorphization, to name a few.108,109,173
Because of the importance of wet milling in the pharmaceutical industry,
significant efforts have been directed towards studying and modeling the
breakage processes of suspended crystals, using both in situ and ex situ wet
mills. For instance, an in situ wet mill was modeled using a one-dimensional
population balance equation (PBE) for a mixed suspension mixed product
removal crystallizer (MSMPR) and used as a nuclei generator.174 In situ and
ex situ wet milling were combined with a feedback controller for the particle
count in a batch175 and a continuous176 setup, respectively, to improve the
properties of the solid products. A model-based operating policy for a
combined batch crystallizer and an ex situ wet mill system was presented
as well, where the wet mill was used as a seed generator. In simulation and
optimization studies, it was shown that the combined system consisting of
the wet mill and the crystallizer provides a better final particle size distribution (PSD) than the crystallizer alone.177 Another contribution employed
a configuration similar to the one discussed in ref 177, but experimentally,
and aimed at obtaining products with narrow PSDs and with low surface
energies.178 Additionally, studies from industry have been presented, for
instance investigating the scale up of wet milling processes108–110 or taking
advantage of wet milling for wet seeding protocols.106
The studies mentioned above successfully demonstrate a number of benefits from integrating wet milling with crystallization processes. However,
in all these studies, the mills were operated at predefined rotor speeds,
thereby missing the opportunity to exploit the potential of applying feedback control to dynamically alter the rotor speed. Furthermore, most of the
employed models were one-dimensional and the quantitative monitoring
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tools utilized in the experimental studies provided a one-dimensional PSD.
Thus, the evolution of the particle shape was neglected.
In recent years, thanks to increased efforts to develop solid phase characterization tools to monitor the evolution of both particle size and shape,
breakage processes have been characterized with increased accuracy with
respect to particle shape. An experimental study was performed by applying several solid phase characterization tools to monitor the evolution of
the particle size and shape of three different compounds.42 The breakage
process in an ex situ rotor-stator wet mill was characterized experimentally using a stereoscopic imaging device and subsequently modeled using
a two-dimensional PBE.78 These and similar efforts facilitate the development of complex processes involving growth, milling, and dissolution
stages that produce more equant-shaped particles starting from needle-like
seeds.112,179 The design of such processes should be followed by feedback
control efforts to increase process robustness. Feedback controllers taking
into account particle shape during growth and dissolution were presented
previously,41,88,119,134 but, to the best of the authors’ knowledge, not for wet
milling stages.
The purpose of the work presented in this chapter is to develop modelbased and model-free operating policies and feedback control strategies
to manipulate the size and the shape of needle-like crystals using a wet
mill as the physical actuator. Initially, these schemes are intended for a
pure breakage process, but with the option of integrating them within
a cyclic size and shape modification process involving also growth and
dissolution stages. The attainable region for the average particle dimensions
when undergoing wet milling is derived from a multidimensional breakage
model developed for the needle-like compound β l-glutamic acid (BLGA).78
Utilizing the same model, a model-based operating policy is presented with
the goal to drive batches of BLGA seed crystals to different target average
lengths in the size and shape space. Furthermore, simpler model-free
feedback control laws are introduced. They were applied experimentally to
the two needle-like compounds BLGA and γ d-mannitol (GDM). During
these studies, the stereoscopic imaging device µ-DISCO45 presented in
Chapter 2 was employed to obtain the required feedback of the particle size
and shape evolution.
This chapter is organized as follows. First, a brief overview of the wet
milling process and its modeling are given in Section 5.2. Second, the
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model-based operating policy and the model-free control strategies are presented in Section 5.3. Then, the materials and methods for the experimental
campaign are described in Section 5.4. Finally, the results obtained by performing experiments using the different operating policies and controllers
are discussed in Section 5.5.
5.2

overview and modeling of wet milling

Wet or slurry milling involves pumping a suspension of crystals from a
well-mixed stirred tank through a mill to reduce the size of the crystals.
Two different configurations have been discussed in the literature, namely,
the Two Crystallizer (or single pass) configuration and the Recirculation
configuration.107,110 These configurations are illustrated in Figure 5.1. Mathematical models and a brief summary of the advantages and drawbacks
of these two configurations are presented in the following sections. Note
that in this chapter, only wet milling applied in the context of a batch
crystallization process is considered.
5.2.1 Two Crystallizer Configuration
The Two Crystallizer configuration is shown in Figure 5.1a. In this configuration, the entire suspension is pumped from the primary crystallizer
through an active wet mill to the secondary crystallizer. Then, the suspension is pumped back to the primary crystallizer through an inactive
wet mill. The major advantage of this configuration is that all the particles
in the suspension pass the mill. However, the setup is complex since it
requires two temperature controlled stirred tank crystallizers. Due to this
inherent complexity the Two Crystallizer configuration is scarcely applied
on an industrial scale.110 Nevertheless, in this chapter, this configuration
will be explored through both simulations and experiments in a lab-scale
setup.
To model the milling process and to quantitatively describe the evolution
of the particle size and shape distribution (PSSD) and its average characteristics, the PBE framework is often employed.78,81,110,177 The Two Crystallizer
configuration can be modeled by assuming the grinding chamber in the
mill to be a flow through apparatus without any backmixing (such as a plug
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flow reactor) at steady-state.78,81 Note that the control volume assumed for
modeling this breakage process is assumed to contain the wet mill only,
i.e., it does not take into account the two crystallizers. In the absence of
growth, dissolution, and agglomeration, the two-dimensional PBE and the
corresponding initial condition are given as
∂ f WM (τ, L1 , L2 )
= B1 (τ, L1 , L2 ) + B2 (τ, L1 , L2 )
∂τ
− D1 (τ, L1 , L2 ) − D2 (τ, L1 , L2 )
f WM (0, L1 , L2 ) = f 0 ( L1 , L2 )

(5.1)

where f WM (τ, L1 , L2 ) is the number density function of the population
of crystals in the wet mill as a function of residence time τ and of the
two internal coordinates L1 , the particle length, and L2 , the particle width;
Bi and Di are the birth and death terms along the ith particle dimension,
respectively, which are discussed in detail in Section 5.2.3, and f 0 is the
seed (inlet) population. It is to be noted that integrating over the residence
time for a plug flow apparatus is equivalent to integrating along the axial
coordinate of the same. In this chapter, eq 5.1 is integrated for a duration
corresponding to the residence time of the wet mill, τWM , which is defined
as the ratio of the volume of the wet mill chamber VWM to the volumetric
flow rate of the suspension F through the mill.
5.2.2

Recirculation Configuration

In the Recirculation configuration shown in Figure 5.1b, the suspension is
continuously mixed in the crystallizer and circulated through the mill. The
major advantage of this configuration is the fact that it does not require an
additional temperature controlled stirred tank crystallizer. Therefore, the
Recirculation configuration is often applied on an industrial scale.107,110 In
this chapter, this configuration is also explored through simulations and
experiments in a lab-scale setup.
In the Recirculation configuration, the crystallizer and the milling unit
are modeled as continuous well-mixed stirred-tank reactors. It is assumed
that there is no time delay in the recirculation stream that couples the two
individual units of the setup.177 Similar to the Two Crystallizer configuration,
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Figure 5.1: Schematic of the experimental setup for the two milling configurations explored in this chapter. (a) Two Crystallizer configuration and (b)
Recirculation configuration. In the Two Crystallizer configuration, the whole suspension is transferred from the primary crystallizer through an active mill into
the secondary crystallizer. In the Recirculation configuration, the suspension
is circulated through the active mill while being continuously mixed in the
primary crystallizer. In both the configurations, the seed particles are suspended
in the primary crystallizer. The solid phase is characterized online using the µDISCO45 (sampling loop shown using orange lines, see Sections 5.4.2 and 5.4.3).
The control computer is used to process the image data from the µ-DISCO and
to command a rotor speed set point θset to the mill.

growth, dissolution, and agglomeration are assumed to be absent. Under
these assumptions, the two-dimensional PBE and the corresponding initial
conditions are given as

∂ f C (t, L1 , L2 )
F 
=
f WM (t, L1 , L2 ) − f C (t, L1 , L2 )
(5.2a)
∂t
VC
∂ f WM (t, L1 , L2 )
= B1 (t, L1 , L2 ) + B2 (t, L1 , L2 ) − D1 (t, L1 , L2 ) − D2 (t, L1 , L2 )
∂t

F 
+
f C (t, L1 , L2 ) − f WM (t, L1 , L2 )
(5.2b)
VWM
f C (0, L1 , L2 ) = f 0 ( L1 , L2 )

(5.2c)

f WM (0, L1 , L2 ) = f 0 ( L1 , L2 )

(5.2d)
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where f WM (t, L1 , L2 ) is the number density function of the population of
crystals exiting the wet mill, f C (t, L1 , L2 ) is the number density function of
the population of crystals leaving the stirred tank crystallizer, and VC is the
volume of the suspension in the crystallizer. Note that both f WM and f C
are initialized with the same seed population f 0 . Equation 5.2a describes
the mixing of the suspension inside the crystallizer with the suspension
leaving the wet mill. Equation 5.2b describes the breakage in the wet mill
modeled by the birth and death terms, as well as the inflow and the outflow
of the wet mill. For all the simulations in this chapter, the coupled set of
equations is integrated for a duration corresponding to one residence time
of the crystallizer suspension τC , where this residence time is defined as the
ratio of the volume of the suspension in the crystallizer VC to the flow rate
of the suspension F through the mill. Note that the population of interest
in this configuration is the population inside the stirred tank crystallizer,
that is f C (t, L1 , L2 ).
5.2.3

Source Terms of the PBE

The breakage processes modeled in eqs 5.1 and 5.2 are defined by the birth
and the death terms, which contribute to the source terms of the PBE. In
more detail, the death term Di (i = 1, 2) defines the number of particles that
break per unit time along the ith dimension as a function of the particle
dimension vector [ L1 L2 ]T . The birth term Bi (i = 1, 2) defines the number
of particle fragments formed per unit time when particles break along the
ith dimension. These terms can be written as
B1 (t, L1 , L2 ) =
B2 (t, L1 , L2 ) =

Z ∞
L1

Z ∞
L2

K1 ( x, L2 ) f WM (t, x, L2 ) g1 ( L1 , x ) dx
K2 ( L1 , y) f WM (t, L1 , y) g2 ( L2 , y) dy

D1 (t, L1 , L2 ) = K1 ( L1 , L2 ) f WM (t, L1 , L2 )
D2 (t, L1 , L2 ) = K2 ( L1 , L2 ) f WM (t, L1 , L2 )

(5.3)

where Ki is the breakage frequency and gi is the daughter distribution,
both along the ith dimension.
The breakage frequency Ki defines the number of breakage events that
occur along the ith dimension per unit time for given particle dimensions
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[ L1 L2 ]T . For a multidimensional population of crystals, the breakage frequency should account for the kinetic energy imparted by the mill on the
crystals as well as for their size and their morphology. In this chapter,
the breakage frequencies of the compound BLGA and the corresponding
parameters for the Two Crystallizer configuration were taken from ref 78.
They are given as

K1 = p11 mM (θrM )2

L1
Lref,1

! p12 
!  −1
L
−
p
φ
13 
1 + exp − 1
Lref,2
φ + p14

K2 = p21 mM (θrM )2

L2
Lref,1

! p22 
!  −1
L
−
p
p24
23 
1 + exp − 2
Lref,2
p24 + φ
(5.4)

where mM is the mass of the rotor in the mill, θ is the rotor speed (here
in rotations per second), rM is the radius of the rotor, and φ = L1 /L2 is the
aspect ratio of the crystal subjected to breakage. The reference lengths Lref,1
and Lref,2 were set to 1000 µm and 1 µm, respectively. The parameters pij in
eq 5.4 (ith dimension and jth parameter) are given in Table 5.1.
Parameter
pi1 [s kg−1 m−2 ]
pi2 [-]
pi3 [µm]
pi4 [−]

i=1
16.06
1.91
30.00
1.73

i=2
105.06
1.96
30.00
1.73

Table 5.1: Parameter values for the breakage frequency Ki in eq 5.4.78

The daughter distribution gi describes the size distribution of the newly
formed fragments along the ith dimension after the breakage event. As suggested previously,78 the daughter distributions along the two dimensions
employed in this chapter are
2
ν
4L2
g2 ( L 2 , ν ) = 2
ν
g1 ( L 1 , ν ) =
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where ν is the ith dimension of the particle being broken and Li is the
ith dimension of the new particle fragments being formed.
5.2.4

Solution of the PBE

The population balance model for the rotor-stator wet mill discussed in
Sections 5.2.1 and 5.2.2 was solved numerically using the fixed pivot
scheme66,68 on a regular grid with 700 and 180 bins along the L1 and
L2 direction, respectively. The fixed pivot technique guarantees that the
number and the volume of the newly formed particle fragments are conserved when they are redistributed into bins. Note that this does not imply
that the number of particles is conserved during the breakage process. In
fact, if a particle of size ν is broken, the number and the volume of the
newly formed fragments (that are yet to be redistributed) are constrained
by the chosen daughter distribution. The system of ordinary differential
equations obtained after discretizing along the L1 and L2 direction was
integrated over the temporal domain using the ode113 solver in Matlab.180
5.3
5.3.1

control of wet milling stages
Average Characteristics of a Population

In this chapter, the volume-weighted average dimensions of the population,
obtained from the cross-moments of the PSSD, were considered to be
the quantities of interest. The volume-weighted average dimensions ( L̄i,v ,
i = 1, 2) and the volume-weighted broadnesses of the distribution (σii,v ,
i = 1, 2) are defined as
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µ22 (t)
µ12 (t)
µ (t)
L̄2,v (t) = 13
µ12 (t)
r
L̄1,v (t) =


2
µ32 (t)/µ12 (t) − µ22 (t)/µ12 (t)

σ11,v (t) =
r
σ22,v (t) =
where
µij (t) =


2
µ14 (t)/µ12 (t) − µ13 (t)/µ12 (t)
Z∞ Z∞

j

L1i L2 f (t, L1 , L2 ) dL1 dL2

(5.6)

(5.7)

0 0

is the ij-cross moment of the number density function f (t, L1 , L2 ) at time
t. Note that the broadness measures of the distribution (σii,v ) were used
merely to provide an additional relevant feature of the seed population.
The volume-weighted distribution f v considered in Sections 5.4.4 and 5.5
is defined as
L1 L22 f (t, L1 , L2 )
f v (t, L1 , L2 ) =
(5.8)
µ12 (t)
In the following sections, PSSDs obtained experimentally will be highlighted by the hat symbol, i.e., fˆ. Note that eqs 5.6 through 5.8 can also be
applied to fˆ, thus yielding the quantities L̄ˆ i,v (i = 1, 2), σ̂ii,v (i = 1, 2), and
fˆv .
5.3.2 Attainable Region for Particle Size and Shape
It was previously demonstrated that there exists an attainable region in
the crystal size and space, spanned by the average length and width of a
crystal population characterized by two dimensions, for a seeded, growthdominated batch cooling crystallization process by solely manipulating
the process temperature.41,88,101,134 This region provides an indication as to
whether a target size and shape is accessible to the seed population under
the given operating constraints. The concept of the attainable region can
also be applied to breakage processes. Thanks to a two-dimensional PBE
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model, which is available for the Two Crystallizer configuration and the
compound BLGA (see Section 5.2), the attainable region for the breakage
process was estimated. To this aim, a seed population of BLGA (Seeds ε,
see Section 5.4.4) was fed to the milling simulator described in Section 5.2
and subjected to a milling operation spanning a wide range of rotor speeds
θ from 3000 to 25 000 rpm. The volume-weighted average dimensions at the
end of the milling operation, are shown in Figure 5.2 as a function of the
rotor speed θ. Two main observations can be made from Figure 5.2. First,

Figure 5.2: Estimate of the attainable region in the size and shape space, spanned
by the volume-weighted average length L̄1,v and average width L̄2,v of the crystal
population, for the Two Crystallizer configuration. The seed population (black
marker) was milled at rotor speeds θ ranging from 3000 to 25 000 rpm at an
interval of 1000 rpm for a fixed duration of τWM each (see Table 5.3).

for the considered wet milling process only one of the two quantities L̄1,v
and L̄2,v can be controlled as the rotor speed θ is the only control actuator.
Second, the crystals break preferentially along the length direction and
exhibit a negligible change along the width direction even at the maximum
rotor speed level explored, i.e., 25 000 rpm. Furthermore, as demonstrated
previously, the influence of the residence time τWM on the final average
dimensions is negligible as long as τWM is above 5 s.78 Due to the constraints
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on the maximum deliverable flow rate imposed by the peristaltic pump
used to pump the suspension through the wet mill, other values of τWM
than that reported in Table 5.3 were not explored in this chapter.
Based on the characteristics of the estimated attainable curve, it was
decided to design a model-based operating policy and model-free feedback
controllers and to subsequently perform experiments with the aim of
manipulating the volume-weighted average length of the crystal population
rather than the volume-weighted average width. In more detail, the goal
of the developed strategies is to mill the particle populations in such a
way that after completion of the milling operation, the volume-weighted
average length L̄1,v is as close as possible to a given target value L̄1,target . In
this way, the volume-weighted average aspect ratio can be controlled.
5.3.3 Model-based Operating Policy
Controlling the average length of a population of needle-like particles
undergoing wet milling is challenging for two main reasons. First, overshooting the target is irreversible. Second, the milling process proceeds
quickly when compared to the sampling period of a quantitative size and
shape monitoring device such as the µ-DISCO.45 Thus, the milling stages
and the PSSD measurements have to be performed consecutively, which
makes it a discrete-time control problem.
Since a quantitative model for a population of BLGA crystals undergoing
breakage is available78 (see also Section 5.2), the rotor speed θ of the
mill that leads to a reduction of the initial measured volume-weighted
average length L̄ˆ 1,v (t0 ) to a given target length L̄1,target can be calculated
and applied. Given the rotor speed bounds θmin and θmax , this problem can
be formulated as
minimize L̄1,v (θ ) − L̄1,target
θ
(5.9)
subject to θmin ≤ θ ≤ θmax
where L̄1,v (θ ) is the predicted volume-weighted average length after one
pass of the experimentally characterized seed population through the wet
mill at the rotor speed θ using the Two Crystallizer configuration and the mill
residence time τWM listed in Table 5.3. In this chapter, the minimizer θ ∗ of
eq 5.9 was obtained numerically using Matlab’s fminbnd.180 Alternatively,
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since L̄1,v (θ ) − L̄1,target is expected to be monotonic in θ, the zero of this
function could be found using the bisection method.
5.3.4

Model-free Control

Multidimensional breakage models such as the one for BLGA presented
earlier78 are hardly ever available. Even if they were, they could never be
fully predictive because of disturbances and of modeling errors for some of
the relevant phenomena. Feedback control is able to compensate for these
undesirable effects. Also in the absence of any process model, model-free
feedback controllers can be applied to operate processes automatically—
most likely not optimally, but probably satisfactorily and robustly. In this
section, a benchmark strategy is introduced and two different feedback
policies are proposed. The purpose of these policies is to control the
volume-weighted average length of a PSSD. The PSSD undergoes consecutive cycles of PSSD characterizations and milling stages, where the
PSSD measurement in each cycle takes place either immediately before
(Sections 5.3.4.1 and 5.3.4.2) or after (Section 5.3.4.3) the milling stage. The
performance of the operating policies introduced in this section has to be
assessed with respect to their ability to reach a given target average length
L̄1,target and to the number of milling stages required to do so. Below, the
index k = 0, 1, 2, . . . refers to the kth cycle; θ (k) denotes the rotor speed
applied in the kth milling stage as calculated by the employed operating
policy. Rotor speed bounds θmin ≤ θ ≤ θmax are enforced afterward. As
soon as L̄ˆ 1,v (k) reaches the target, no further milling stages are run. Note
that a target is considered to be reached if the measured average length
L̄ˆ 1,v lies within 3% of the target average length L̄1,target or below it.
5.3.4.1

Benchmark Strategy

The benchmark strategy (C) consists of applying the same constant rotor
speed θ0 for each milling stage until the target L̄1,target is reached. The
applied rotor speed is thus
θ ( k ) = θ0

∀k ≥ 0

(5.10)

145

modeling and control of a rotor-stator wet mill

where θ0 is the only tuning parameter. This benchmark policy is the simplest
operating policy possible and it is useful as a benchmark for the feedback
controllers introduced below.
5.3.4.2

R Controller

The first feedback control law (R) is motivated by the observation that the
decrease in L̄ˆ 1,v becomes smaller and smaller with each milling stage when
the same rotor speed is applied (see Section 5.5.2). The goal of the control
law proposed in this section is thus to adjust the rotor speed to counteract
this decrease in the change of the average length across the milling stages.
To this end, a control error e(k) can be defined as
e(k) =

∆ L̄ˆ 1,v (1)
−1
∆ L̄ˆ (k)

∀k > 0

(5.11)

1,v

where the negative quantity ∆ L̄ˆ 1,v (k) = L̄ˆ 1,v (k) − L̄ˆ 1,v (k − 1) is the decrease
in the measured average length across the previous milling stage. This
quantity is only defined for k > 0 and it holds e(1) = 0. By formulating the
control law as



θ
if k = 0
0
θ (k) =
(5.12)




θ0 1 + κe(k)
if k > 0
where θ0 and κ are tuning parameters, it becomes clear that for k > 1, the
feedback part κθ0 e(k) increases the rotor speed as a function of the decrease
of L̄ˆ 1,v over the preceding milling stages.
5.3.4.3

Adaptive Controller

Beside either applying a model-based operating policy relying on a full
population balance model or employing completely model-free operating
policies, there is the option to learn a simple process model online from
past data in the spirit of adaptive control. As discussed in Section 5.5.2, the
evolution of L̄ˆ 1,v shows similarities to an exponential decay for both the
Two Crystallizer and the Recirculation configuration when the rotor speed
is kept constant across the milling stages. This observation motivates a
discrete-time model of the form
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∆ L̄1,v (0) = 0
∆ L̄1,v (k) = α∆ L̄1,v (k − 1) + βθ (k)

k ≥ 1, 0 < α < 1

(5.13)

where the negative quantity ∆ L̄1,v (k) = L̄1,v (k) − L̄1,v (0) (k ≥ 1) is the
difference between the current and the initial volume-weighted average
length. Notice that this definition of ∆ L̄1,v (k) is different than the one used
in Section 5.3.4.2 and that L̄1,v (k) is obtained after milling at θ (k ). The
simple model given in eq 5.13 exhibits the following favorable features:
• The model is dynamic, i.e., it takes into account the past evolution of
L̄1,v and also the effect of the rotor speed.
• The model has only two parameters (α and β) and they can be determined online automatically (see below).
• For 0 < α < 1 and θ (k) = const. ∀k, the model response is an
exponential decay in discrete-time, where the parameter α determines
the rate of decay.
• The second parameter β determines (together with α) the limit value
of ∆ L̄1,v (k) as k → ∞ for θ (k) = const. ∀k.
The adaptive (A) control law based on the process model given in eq 5.13
works as follows:
• The rotor speed is kept constant at θ0 for the first two milling stages
because two measurements of ∆ L̄1,v are required to determine the
two model parameters α and β, hence θ (k) = θ0 for k = 1, 2.
• For k ≥ 3, first, one estimates α and β using all past measurements,
i.e., ∆ L̄ˆ 1,v (k − 1), ∆ L̄ˆ 1,v (k − 2), . . . ; then one carries out a one-step
extrapolation of the fitted model to calculate the rotor speed θ (k) that
yields the desired target average length after the kth milling stage,
thus obtaining
θ (k) =

L̄1,target − L̄ˆ 1,v (0) − α∆ L̄ˆ 1,v (k − 1)
β

(5.14)
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It is worth noting that the fitting of the two model parameters α and β
can be formulated as a linear least-squares problem. However, to enforce
the constraint 0 < α < 1, the sum of the squared deviations between the
∆ L̄ˆ 1,v (k) and the corresponding model predictions obtained from eq 5.13
was minimized with respect to α and β using Matlab’s fmincon.180
5.4

materials and methods

5.4.1 Materials
Deionized and filtered (filter size of 0.22 µm) water obtained from a MilliQ Advantage A10 system (Millipore, Zug, Switzerland) was used for all
the experiments performed in this chapter. Monosodium l-glutamic acid
monohydrate (Sigma-Aldrich, Buchs, Switzerland, purity > 99 %) and hydrochloric acid (Sigma-Aldrich, Buchs, Switzerland, 37-38 %) were used
as delivered for the preparation of BLGA seed crystals. BLGA obtained
from the manufacturer (Sigma-Aldrich, Buchs, Switzerland, purity > 99 %)
was used to prepare saturated solutions in water. d-mannitol (DM, SigmaAldrich, Buchs, Switzerland, purity > 98 %) obtained from the manufacturer was used to prepare saturated solutions in ethanol (Fisher Scientific,
Reinach, Switzerland, analytical reagent grade). d-mannitol exhibits three
different polymorphs. The γ polymorph (GDM), which is needle-like, is
the thermodynamically stable form74 and was used as seed crystals in this
chapter. The seed crystals of BLGA and GDM used in this chapter were
prepared using the protocols described in Section 5.4.4. It is worth noting
that BLGA is weakly soluble in water (9.86 g kg−1 at 29.9 ◦C), whereas GDM
is almost insoluble in ethanol (0.16 g kg−1 at 25.0 ◦C).
5.4.2 Experimental Setup
The experimental setup consists of four main elements, namely, the crystallizer(s), the online solid phase characterization device µ-DISCO,45 the
rotor-stator wet mill, and the control computer, as shown in Figure 5.1.
Depending on the milling configuration used in a given experiment, either
one (Recirculation) or two (Two Crystallizer) temperature controlled jacketed
stirred tank crystallizers were used.
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All the experiments performed in the scope of this chapter made use of a
2 L glass jacketed stirred tank crystallizer (inner diameter = 15 cm), referred
to as the primary crystallizer, connected to a ministat 230-CC3 thermostat
(Huber, Offenburg, Germany). The suspension was sampled from the primary crystallizer to characterize the evolution of the solid phase using the
µ-DISCO described in Section 5.4.3. When the Two Crystallizer configuration
was employed, another 2 L glass jacketed stirred tank crystallizer (inner
diameter = 15 cm), referred to as the secondary crystallizer and connected
to a polystat CC240wl-CC3 thermostat (Huber, Offenburg, Germany), was
added to the setup. In both the crystallizers, the suspension was stirred at
400 rpm by a 4-blade glass impeller with 45° inclined blades and a diameter
of 60 mm (LaboTechSystems LTS AG, Reinach, Switzerland).
An IKA Magic Lab equipped with the MK/MKO module (IKA-Werke,
Staufen im Breisgau, Germany) served as the rotor-stator wet mill in all
the experiments performed in this chapter. The suspension was pumped
through the mill using a peristaltic pump (Ismatec, Wertheim, Germany)
at a flow rate of 1.18 L min−1 . The wet mill was connected to a ministat
230-NR Pilot ONE thermostat (Huber, Offenburg, Germany) to regulate the
temperature of the wet mill jacket.
The image analysis routines described in Sections 2.3.2 and 2.3.345 and the
wet mill operating and control algorithms discussed in Sections 5.3.3 and 5.3.4
were implemented in a personal computer (control computer) running Matlab.180 The interface between the control computer and the rotor-stator
wet mill, as well as that between the computer and the peristaltic pump of
the wet mill, was realized using an ATmega32U4 microcontroller (Atmel
Corporation, San Jose, USA) running a custom firmware (not shown in
Figure 5.1). The output from the control computer running the wet mill
operating and control algorithms is the rotor speed set point θset for the
wet mill.
5.4.3

Characterization of the Solid Phase

The µ-DISCO,45 an ex situ stereoscopic imaging device that monitors the
evolution of the multidimensional PSSD (see Chapter 2), was used to
characterize the crystals suspended in the primary crystallizer. Note that in
the case of the Two Crystallizer configuration, the solid phase is characterized
by the µ-DISCO after transferring the suspension from the secondary
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crystallizer back to the primary crystallizer. In the case of the Recirculation
configuration, the solid phase is characterized by the µ-DISCO after one full
suspension pass. A total of 800 pairs of images were obtained at a maximum
theoretical frequency of 75 fps every 5 min. The images thus obtained were
processed online using automated image analysis routines; most of the
detected particles were classified either as needle-like or as quasi-equant.
The particles that fell under these two classes were assumed to be primary
particles and each of them was approximated as a cylinder of length L1 and
width L2 using the generic particle shape model proposed previously.17
Afterward, a binning protocol was applied to the characterized particles to
generate online a two-dimensional PSSD using a regular grid with 500 and
150 bins along the L1 and the L2 direction, respectively. This PSSD was used
for operating/control purposes. For illustration purposes in the subsequent
sections, a regular grid with a different number of bins has been used. The
grid properties will be specified whenever the quantities of interests are
shown. Note that all the number of bins along each dimension used in this
chapter (both for simulations and experiments) guaranteed the convergence
of the volume-weighted average dimensions of the distribution.
5.4.4 Preparation of Seed Crystals
The BLGA seed crystals were obtained using a two-step process, namely,
pH-shift precipitation followed by a solvent-mediated polymorphic transformation of l-glutamic acid from the α form to the β form.134 Two different
batches of BLGA seeds, referred to as Seeds ε and Seeds ζ, were used in
this chapter.
Seeds ε were obtained by wet milling BLGA crystals obtained at the end of
the two-step process described above at 7000 rpm. The milled crystals were
subsequently suspended in a saturated solution at 30 ◦C and heated up to
32 ◦C to dissolve the fines produced during the milling step. After filtering
off the solution, the crystals were dry-sieved (> 40 µm) and suspended in a
saturated solution at 29.9 ◦C. This suspension was subsequently heated up
to 33.5 ◦C to remove additional fines. After filtration and drying, Seeds ε
were obtained.
Seeds ζ were obtained by suspending the BLGA crystals obtained at
the end of the two-step process described above in a saturated solution at
29.9 ◦C and by heating this suspension to 32 ◦C at 0.4 ◦C h−1 . Subsequently,
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the suspension was cooled down to 30 ◦C at 0.3 ◦C h−1 . Upon reaching the
final temperature, the suspension was filtered and the retained solids were
dried.

Figure 5.3: Volume-weighted PSSDs fˆv (obtained using eq 5.8 and normalized
by the maximum of each PSSD) of (a) Seeds ε and (b) Seeds ζ of BLGA crystals,
and of (c) Seeds η of GDM crystals. The contour levels correspond to 0.1, 0.5,
and 0.9 of each normalized PSSD. Along the L1 direction, a regular grid with
120 bins and a spacing of 12 µm, 21 µm, and 13 µm was used for Seeds ε, Seeds
ζ, and Seeds η, respectively. Along the L2 direction, the corresponding grid
spacing was 9 µm, 7 µm, and 7 µm using 40 bins.

GDM seeds were not prepared specifically for the experiments performed
in this chapter. The seed crystals used in this chapter were the products
obtained at the end of a process experiment (Experiment M3 in ref 113)
involving consecutive cycles of crystallization, milling, and dissolution, as
described elsewhere.113 The GDM seed crystals are henceforth referred to
as Seeds η.
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The average characteristics of the populations of Seeds ε, Seeds ζ, and
Seeds η are given in Table 5.2 and the corresponding PSSDs are shown in
Figure 5.3.
Compound

Seeds

BLGA

ε
ζ
η

GDM

L̄ˆ 1,v [µm]

L̄ˆ 2,v [µm]

σ̂11,v [µm]

278
418
356

62
63
57

125
229
149

σ̂22,v [µm]
25
27
25

Table 5.2: The measured volume-weighted average length L̄ˆ 1,v , width L̄ˆ 2,v , and
the measured volume-weighted broadness of the seed PSSD along the length
direction σ̂11,v and along the width direction σ̂22,v for BLGA and GDM seeds
used in the experiments.

5.4.5 Limits on Operating Conditions
Two different operating conditions were constrained for all the experiments,
namely, the rotor speed θ of the wet mill and the duration of the main experimental phase tmax (see Section 5.4.6). The rotor speed for the experiments
using the model-based operating policy (see Section 5.3.3) was limited to the
range between 3000 and 20 000 rpm. For the model-free control experiments
(see Section 5.3.4), the rotor speed was limited to the interval from 3000 to
12 000 rpm. The upper limit for these control experiments was reduced to
12 000 rpm in order to prevent excessive irreversible breakage that would
occur at higher rotor speeds and that could easily lead to overshooting of
the target average length (see also Section 5.3).
5.4.6 Protocol
All the experiments performed in this chapter, except explicitly mentioned
in Section 5.5, consisted of three phases, namely, an initial idle phase, a
main experimental phase, and a final phase. Since different operating and
control strategies and compounds were used in the experimental campaign,
the protocols for the experiments differed slightly as described below.
For all the experiments performed with BLGA, an excess amount of
BLGA crystals was added to water at 29.9 ◦C to prepare a saturated solution.
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The suspension was equilibrated by keeping the crystallizer at the desired
temperature and stirring rate. The suspension was then filtered off and
2000.0 g of clear solution were loaded into the crystallizer. The temperature
of the crystallizer was then reduced to the experimental temperature Texp
of 29.1 ◦C corresponding to a supersaturation Sexp of 1.03. Upon reaching
the desired temperature, 0.50 g of BLGA seeds prepared using the protocol
described in Section 5.4.4 were added to the saturated solution. Note that
the mild supersaturation level chosen ensured that neither dissolution nor
detectable growth of the crystals occured during the milling experiments.
For all the experiments performed with GDM, an excess amount of GDM
crystals was added to ethanol at 25.0 ◦C to prepare a saturated solution.
The suspension was equilibrated by keeping the crystallizer at the desired
temperature and stirring rate. The suspension was then filtered off and
1500.0 g of clear solution were put back into the crystallizer. Since GDM is
practically insoluble in ethanol the experiments were conducted at 25.0 ◦C
corresponding to a saturated solution (Sexp = 1.00). Subsequently, 0.35 g
of GDM seeds obtained using the protocol described in Section 5.4.4 were
added to the saturated solution.
It is worth acknowledging that the suspension density used in the experiments performed in this chapter is quite low, but a dilution loop could
be potentially employed to deal with higher suspension densities (see also
Appendix D).17
During the initial idle phase, the suspension was monitored and characterized, but the measurements thus obtained were not used for control
purposes. The duration of this phase was 15 min and 5 min for the experiments using the model-based operating policy and for those using
model-free control, respectively. The measurements obtained during this
phase are not shown in Section 5.5.
Depending on the operating or control strategy employed, the main
experimental phase differed in its functionality. Its duration tmax was 65 min
and 75 min for the experiments using the model-based operating policy and
for those applying model-free control, respectively. For the model-based
operating policy experiments, the suspension was characterized for 30 min
by obtaining a measurement every 5 min. The six PSSD measurements thus
obtained were combined online to a single PSSD, which was subsequently
fed as the initial PSSD to the model-based operating policy to obtain a set
point for the rotor speed θset = θ ∗ according to eq 5.9. After milling the
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suspension once at this rotor speed, the population was measured for the
remainder of the main experimental phase without further milling, even if
the average length had not reached the predefined target L̄1,target . For the
model-free control experiments, the suspension was characterized every
10 min during the main experimental phase. Except for the benchmark
strategy, the volume-weighted average length of each PSSD measurement
was fed to the employed control law to determine the rotor speed set point
θset . Subsequently, the suspension was milled for a duration of τC using
one of the two configurations discussed in Section 5.2. The sequence of
PSSD characterization, control law execution, and milling was repeated
every 10 min either until the target average length was reached or until the
end of the main experimental phase tmax .
During the final phase, the controllers were inactive and the suspension
was characterized for a duration of tfinal = 15 min and tfinal = 10 min for
the experiments using the model-based operating policy and for those
applying model-free control, respectively.
5.5

results and discussion

5.5.1 Steady-State Measurements
Two separate steady-state measurements were performed using BLGA crystals (Seeds ε) suspended in a weakly supersaturated solution (S = 1.03),
one for the Two Crystallizer configuration and one for the Recirculation configuration. For both configurations, the experiments were performed by
pumping the suspension through an idle wet mill (θ = 0 rpm) for a total
of five full suspension passes. For the Two Crystallizer configuration, one
full suspension pass corresponds to transferring the suspension from the
primary crystallizer to the secondary crystallizer through the mill, and back
to the primary crystallizer with the mill being inactive. For the Recirculation
configuration, one full suspension pass translates into pumping the suspension through the mill for a duration of one residence time of the crystallizer
suspension τC . Since only a small quantity of seed crystals was used, it
was critical to ensure that there was a negligible loss of particles when
the suspension was pumped through the mill. Experimental confirmation
of this would ensure that the observed changes in the average particle
dimensions during a milling experiment are not an artifact of the loss of
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Figure 5.4: Time-resolved evolution of the number of primary particles N̂p and
of the total visual hull volume of the particles V̂ observed by the µ-DISCO
for the (a) Two Crystallizer and for the (b) Recirculation configuration using
BLGA Seeds ε. Time-resolved evolution of the measured volume-weighted
average length L̄ˆ 1,v and width L̄ˆ 2,v for the (c) Two Crystallizer and for the (d)
Recirculation configuration. Along the L1 direction, a regular grid with 120 bins
was used to reconstruct the PSSDs and to compute the average dimensions,
with a grid spacing of 17 µm and 17 µm for the experiments performed using
the Two Crystallizer and the Recirculation configuration, respectively. Along the
L2 direction, the corresponding grid spacing was 11 µm and 8 µm using 40 bins.
The shaded gray regions in all the figures indicate the milling stages, with the
corresponding rotor speed θ reported alongside. Note that during the milling
stages, no measurements were obtained by the µ-DISCO.
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particles in the milling chamber or in the loop between the crystallizer(s)
and the wet mill. The time-resolved evolution of the observed number of
primary particles N̂p , of the observed total visual hull volume V̂,47 and of
the measured volume-weighted average dimensions [ L̄ˆ 1,v (t) L̄ˆ 2,v (t)]T are
shown in Figure 5.4. It is evident from this figure that the change of these
quantities over multiple passes through the mill is indeed either small (for
the number of primary particles) or even negligible (for the remaining
quantities). Note that it was shown previously that neither stirring of the
crystallizer at the given stirring rate nor passing through the sampling loop
of the µ-DISCO induce any breakage, dissolution, or loss of crystals during
long experiments (see Sections 2.4.1 and 4.4.1).134
5.5.2 Comparison of the Two Milling Configurations
The structure of the two multidimensional population balance models that
describe the two milling configurations discussed in Section 5.2 exhibit
differences. In order to better understand the differences that might potentially arise from employing either of the two milling configurations, a
simulation study followed by an experimental validation of the same was
undertaken. To this aim, eight full suspension passes using both Seeds ε
and Seeds ζ milled at a constant rotor speed θ of 7500 rpm were simulated
using both the Two Crystallizer and the Recirculation configuration. In the
simulations, the Two Crystallizer configuration model was integrated over
the time domain for a duration corresponding to the residence time of
the wet mill τWM , which translates to one full suspension pass without
pumping the suspension back into the primary crystallizer. The Recirculation
configuration model was integrated for a duration equal to the residence
time of the crystallizer τC , which also corresponds to one full suspension
pass.
The simulated evolution of the volume-weighted average length L̄1,v and
of the volume-weighted average width L̄2,v is shown in Figure 5.5a,b for
the two batches of seeds using both milling configurations. Qualitatively,
the two configurations exhibit similar trends in the evolution of the average dimensions. However, a quantitative difference at the end of each
full suspension pass, even though very small, cannot be overlooked. This
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Parameter

Unit

Value

Experimental and Simulation
BLGA
ρc
c∗ 171
c0
mseed
T∗
Sexp

g µm−3
g kg−1
g kg−1
g
◦C
-

1.59 × 10−12
3.37 e0.0359T
9.86
0.50
29.90
1.03

GDM
c0
mseed
msolvent
T∗
Sexp

g kg−1
g
kg
◦C
-

0.16
0.35
1.50
25.00
1.00

kg
m
s
s

0.07
0.01
5.72
102.00

Wet mill
mM
rM
τWM
τC
Operating Policies and Controllers
ngrid

-

500 (L1 )
150 (L2 )

Model-based Operating Policy
tsamp
tinitial
tmax
tfinal
θmin
θmax

min
min
min
min
rpm
rpm

5
15
65
15
3000
20000

Model-free Controllers
tsamp
tinitial
tmax
tfinal
θmin
θmax
θ0
κ

min
min
min
min
rpm
rpm
rpm
–

10
5
75
10
3000
12000
7500
0.1

Table 5.3: Simulation, experimental, and controller parameters used in this
chapter (unless stated otherwise in the main text).
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Figure 5.5: Evolution of the volume-weighted average length L̄1,v and width
L̄2,v for BLGA (a) Seeds ε and (b) Seeds ζ milled at 7500 rpm using the Two
Crystallizer and the Recirculation configuration as a function of the number of full
suspension passes nWM obtained from the simulation study. The corresponding
evolution of the volume-weighted average length L̄ˆ 1,v and width L̄ˆ 2,v for BLGA
(c) Seeds ε and (d) Seeds ζ obtained from the experiments. Along the L1 direction,
a regular grid was used to reconstruct the PSSDs and to compute the average
dimensions, with 700 and 120 bins for the simulations and the experiments,
respectively. The corresponding number of bins along the L2 direction was
180 and 40, respectively. In the simulations, along the L1 direction the grid
spacing was 2 µm and 4 µm for Seeds ε and ζ, respectively, and along the L2
direction it was 2 µm and 2 µm, respectively. In the experiments, along the
L1 direction the grid spacing for Seeds ε using the Two Crystallizer and the
Recirculation configuration was 9 µm and 9 µm, respectively and along the L2
direction it was 7 µm and 7 µm, respectively. The corresponding grid spacing
for Seeds ζ was 18 µm, 17 µm, 7 µm, and 6 µm, respectively. The dark lines and
the circle markers correspond to the Two Crystallizer configuration and the light
lines and downward-pointing triangle markers correspond to the Recirculation
configuration.
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difference can be attributed to the different mathematical formulations of
the two configurations.
Experiments were performed at the same conditions as those of the
simulation study. The experimental evolution of the volume-weighted
average length L̄ˆ 1,v and of the volume-weighted average width L̄ˆ 2,v is shown
in Figure 5.5c,d. The protocol to perform these experiments was similar to
that described in Section 5.5.1. Two key observations can be made from the
experiments. First, the experimental trends are in line with the outcome
of the simulation study described previously, i.e., the two configurations
behave indeed very similarly under the chosen operating conditions. It is
known from basic chemical reaction engineering that for identical flow rates
and initial conditions, the ratio of the times required to process one reactor
volume using a continuously stirred tank reactor and a plug flow reactor
is one for a zero-order reaction and greater than one for positive order
reactions.181 Based on this analogy and on the observations made from both
the simulations and the experiments, it can be hypothesized that the milling
process considered here has an order close to zero. Second, in Figure 5.5,
it can be seen that the simulations predicted lower average dimensions
at the end of each full suspension pass than observed experimentally. An
explanation may be the fact that the multidimensional breakage model was
developed from experiments performed using one full suspension pass.
Hence, it would be unreasonable to assume that the model is able to predict
the evolution of the average dimensions for multiple full suspension passes.
Based on the observations made from both the simulations and the experiments, the two milling configurations are assumed to be identical under the
considered operating conditions. As discussed in the next sections, the Two
Crystallizer configuration will be used only to perform the experiments for
the model-based operating policy, whereas the Recirculation configuration
will be used to run the model-free control experiments.
5.5.3

Model-based Operating Policy

Lab-scale experiments were designed and performed using the model-based
operating policy described in Section 5.3.3 and according to the protocol
given in Section 5.4.6. For these experiments, only the Two Crystallizer
configuration was employed, since the multidimensional breakage model
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Figure 5.6: Time-resolved evolution of the measured volume-weighted average length L̄ˆ 1,v and width L̄ˆ 2,v for
BLGA Seeds ε with target average lengths L̄1,target (a) 210 µm (ε1,MB ), (b) 180 µm (ε2,MB ), and (c) 150 µm (ε3,MB )
and for BLGA Seeds ζ with target average lengths L̄1,target (d) 300 µm (ζ1,MB ), (e) 225 µm (ζ2,MB ), and (f) 150 µm
(ζ3,MB ) using the model-based operating policy. Along the L1 direction, a regular grid with 120 bins was used to
reconstruct the PSSDs and to compute the average dimensions with a grid spacing of 15 µm, 11 µm, 13 µm, 21 µm,
24 µm, and 18 µm for the experiments in panels a through f, respectively. Along the L2 direction, the corresponding
grid spacing was 8 µm, 7 µm, 8 µm, 7 µm, 7 µm, and 9 µm using 40 bins. The shaded gray region in all the figures
indicates the milling stage, and the corresponding rotor speed θ is reported alongside. Note that during the milling
stages, no measurements were obtained by the µ-DISCO.
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available in the literature is based on this configuration.78 Seeds ε and Seeds
ζ were used for these experiments to reach different target average lengths
L̄1,target .
A total of three experiments were performed applying the model-based
operating policy for Seeds ε, with the goal to reach three different targets.
The three targets L̄1,target were 210 µm (ε1,MB ), 180 µm (ε2,MB ), and 150 µm
(ε3,MB ). The evolution of the volume-weighted average length and width
measured during the three experiments is shown in Figure 5.6a-c. First, it
is evident from the volume-weighted average length after the milling stage
(shown as a shaded gray region) that the operating policy managed to drive
the seed population close to all the three targets L̄1,target using a single full
suspension pass. Second, as expected, the rotor speeds calculated by the
operating policy to reach the different targets spanned a wide range. In fact,
the rotor speeds for ε1,MB , ε2,MB , and ε3,MB were 7820 rpm, 10 475 rpm, and
13 908 rpm, respectively. Third, the volume-weighted average width also
decreased as the rotor speed increased, but that change was significantly
smaller than that of the length.
Similar to the experiments performed with Seeds ε, a total of three experiments was performed for Seeds ζ, using the same operating policy. The
assigned targets L̄1,target were 300 µm (ζ1,MB ), 225 µm (ζ2,MB ), and 150 µm
(ζ3,MB ). The evolution of the volume-weighted average length and width
observed in the three experiments is shown in Figure 5.6d-f. In contrast
to the experiments with Seeds ε, the model-based operating policy failed
to reach the assigned target average lengths for Seeds ζ. For all the three
experiments, the multidimensional breakage model underpredicted the
rotor speeds required to reach the targets. Even though the model was
demonstrated to possess predictive capabilities for different specific batches
of seeds previously78 and also for Seeds ε used in this chapter, it is apparently not predictive in general. Note that, since the experiments presented
in this section aimed at exploiting the predictive capabilities of the multidimensional model, it was decided not to mill the suspension more than
once, which would have enabled reaching the targets.
As with other unit operations in the field of crystallization, there is a
need to include a feedback control action to compensate for shortcomings
of the employed process models. However, in the case of wet milling, the
feedback controllers have to act cautiously, since milling is an inherently
irreversible process.
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5.5.4 Model-free Control
5.5.4.1

Comparison of the Benchmark and the Feedback Control Strategies

As evident from the previous section, a model-based operating policy without any feedback action may not suffice to reach a given target average
length during a milling stage. Therefore, in a first step, the two different
feedback control strategies and the benchmark policy introduced in Section 5.3.4 were tested experimentally and compared. In a second step, the
controller that showed superior performance was applied with the goal
to reach the same target average lengths as in Section 5.5.3. Since both
the Two Crystallizer and the Recirculation configuration behave similarly in
simulations and in experiments (Section 5.5.2), it was decided to employ
the Recirculation configuration only for all these experiments.
Two performance criteria have to be assessed for all the controllers:
first, their ability to reach a given target average length L̄1,target ; then, the
required number of full suspension passes to do so. To this aim, three
experiments were performed, one each using the benchmark strategy, the
R, and the A controller, all of them with Seeds ζ and an assigned target
length L̄1,target of 150 µm. Note that these experiments were performed
with a fixed set of controller tuning parameters, as listed in Table 5.3. The
resulting evolution of the volume-weighted average length L̄ˆ 1,v and of the
rotor speed θ is shown in Figure 5.7 as a function of the number of full
suspension passes. As expected, the different operating policies exhibit
different behavior in terms of the final average length and of the number of
passes required to reach the target. The R and the A controller managed
to reach the target, while the benchmark strategy (C) failed to reach the
target even after 11 passes at a rotor speed θ of 7500 rpm. This failure can
be attributed to the fact that there exists a grinding limit for any milling
process with a fixed rotor speed, i.e., a minimum achievable average length.
Since this grinding limit appears to be a function of the rotor speed under
the conditions explored in this chapter and it is a priori unknown, selection
of a reasonable constant rotor speed θ0 is difficult and feedback action on
the rotor speed is required.
Even though both feedback controllers (R and A) managed to reach the
target, the corresponding closed-loop experiments differ in terms of the
applied rotor speed and in terms of the number of passes required, as
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Figure 5.7: Evolution of (a) the volume-weighted average length L̄ˆ 1,v and of (b)
the rotor speed θ as a function of the number of full suspension passes nWM for
experiments using the benchmark strategy (red circles), the R controller (violet
upward-pointing triangles), and the A controller (blue downward-pointing
triangles) with BLGA Seeds ζ and a target average length L̄1,target = 150 µm.
Along the L1 direction, a regular grid with 120 bins was used to reconstruct
the PSSDs and to compute the average dimensions, with a grid spacing of
17 µm, 17 µm, and 16 µm for the experiments using the benchmark strategy,
the R controller, and the A controller, respectively. Along the L2 direction, the
corresponding grid spacing was 6 µm, 7 µm, and 9 µm using 40 bins.
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illustrated in Figure 5.7. The rotor speed is constant (θ0 = 7500 rpm) for the
first two milling stages when using both controllers, which is a consequence
of the control laws defined in Section 5.3.4. For the third and the following
passes, the A controller calculated set points that would enable reaching the
target in a single pass according to the simple adaptive model (see eq 5.14).
However, since these set points exceeded the upper bound of the rotor
speed θmax , the set point was constrained to this upper limit. In contrast to
the A controller, the R controller selected significantly lower rotor speeds
for the third and the following passes, which leads to a larger number of
milling stages required to reach the target. On the one hand, this behavior
can be attributed to the inherent differences in the control laws, and on the
other hand, to the specific choice of tuning parameters of the R controller,
which might be modified if necessary. In any case, both feedback controllers
successfully increased the rotor speed in order to overcome the issue of the
grinding limit observed when using the benchmark strategy.
The number of tuning parameters required by a given control law is
also a factor to consider. The benchmark strategy and the two feedback
controllers studied here have one tuning parameter in common, namely,
the initial rotor speed θ0 . Contrary to the A controller, the R controller has
an additional tuning parameter κ.
Based on the above discussion, it was decided to use the A controller
to perform further closed-loop control experiments. This controller clearly
has the ability to reach the target average length and it makes use of the
knowledge gained from prior milling stages regarding the evolution of the
average length.
5.5.4.2

Adaptive Controller

The A controller was employed to perform closed-loop control experiments
using the recirculation configuration. A total of six experiments, three each
for BLGA Seeds ε and Seeds ζ, was performed using the protocol described
in Section 5.4.6. The goal of these experiments was to reach the same targets
as in the case of the experiments using the model-based operating policy
(Section 5.5.3). The experiments are distinguished by labeling them ε1,A
through ε3,A and ζ1,A through ζ3,A for Seeds ε and Seeds ζ, respectively.
The resulting evolution of the volume-weighted average length and
width and the rotor speed θ for each full suspension pass are shown in
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Figure 5.8: Time-resolved evolution of the measured volume-weighted average length L̄ˆ 1,v and width L̄ˆ 2,v for
BLGA Seeds ε with target average lengths L̄1,target (a) 210 µm (ε1,A ), (b) 180 µm (ε2,A ), and (c) 150 µm (ε3,A ) and
for BLGA Seeds ζ with target average lengths L̄1,target (d) 300 µm (ζ1,A ), (e) 225 µm (ζ2,A ), and (f) 150 µm (ζ3,A )
using the A controller. Along the L1 direction, a regular grid with 120 bins was used to reconstruct the PSSDs
and to compute the average dimensions with a grid spacing of 11 µm, 13 µm, 14 µm, 21 µm, 16 µm, and 16 µm
for the experiments in panels a through f, respectively. Along the L2 direction, the corresponding grid spacing
was 7 µm, 7 µm, 8 µm, 7 µm, 6 µm, and 9 µm using 40 bins. The shaded gray region in all the figures indicates the
milling stage, and the corresponding rotor speed θ is reported alongside. Note that during the milling stages, no
measurements were obtained by the µ-DISCO.
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Figure 5.8a-c and Figure 5.8d-f for Seeds ε and Seeds ζ, respectively. Two
main observations can be made from these plots. First, it is clear that the
controller managed to drive the population to the target average length
L̄1,target in all the cases except ζ1,A , where the target was overshot. The
reason for the outcome of this experiment is that the A controller has
to apply a constant rotor speed of 7500 rpm during the first two full
suspension passes, where the outcome of these two passes is subsequently
used to fit the adaptive model. Thus, to reach targets close to the average
length of the seed population, such as in the case of ζ1,A , the design of
the controller would require lowering the initial rotor speed θ0 . A second
observation is that the different experiments showed a different evolution
of the rotor speeds through the milling stages and a different number of
full suspension passes required to reach the respective target. Experiments
ε1,A and ζ1,A required only two full suspension passes through the mill to
terminate the controller action, while experiments ε3,A and ζ3,A required five
full suspension passes due to the lower target average length. Experiment
ε3,A exhibits an interesting evolution of the rotor speed. After the first two
full suspension passes, the controller applied a rotor speed of 11 651 rpm.
The target was not yet reached using this rotor speed, but the average
length ended up close to it. Being aware of the proximity to the target
and having adapted the exponential discrete-time model, the controller
applied a relatively low rotor speed of 6381 rpm, which was again not
sufficient to reach the target. After adapting the model once more, the
controller correctly decided to use an intermediate rotor speed of 8163 rpm,
which allowed reaching the target average length. The other extreme case
is experiment ζ3,A , which was already explained in detail in Section 5.5.4.1
(see Figure 5.7).
To highlight the superior performance of the adaptive controller when
compared to the model-based operating policy, the product PSSDs from the
corresponding experiments performed with Seeds ζ and the target L̄1,target
set to 225 µm are compared. Additionally, a simulation of the model-based
operating policy experiment was performed by using the seed population
obtained from the pre-milling phase of experiment ζ2,MB . Note that the
required rotor speed θ calculated in this simulation was the same as that
applied by the model-based operating policy during the actual experiment.
The volume-weighted PSSDs after the milling stage obtained from the simulation, from the model-based operating policy experiment (ζ2,MB ), and from
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Figure 5.9: Volume-weighted PSSDs fˆv (obtained using eq 5.8 and normalized
by the maximum of each PSSD) of the products obtained by controlled milling
of BLGA Seeds ζ with a target average length L̄1,target = 225 µm. (a) Simulation
result of the model-based operating policy, (b) experimental result of the modelbased operating policy, and (c) experimental result of the A controller. The
contour levels correspond to 0.1, 0.5, and 0.9 of each normalized PSSD. Along
the L1 direction, a regular grid with 500, 120, and 120 bins with a spacing of
6 µm, 24 µm, and 16 µm was used to reconstruct the PSSDs in panels a through
c, respectively. Along the L2 direction, the corresponding grid spacing was 2 µm,
7 µm, and 6 µm using 150, 40, and 40 bins, respectively. The solid diamonds and
the solid circular markers indicate the volume-weighted average dimensions
of the seed and of the product populations, respectively, and the dashed lines
indicate the target average length L̄1,target .

the experiment using the A controller (ζ2,A ) are shown in Figure 5.9a-c.
From Figure 5.9a,b it is clear that, even though the model guarantees reaching the target in the simulation, the rotor speed is not sufficiently high
to achieve the same goal in the experiment. The average dimensions as
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well as the broadness along the length direction of the two distributions
are significantly different. Contrary to experiment ζ2,MB , the product PSSD
from experiment ζ2,A (i.e., using the A controller) is more similar to the
PSSD and to the average properties of the distribution obtained from the
simulation, even though the rotor speeds and the number of full suspension
passes are different.
It is worth acknowledging that in order to apply feedback control (for
instance in the form proposed in Section 5.3.4.3), the availability of an online
size and shape monitoring tool or method is a necessity. In the absence of
such a tool or method, the simplified model given by eq 5.13 can still be
useful. Its parameters can be estimated offline once for a given batch of
seeds by conducting two or more milling operations with different rotor
speeds and by performing intermediate measurements of the average crystal dimensions using any available offline characterization technique. This
procedure is far less costly than developing a multidimensional population
balance model. The obtained ad-hoc model of the process is certainly better
than not having any process model at all.
5.5.5 Generality of the Proposed Feedback Control Strategy
It is essential that the control strategies proposed in this chapter can be
applied to any given compound that exhibits a needle-like morphology. The
breakage of crystals is a mechanical operation and the impact of the milling
stage on the reduction of the average dimensions of the seed population
depends on the physical properties of the crystals such as their brittleness.
Hence, it would be unreasonable to apply the multidimensional breakage
model to an arbitrary compound using the set of parameters reported
in ref 78. However, the proposed A controller (and also the R controller)
should be able to drive the average length of a seed population towards
a target length independently of the compound. Hence, to check if this is
indeed the case, closed-loop control experiments with GDM, also exhibiting
needle-like morphology, were performed using the A controller.
Seeds η were milled by employing the protocol described in Section 5.4.6
with the aim of reaching the three different target average lengths of 225 µm
(η1,A ), 200 µm (η2,A ), and 175 µm (η3,A ). Based on the observed evolution of
the average length visualized in Figure 5.10 it is apparent that the controller
was successful in achieving its goal. Similar to the observations made in
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Figure 5.10: Time-resolved evolution of the measured volume-weighted average length L̄ˆ 1,v and width L̄ˆ 2,v for
GDM Seeds η with target average lengths L̄1,target (a) 225 µm (η1,A ), (b) 200 µm (η2,A ), and (c) 175 µm (η3,A ) using
the A controller. Along the L1 direction, a regular grid with 120 bins was used to reconstruct the PSSDs and to
compute the average dimensions, with a grid spacing of 13 µm, 12 µm, and 13 µm for the experiments in panels a
through c, respectively. Along the L2 direction, the corresponding grid spacing was 7 µm, 6 µm, and 6 µm using 40
bins. The shaded gray region in all the figures indicates the milling stage, and the corresponding rotor speed θ is
reported alongside. Note that during the milling stages, no measurements were obtained by the µ-DISCO.
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Section 5.5.4.2, reaching the three targets requires different rotor speeds and
a different number of full suspension passes. These experiments and the
closed-loop control experiments discussed in Section 5.5.4.2 indicate that an
initial rotor speed θ0 of 7500 rpm is a reasonable choice for an acceptable
closed-loop performance in many cases.
It is emphasized at this point that the experimental campaign undertaken
in this chapter underlines the need to include a feedback controller to
operate the milling stage effectively. Additionally, the performed control
experiments demonstrate that it is possible to tune the average length of
a population of needle-like crystals undergoing wet milling also in the
absence of multidimensional breakage models. This result is enabled by
the combination of the online monitoring capabilities of the µ-DISCO with
simple feedback control laws.
5.6

concluding remarks

5.6.1 Key Outcomes
In this chapter, model-based and model-free operating and control schemes
have been proposed to manipulate the size and the shape of needle-like crystals using a rotor-stator wet mill. The proposed strategies have been tested
in a thorough experimental campaign to assess their performance. The
availability of a multidimensional breakage model for a specific compound
enabled developing a model-based operating policy and further testing it in
a lab-scale setup. The model exhibited varying degrees of predictive nature,
which limits its ability to operate the milling stage robustly. To introduce
robustness and to eliminate the dependency on multidimensional breakage
models, model-free control laws have been proposed that exploit the online
monitoring capabilities of the µ-DISCO. Specifically, the so-called adaptive
(A) controller successfully managed to steer three different seed populations
of two different needle-like compounds to desired target average lengths.
Additionally, two milling configurations were studied in detail using both
simulations and experiments to increase the understanding of wet milling
stages operated during or after crystallization steps. The successful control
of wet milling stages using model-free controllers is consistent with previous efforts to control growth-dominated batch crystallization processes
in an entirely model-free fashion (see Chapter 4),88,134 and represents a
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further step towards integrating different unit operations to robustly and
effectively manipulate the size and shape of needle-like crystals.
5.6.2

Key Learnings

Previously in Chapter 4, it was shown that for the system BLGA in water,
a pure growth-dominated batch crystallization process is not sufficient
to achieve a significant change in the shape of the crystals.134 The need
to combine the growth step with additional unit operations to increase
the actuation capability with respect to the crystal size and shape was
emphasized. It has been shown in this chapter that a significant and most
importantly a robustly controlled change in the average length of the
crystals can be achieved by subjecting them to wet milling, while the
change in the average width remains minor. The milling stage thus ensures
a reduction in the aspect ratio of the crystals. This shape change comes at
the cost of producing a lot of fine particles, so a dissolution stage, which
might also aid in the reduction of the aspect ratio of the crystals, or a fines
separator should be employed afterward to remove them.
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nomenclature
Acronyms
A
BLGA
C
DISCO
GDM
MSMPR
PBE
PS(S)D
R

adaptive (controller)
β l-glutamic acid

benchmark operating strategy
dual imaging system for crystallization observation
γ d-mannitol
mixed suspension mixed product removal crystallizer
population balance equation
particle size (and shape) distribution
variant of model-free feedback controller

Greek Symbols
α
β
ε , ζ, η
θ
κ
µij
ν
ρc
σii,v
τ
φ

model parameter (A controller) [–]
model parameter (A controller) [µm min]
labels for seed populations
rotor speed, unit varies
tuning parameter (R controller) [–]
ij-cross moment of PSSD [µmi + j kg−1 ] (simulations)
or [µmi + j ] (experiments)
size of the particle being broken [µm]
crystal density [g µm−3 ]
volume-weighted broadness of the PSSD along the ith dimension [µm]
residence time [s]
particle aspect ratio [–]

Roman Symbols
Bi
c
c∗
Di
e
f
fv
F
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birth term along the ith particle dimension (PBE) [µm−2 kg−1 s−1 ]
solute concentration (per mass of solvent basis) [g kg−1 ]
solubility (per mass of solvent basis) [g kg−1 ]
death term along the ith particle dimension (PBE) [µm−2 kg−1 s−1 ]
control error [–]
number density function (PSSD) [µm−2 kg−1 ] (simulations)
or [µm−2 ] (experiments)
volume-weighted PSSD [µm−2 ]
volumetric flow rate [L s−1 ]
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gi
k
Ki
Li
L̄i,v
L̄1,target
mM
mseed
msolvent
ngrid
nWM
N̂p
pij
rM
S
t
T
T∗
V
V̂

daughter distribution along the ith particle dimension [µm−1 ]
cycle index (for feedback controllers) [–]
breakage frequency along the ith particle dimension [s−1 ]
ith particle dimension (i = 1, 2) [µm]
volume-weighted average of the ith particle dimension [µm]
target average length [µm]
mass of the rotor in the wet mill [kg]
seed mass [g]
solvent mass [kg]
number of grid points for the PSSD binning protocol [–]
number of full suspension passes (wet mill) [–]
measured primary particle count [–]
jth parameter along the ith particle dimension, unit varies
radius of rotor in wet mill [m]
relative supersaturation, c/c∗ [–]
time, unit varies
temperature [◦C]
saturation temperature [◦C]
volume of the wet mill or of the crystallizer [L]
measured visual hull volume [µm3 ]

Subscripts and Superscripts
∗

ˆ
0
A
C
exp
max
MB
min
ref
samp
set
WM

minimizer (optimal value)
measurement or estimate
initial value
adaptive controller
crystallizer
experimental
upper limit
model-based
lower limit
reference
sampling
setpoint
wet mill
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6
F R O M N E E D L E - L I K E T O WA R D E Q U A N T PA R T I C L E S : A
C O N T R O L L E D C R Y S TA L S H A P E E N G I N E E R I N G
PAT H WAY

A batch solution crystallization process is presented that transforms needlelike seed crystals into more equant particles, which, for instance, is useful
to improve the processability of pharmaceutical compounds. The process is
operated in a cyclic fashion, where one cycle consists of a growth, a breakage,
and a dissolution stage. Each stage is operated by a specific feedback control
law, enabled by online monitoring of the evolution of the particle size and
shape distribution (PSSD), while a superordinate cycle logic coordinates the
individual stages. The focus lies on two novelties: first, the fully automated
and controlled process operation in the absence of kinetic process models, and
second, the robustness of the process with respect to achieving product PSSDs
with consistent average characteristics. An experimental validation using
the two needle-like compounds β l-glutamic acid (BLGA) and γ d-mannitol
(GDM) is presented. A significant reduction of the average particle aspect ratio
(from around 5 to 6 to about 3 for BLGA, and from about 6 to slightly below 4
for GDM) is achieved. By varying the initial conditions of consecutive batches,
the robustness is demonstrated, thus mitigating undesirable batch-to-batch
variations in the solid product. Since the two compounds have considerably
The results presented in this chapter have been reported in: Bötschi, S.; Rajagopalan,
A. K.; Rombaut, I.; Morari, M.; Mazzotti, M. From needle-like toward equant particles:
A controlled crystal shape engineering pathway. Comput. Chem. Eng. 2019, 131, 106581.
This article was published with a shared first authorship between Stefan Bötschi and
myself. This chapter also appears in Stefan Bötschi’s dissertation.82 As this chapter is a
draft version of the final published article, the structure and presentation of the contents
might not necessarily overlap.
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different thermodynamic and kinetic characteristics, the generality of the
proposed approach is proven.
6.1

introduction

In many chemical industries, batch crystallization from solution is an important step in the production chain of pure solids. The size and the shape
of the obtained particles are of interest, since they affect critical product
properties such as downstream processability, the bioavailability of pharmaceuticals, or the catalytic activity of the solids, to name only a few.8,183 In the
case of pharmaceuticals, many compounds exhibit needle-like (or elongated)
morphology, which is highly undesirable due to the poor processability associated with that shape.184,185 Advances in online monitoring of the shape
evolution of such particles and populations thereof,44,45,120,121 opens up
many possibilities in terms of feedback control of crystal shape. Experimental studies of this type have appeared scarcely in the literature,41,119,134,135
while other contributions apply and exploit the feedback of crystal size, but
not of shape.125–127,172,186,187
The purpose of this chapter is to present an experimental validation of
a controlled and reproducible batch process that transforms needle-like
seed crystals into more equant particles. While the process itself has been
developed previously,81,112 the focus of this chapter lies on two important
novelties: first, the fully automated and controlled process operation in
the absence of kinetic process models, and second, the robustness of the
process control scheme with respect to achieving product particle size and
shape distributions (PSSDs) with consistent characteristics (in terms of
average quantities) over consecutive batches. From a broader perspective,
this chapter aims to integrate all the tools that were developed in the
previous chapters to monitor and to manipulate the size and shape of
crystals in a batch crystallization process.
This chapter is organized as follows. First, the multistage process, including the ideas behind the controlled operation of the constituent stages,
is introduced in Section 6.2. Second, a superordinate cycle logic to plan
the operation of the entire process is described in Section 6.3. Then, the
materials and methods for the experimental campaign are described in
Section 6.4. Finally, the experimental validation of the proposed process
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control approach is discussed in Section 6.5 using two different needle-like
compounds.
6.2

a controlled multistage process

A batch process, in this chapter referred to as the multistage process, to
transform needle-like seed particles into more equant particles was previously modeled and tested experimentally.81,112 To facilitate the manipulation of the particle shape, this process is operated in a cyclic fashion, where
one cycle consists of three stages, namely, of a growth, a breakage, and a
dissolution stage. These three stages serve different purposes: the growth
stage is a cooling crystallization step that generates yield and increases the
size of the particles by crystallizing the solute from the liquid phase while
avoiding observable nucleation; the breakage stage is a wet milling step
that reduces the particle aspect ratio (defined as the ratio of the particle
length to the particle width) by mechanical action while leaving the yield
unaffected; finally, the dissolution stage is a heating step, during which
many of the fines generated in the breakage stage are dissolved and the
particle size and thus the aspect ratio can be reduced further depending on
the operating conditions. The PSSD can be modified by altering the operating conditions of the individual stages, by varying the number of cycles, or
by a combination therof. In principle, these operating conditions (here, the
temperatures during the growth and the dissolution stages and the rotor
speed of the wet mill in the breakage stage, as well as the duration of these
stages) can be chosen using two different approaches; either by predefining
them on the basis of available process models or prior experimental insight,
as done previously,112 or by employing feedback controllers that select the
operating conditions automatically and dynamically, either in the presence
(model-based) or in the absence (model-free) of process models. Often, the
presence of process disturbances and unmodeled phenomena (in the case
of model-based operating strategies) is a strong advocate to apply feedback
control. Following this credo, feedback controllers for each of the three
stages were developed and validated individually (see Chapters 4 and 5
and Appendix C).79,88,134,135 In this chapter, these controllers are combined
to form a controlled multistage process. In the context of these control
laws, the needle-like particles are approximated as cylinders with length
L1 and width L2 , and the resulting particle size and shape distributions
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are reduced to corresponding average quantities, L̄1 and L̄2 , to address the
issue of polydispersity. On the basis of this simplification, the main process
goal is a targeted reduction of the average particle aspect ratio L̄1 / L̄2 by
manipulating the size and shape evolution of the crystals. The ideas behind
the single control laws operating the individual stages are summarized as
follows:
• Growth stage: two options are available to control the cooling step.
The first one is a model-free path following controller that manipulates the process temperature to drive the average particle dimensions
of the seed population into a target orthant in the plane spanned by
the average crystal length and width (see Chapter 4).88,134 If the effect
of the process temperature on the evolution of the average particle
aspect ratio is small or if no prior knowledge is available to select
reasonable target orthants, an alternative is to simply run the cooling
stage at a constant supersaturation level and to terminate it when
a given target average crystal length has been reached. In the scope
of this chapter, this latter, simpler approach has been applied. Even
though the corresponding control law itself is simple, note that it
still needs feedback of both the solute concentration and the average
particle length.
• Breakage stage: the suspension in the batch crystallizer is initially
circulated through a wet mill operated at a fixed rotor speed for a
predefined amount of time. From the resulting change of the average
particle length, a simple dynamic model can be identified and subsequently extrapolated to calculate a wet mill rotor speed that drives the
average crystal length to a target value, thereby considerably reducing
the aspect ratio of the majority of the particles in the ensemble (see
Chapter 5).135
• Dissolution stage: this stage could in theory be operated using the
same methods as used in the growth stage, i.e., by driving the seed
population into a target orthant by manipulating the temperature,
or alternatively by operating the dissolution stage at a constant undersaturation and aborting the process when a given target average
crystal length has been reached. A considerably simpler alternative is
to dissolve a given fraction of the initially suspended particle volume
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(being proportional to the particle mass). To this end, the process
temperature is increased slowly and the reduction of the particle
volume is observed so as to terminate the heating stage as soon as
enough dissolution has taken place. In this way, fine particles are
dissolved automatically and the loss of yield remains contained, but
control over the size and shape evolution is given up in this stage (see
Appendix C).79 In the scope of this chapter, this alternative has been
applied.
An important feature of the controllers for these individual stages is
that they require only thermodynamic knowledge (i.e., solubility data) to
operate the process, but no kinetic models. It was shown that the individual controllers perform well under a variety of conditions (see Chapters 4 and 5).79,134,135 Therefore, a natural evolution of the preceding efforts
is to integrate these individual controllers and to operate the multistage
process in a fully controlled fashion, as opposed to how it was operated
previously.112
6.3

the cycle logic

Since the proposed control laws operate the individual stages and not the
whole cycle, a superordinate cycle logic is required that provides targets
for the individual stage controllers on the basis of the overall process goals.
Kinetic process models for the crystal shape evolution would obviously
be useful to devise this logic, but it has to be emphasized that they are
hardly ever available. Even if such models were available, their predictive
capabilities would be limited. Therefore, a simpler approach has been
followed, the concept of which is best explained in the plane spanned by the
two average particle dimensions L̄1 and L̄2 . In this chapter, these quantities
are equivalent to the volume-weighted average particle dimensions defined
as
µ22 (t)
µ12 (t)
µ (t)
L̄2,v (t) = 13
µ12 (t)

L̄1,v (t) =

(6.1)
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where
µij (t) =

Z∞ Z∞

j

L1i L2 f (t, L1 , L2 ) dL1 dL2

(6.2)

0 0

is the ij-cross moment of the measured number density function f (t, L1 , L2 )
(i.e., the PSSD) at time t. A schematic of the cycle logic is shown in Figure 6.1. The average dimensions of the seed population are denoted by
the point L̄s . The evolution of these average dimensions over two cycles
is shown qualitatively. These cycles transform the seed population into
the product population with average dimensions denoted by the point L̄p ,
which corresponds to a significant reduction of the average particle aspect
ratio. In more detail, the nth cycle transforms the average dimensions of the
population from L̄gn−1 , the end point of the previous cycle (or, for n = 1,
from the seed population L̄s ), to L̄gn , with intermediate points L̄mn and L̄dn .
The transition from L̄gn−1 to L̄mn is a wet milling stage, that from L̄mn to L̄dn
is a dissolution stage, and that from L̄dn to L̄gn is a growth stage. For many
compounds exhibiting a needle-like morphology, often not much can be
done to control the average particle width L̄2 during the single stages.134,135
Therefore, it is suggested here to specify only the intermediate and the final
average lengths of the needle-like particles. A suitable superordinate cycle
logic can then be defined using four parameters: L̄1,0 , L̄1,M , ω, and ξ. L̄1,0 is
the known average particle length in the seed population. If the multistage
process is run for several batches in a row using the same or a similar
seed population, this value should be kept constant over the batch runs to
have the same stage targets. Whenever this is the case in this chapter, it
will be stated explicitly in the text. In the first cycle (n = 1), the L̄1 target
for the milling stage is defined by the parameter L̄1,M , i.e., L̄1,m1 = L̄1,M ,
where L̄1,m1 denotes the L1 component of the vector L̄m1 . In general terms,
the milling target is L̄1,mn = ω n−1 L̄1,M with 0 < ω < 1. The target for the
dissolution stage is not fixed in the plane of the average dimensions, but
simply specified as a fraction ξ of the total solid volume that should survive
the dissolution stage. L̄dn is then an unknown function of L̄mn and ξ. To be
more specific, the average dimensions and therefore the average aspect ratio
are affected by the dissolution of the crystals, even if these quantities are
not directly controlled. The target for the growth stage that terminates each
cycle is given by L̄1,gn = ω n L̄1,0 . Since 0 < ω < 1 and since L̄2 does not
change much, this expression ensures a reduction of the average particle
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Figure 6.1: Schematic of the cycle logic of the controlled multistage process,
including the evolution of the average particle dimensions over the individual
stages. The gray shaded region is termed inaccessible because it corresponds to
particle aspect ratios below one.

aspect ratio over each cycle. Note that the parameters ω and ξ need not take
the same values for all the cycles. However, in this chapter, this is the case
for reasons of simplicity. After selecting reasonable values for the above
mentioned four constants, the job of reaching the intermediate targets can
conveniently be delegated to the feedback controllers for the single stages.
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6.4

materials and methods

6.4.1 Materials
Monosodium l-glutamic acid monohydrate (NaGlu, Sigma-Aldrich, Buchs,
Switzerland, purity > 99 %) and hydrochloric acid (HCl, Sigma-Aldrich,
Buchs, Switzerland, 37-38 %) were used as purchased to prepare seed
crystals. Deionized and filtered (filter size of 0.22 µm) water taken from a
Milli-Q Advantage A10 system (Millipore, Zug, Switzerland) was used as a
solvent for all the experiments with this compound. The needle-like, stable
β polymorph of l-glutamic acid was used for all the experiments with the
compound l-glutamic acid. The saturated solutions were prepared using
commercially purchased β l-glutamic acid (BLGA, Sigma-Aldrich, Buchs,
Switzerland, purity > 99 %).
d-mannitol (DM, Sigma-Aldrich, Buchs, Switzerland, purity > 98 %)
obtained from the manufacturer was used to prepare saturated solutions in
a 10/90 wt-% mixture of propan-2-ol (VWR International S.A.S, Fontenaysous-Bois, France, analytical reagent grade) and deionized and filtered water.
The γ polymorph (GDM), which exhibits a needle-like morphology, is the
thermodynamically stable form74 and was used to seed the experiments in
this chapter.
Dedicated seed preparation protocols, which are described in Section 6.4.4,
were employed to produce the seeds crystals for both BLGA and GDM
used in the experiments.
6.4.2 Solubility Curves
The solubility curves used to determine the supersaturations of BLGA in
water56 and of GDM in a 10/90 wt-% mixture of propan-2-ol and water113
are
−2
c∗ ( T ) = 3.37 e(3.59 × 10 T )
(6.3)
and

c∗ ( T ) = 64.9 e(3.45 × 10
c∗ ( T )

−2 T )

(6.4)

respectively, where
is the solubility on a per mass of solvent basis
and T is the temperature. The solubility curves within the temperature
range of interest are shown in Figure 6.2.
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Figure 6.2: Solubility curves (c is the solute concentration on a per mass of
solvent basis) of BLGA in water56 (green solid line) and GDM in a 10/90 wt-%
mixture of propan-2-ol and water113 (blue solid line). The inset figure shows the
solubility curve of BLGA in water with a narrower limit for the concentration
axis.

For all the experiments performed in this chapter, the supersaturation S
at a given time t was computed as
S(t) =

cfilt (t)


T (t)

c∗

(6.5)

where c∗ is the solubility (see eqs 6.3 and 6.4) as a function of the current process temperature T (t) and cfilt (t) is the low-pass filtered solute
concentration estimate.
6.4.3

Experimental Setup

The experiments in this chapter were performed in a 2 L glass jacketed
stirred crystallizer. A ministat 230-CC3 thermostat (Huber, Offenburg, Germany) was used to control its temperature. The suspensions were stirred at
a constant rate of 400 rpm using a 4-blade glass impeller of 60 mm diameter
at an inclination of 45° (LaboTechSystems LTS AG, Reinach, Switzerland).
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Figure 6.3: Schematic of the experimental setup (crystallizer and recirculation
loop including the wet mill) coupled with the stereoscopic imaging device
(µ-DISCO) via a sampling loop (orange). On the basis of the image data received
from the µ-DISCO, the control computer calculates and provides set points for
the rotor speed of the wet mill (θset ) and for the temperature of the suspension
in the crystallizer (Tset ).

The characterization of the solid phase was performed using the ex situ
stereoscopic imaging device µ-DISCO (see Chapter 2).45 An IKA Magic
Lab equipped with the UTL module (IKA-Werke, Staufen im Breisgau,
Germany) was the rotor-stator wet mill used in all the experiments. The
suspension was pumped through the mill using a peristaltic pump (Ismatec,
Wertheim, Germany) at a flow rate of 0.9 L min−1 . The jacket temperature
of the wet mill was regulated using a ministat 230-NR Pilot ONE thermostat
(Huber, Offenburg, Germany). A schematic of the complete setup is shown
in Figure 6.3.
The suspension from the crystallizer was pumped to the µ-DISCO and
in there through a transparent channel with a square cross section at a flow
rate of 0.4 L min−1 and 0.1 L min−1 during the idle and the measurement
phase, respectively (see Section 3.3.2 for a detailed explanation regarding
the choice of flow rates). A total of 800 pairs of images were obtained using
the stereoscopic imaging setup at a theoretical maximum frequency of 75
fps every 5 min. As an exception, in the case of a wet milling stage, the
solid phase was characterized by the µ-DISCO every 10 min, because one
full suspension pass through the wet mill135 (roughly corresponding to
running the mill for a duration of 102 s and also referred to as one wet
milling step in Section 6.5.1.3) had to take place additionally between the
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measurements. The images thus obtained were processed on the fly using
automated image analysis routines (see Sections 2.3.2 and 2.3.3).45 For the
seed particle ensembles considered in this chapter, around 80 % of the
detected particles were classified to be either of the needle-like or of the
quasi-equant type. Each particle that fell into either of these two shape
classes was approximated as a cylinder of length L1 and width L2 using the
generic particle shape model proposed elsewhere.17 After image acquisition,
particle classification, and characterization, a binning protocol was applied
to the set of characterized particles to generate online a two-dimensional
particle size and shape distribution (PSSD) using a regular grid with 500
and 150 bins along the L1 and the L2 direction, respectively. This PSSD
was used for calculating and controlling the average particle length during
the growth and the milling stages. For plotting purposes, a regular grid
with 120 and 40 bins along the L1 and the L2 direction, respectively, was
used for improved visualization of the results. Prior to using the average
particle dimensions in the control algorithms and prior to presenting them
in the plots, they were low-pass filtered as described in Chapter 4.88,134
During the dissolution stages, the feedback signal was a median-filtered
version of the sum of all the estimated single particle volumes detected
by the µ-DISCO for each sampling instant. This sum corresponds to the
so-called total visual hull volume of all the detected particles (i.e., using
all the five shape classes of the µ-DISCO), as described in Chapter 3.47,79
Since the setup corresponds to a (closed) batch system, the change in the
total visual hull volume was used for estimating the evolution of the solute
concentration, as described in detail in Chapter 3.47 The estimated solid
phase concentration was low-pass filtered, as described in Chapter 4,88
before using it in the control algorithms and in eq 6.5.
The image analysis routines45 and the control algorithms for the individual stages described elsewhere79,135 were implemented in a personal
computer (control computer) running Matlab.180 The set point calculation
of the constant supersaturation controller (CSC, see, e.g., refs 169 and 170)
was performed in the same computer by inverting eq 6.5, i.e., by solving it
for the temperature for given values of S and cfilt (t). The interface between
the control computer and the rotor-stator wet mill, as well as that between
the computer and the peristaltic pump of the wet mill, was realized using an ATmega32U4 microcontroller (Atmel Corporation, San Jose, USA)
running a custom firmware (not shown in Figure 6.3). The output from
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the control computer running the control algorithms was either the rotor
speed set point θset (in rpm) for the wet mill in case of a milling stage or
the temperature set point Tset (in ◦C) for the thermostat of the crystallizer
in case of a growth or a dissolution stage.
Darkfield micrographs were obtained using a Leica DM8000 M optical
microscope (Leica Microsystems (Schweiz) AG, Heerbrugg, Switzerland)
equipped with LED illumination and a 12.5 MP digital color camera with a
CCD sensor at fivefold magnification.
6.4.4 Preparation of Seed Crystals
For the experiments with the compound BLGA, two different batches of
seed particles were used. They are referred to as Seeds κ and Seeds λ.
Initially, the BLGA seeds were obtained using a two-step process involving
a pH-shift precipitation followed by a solvent-mediated transformation of
the α polymorph to the β polymorph of l-glutamic acid.134
Seeds κ were obtained by dry-sieving (>63 µm) the seeds obtained at
the end of the two-step process. These crystals were then suspended in
a saturated solution of BLGA in water at 29.9 ◦C and the suspension was
heated to 33 ◦C at a rate of 0.4 ◦C h−1 . In order to recover the mass that was
lost during the heating step and to grow the crystals to a larger size, the
suspension was subsequently cooled down to 29.9 ◦C at a rate of 0.3 ◦C h−1 .
After filtering off the solution, washing the crystals with acetone, and
drying the washed crystals, Seeds κ were obtained.
Seeds λ were obtained by dry-sieving (63 µm-90 µm) the seeds obtained
from the aforementioned two-step process. The crystals thus obtained were
suspended in a saturated solution at 29.5 ◦C and this suspension was heated
to 30.3 ◦C at a rate of 0.3 ◦C h−1 . Subsequently, the suspension was first
crash cooled to 26.0 ◦C and then cooled to 25.5 ◦C at a rate of 0.06 ◦C h−1 .
Upon reaching the final temperature, the solution was filtered off and the
retained crystals were dried.
For the experiments with the compound GDM, a single batch of seed
crystals, referred to as Seeds ν, was used. This batch of seed crystals corresponds to the products obtained at the end of an uncontrolled multistage
process experiment (Experiment M3 in ref 113) comprising wet milling,
dissolution, and growth steps.
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Compound

Seeds

BLGA

κ
λ
ν

GDM

L̄1,v [µm]

L̄2,v [µm]

σ11,v [µm]

361
286
356

51
55
57

162
122
149

σ22,v [µm]
20
19
25

Table 6.1: The measured volume-weighted average length L̄1,v , width L̄2,v , and
the measured volume-weighted broadness of the seed PSSD along the length
direction σ11,v and along the width direction σ22,v for Seeds κ, Seeds λ, and
Seeds ν.

The average characteristics of the populations of Seeds κ, Seeds λ, and
Seeds ν are given in Table 6.1 and the corresponding PSSDs are visualized
in Figure 6.4.
6.4.5

Protocol for the Multistage Process Experiments with BLGA

Seven controlled multistage process experiments were performed with
the compound BLGA. Their most important characteristics are listed in
Table 6.2. The main phases of these experiments during which the multistage process controller was active are referred to as experiments κ1 , κ2
and experiments λ1 to λ5 . For all these experiments, saturated solutions of
BLGA in water were prepared by adding an excess amount of purchased
BLGA to water and letting the suspension equilibrate for a duration of
at least six hours at a temperature of 29.9 ◦C while stirring at 400 rpm.
Afterward, the solution was filtered off and 2000.0 g of clear, saturated
solution were loaded into the crystallizer. After inserting the sampling loop
of the µ-DISCO and that of the wet mill into the crystallizer, the solution
was cooled to 29.1 ◦C, corresponding to an initial supersaturation of 1.03.
6.4.5.1

Experiments Without Preliminary Growth Stage

After reaching the desired initial supersaturation, 0.40 g of Seeds κ were
added. The subsequent experiment consisted of two phases, namely, of an
initial idle phase and of a main experimental phase. The duration of the
initial idle phase was 30 min, during which the suspension was kept at
constant temperature and monitored and characterized using the µ-DISCO,
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Figure 6.4: Volume-weighted PSSDs f v (obtained using eq 6.6 and normalized
by the maximum of each PSSD) of (a) Seeds κ and (b) Seeds λ of BLGA crystals,
and of (c) Seeds ν of GDM crystals. The contour levels correspond to 0.1, 0.5,
and 0.9 of each normalized PSSD. Along the L1 direction, a regular grid with
120 bins and a spacing of 15 µm, 12 µm, and 13 µm was used for Seeds κ, Seeds
λ, and Seeds ν, respectively. Along the L2 direction, the corresponding grid
spacing was 8 µm, 7 µm, and 7 µm using 40 bins. The solid circular markers
indicate the volume-weighted average dimensions of the populations.

but no process controller was active. After this idle phase, the multistage
process controller was started to operate the main experimental phase.
Either one (experiment κ1 ) or two (experiment κ2 ) cycles of wet milling,
dissolution, and growth were performed using the stage control algorithms
and the cycle logic described in Sections 6.2 and 6.3, respectively. The
corresponding parameters of the cycle logic are provided in Table 6.2. Note
that L̄1,0 is given by the seed population. It is worth noting that the initial
measurement of the average particle length in each experiment can be
different from the value of L̄1,0 reported in Table 6.1 due to measurement
noise and due to random variations when sampling from a vial containing
all the seed crystals. The values for L̄1,M and ω were chosen to achieve
a notable reduction of the average particle aspect ratio over each cycle,
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while the value of ξ was selected to strike a balance between removing
fines and not losing too much solid mass during the dissolution stages.
Accordingly, the goal of the milling stage of the first cycle was to reduce
the average particle length of the seed population from L̄1,0 = 360.0 µm
to L̄1,m1 = L̄1,M = 200.0 µm. To do so, the adaptive milling controller
presented in Chapter 5 was used with an initial wet mill rotor speed of
θ0 = 7500 rpm and an upper limit of θmax = 12000 rpm.135 The subsequent
first dissolution stage had to remove 1 − ξ = 20 % of the particle volume
present at the beginning of this stage. The closed-loop mode of the particle
volume controller presented previously was employed to do that (see
Appendix C),79 with an initial supersaturation of Sinit = 1.01 approached
during tinit = 20 min, a heating rate parameter of ṪHR = 0.15 ◦C h−1 , and
a final supersaturation of Sfinal = 1.10. After dissolution, the first growth
stage was initiated with the goal of growing the remaining particles to an
average particle length of L̄1,g1 = ω L̄1,0 = 252.0 µm. This growth stage was
operated by means of a CSC (see Chapter 4) at S = 1.16. After reaching the
target average length of the first growth stage, the suspension was heated
to achieve a final supersaturation of S = 1.05. In the case of experiment κ1 ,
the suspension was then filtered off and the product crystals were collected
and dried over night.
For experiment κ2 , the second cycle started with a milling stage immediately after the first cycle had ended, using the same control algorithm,
but operated at a constant temperature corresponding to a supersaturation
of S = 1.05 instead of S = 1.03. The target average length for the milling
controller was L̄1,m2 = ω L̄1,M = 140.0 µm. The second dissolution stage
was run in the same way as the first one. The subsequent growth stage was
also run at a constant supersaturation of S = 1.16, but with a target average
particle length of L̄1,g2 = ω 2 L̄1,0 = 176.4 µm. After reaching the target
average length of the second growth stage, the suspension was heated to
achieve a final supersaturation of S = 1.05. Then, it was filtered off and the
product crystals were collected and dried over night.
Even though a fixed set of cycle logic parameters has been used here,
these can be potentially altered, which would obviously lead to different
average characteristics of the final PSSD and to a different duration of the
stages.
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BLGA
BLGA
BLGA
BLGA
BLGA
BLGA
BLGA
GDM
GDM

Comp.
κ
κ
λ
λ
λ
λ
λ
ν
ν

Seeds
κ1
κ2
λ1
λ2
λ3
λ4
λ5
ν1
ν2

Exp.
1
2
2
2
2
2
2
2
2

Cycles

360.0
360.0
360.0
360.0
360.0
360.0
360.0
360.0
360.0

L̄1,0 [µm]

200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0

L̄1,M [µm]

0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

ω [–]

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

ξ [–]

to 340 µm
to 380 µm
to 420 µm
to 360 µm
to 360 µm
to 400 µm

Init. growth

6.5.1.1
6.5.1.1
6.5.1.2
6.5.1.2
6.5.1.2
6.5.1.3
6.5.1.3
6.5.2
6.5.2

Section

Table 6.2: List of all the controlled multistage process experiments, including the used compound (Comp.), the
seed batch (Seeds), the experiment label (Exp.), the number of cycles (Cycles), the values of the four cycle logic
parameters ( L̄1,0 , L̄1,M , ω, and ξ), the L̄1,v target of the preliminary growth stage, if there was any (Init. growth),
and the section of the text where the experiment is discussed (Section).
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6.4.5.2

Experiments With Preliminary Growth Stage

After cooling the solution as described at the end of the initial paragraph
of Section 6.4.5, 0.40 g of Seeds λ were added to the solution. Then, a CSC
phase was started to grow the seed crystals at a supersaturation of S = 1.18
to the different average particle lengths given in the column Init. growth of
Table 6.2. Afterward, the supersaturation was lowered to S = 1.03 and two
cycles of the controlled multistage process were run in the same way as
explained in Section 6.4.5.1, but obviously using the Seeds λ crystals grown
during the preliminary growth phase instead of using Seeds κ. Note that
the parameter L̄1,0 of the cycle logic was set to 360 µm in all cases (despite
the different targets of the preliminary growth phases) to ensure that the
stage targets were the same for all these five experiments referred to as λ1
to λ5 .
6.4.6

Protocol for the Multistage Process Experiments with GDM

Two controlled multistage process experiments were performed with the
compound GDM. Their most important characteristics are listed in Table 6.2.
The main phases of these two experiments during which the multistage
process controller was active are referred to as experiments ν1 and ν2 . For
both experiments, saturated solutions of GDM in a 10/90 wt-% mixture
of propan-2-ol and water were prepared by adding an excess amount of
purchased GDM to the mixture and letting the suspension equilibrate for
a duration of at least six hours at a temperature of 26.0 ◦C while stirring
at 400 rpm. Afterward, the solution was filtered off and 2000.0 g of clear,
saturated solution were loaded into the crystallizer. After inserting the sampling loop of the µ-DISCO and that of the wet mill into the crystallizer, the
solution was cooled to 25.1 ◦C, corresponding to an initial supersaturation
of 1.03.
6.4.6.1

Experiment Without Preliminary Growth Stage

After cooling the clear solution, 0.30 g of Seeds ν were added. Similar to
the experiments conducted using BLGA, the experiment consisted of a
30 min initial idle phase (suspension kept at constant temperature and
characterized using the µ-DISCO) and of a main experimental phase with
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an active multistage process controller (experiment ν1 ). Two cycles of wet
milling, dissolution, and growth were performed using the stage control
algorithms and the cycle logic described in Sections 6.2 and 6.3, respectively.
The corresponding parameters of the cycle logic are listed in Table 6.2. The
same values for L̄1,0 , L̄1,M , ω and ξ were chosen such that the individual
stages had the same goals (or targets) as those of the experiments performed
using BLGA. The same stage controllers as used for BLGA were employed
for the experiments with GDM as well. These controllers were operated
with the same parameters (see Section 6.4.5.1), with three exceptions. First,
the heating rate parameter in the particle volume controller was reduced
to a lower value of ṪHR = 0.075 ◦C h−1 . This reduction was necessary
since GDM was observed to have a high dissolution rate, thereby leading
to the loss of a large number of crystals within a short period of time
(in the order of 15 min). Also, the final supersaturation at the end of the
dissolution stage was set to Sfinal = 1.05. Second, the growth stages were
also operated by means of a CSC, but at a relatively low supersaturation of
S = 1.05. This supersatration was chosen because of the high growth rate of
GDM and because the compound was observed to nucleate significantly at
supersaturations above 1.07 in the employed mixture of water and propan2-ol. The third exception was that also the milling stage of the second cycle
(and not only that of the first cycle) was operated at a supersaturation of
S = 1.03 instead of S = 1.05.
After reaching the target average length at the end of the growth stage of
the second cycle, the suspension was heated to achieve a final supersaturation of S = 1.03. The suspension was then filtered and the product crystals
were collected and dried over night.
6.4.6.2

Experiment With Preliminary Growth Stage

After cooling the solution, 0.30 g of Seeds ν were added. Then, a CSC phase
was initiated to grow the seed crystals at S = 1.05 to an average particle
length of 400 µm before starting experiment ν2 . Upon reaching the target,
the controlled multistage process was run in the same way as explained in
Section 6.4.6.1 (see also the cycle logic parameters listed in Table 6.2), but
obviously starting from the crystals grown during the preliminary growth
phase.
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6.5

experimental validation

The controlled multistage process described in Sections 6.2 and 6.3 has two
main characteristics. First, from the point of seeding onward, the process is
operated in a fully automated and controlled manner. Second, for doing so,
thermodynamic data suffices, i.e., no kinetic process models are required.
The primary goal of the controller is to reach the average particle length
given by L̄1,p repeatedly over consecutive batches, even in the presence of
disturbances or slight deviations in the initial conditions, e.g., in case of
differences in the seed populations or in the initial solute concentration.
Also, it needs to be proven that the process indeed provides the desired
reduction of the particle aspect ratio. The generality of its application to a
number of compounds is crucial as well, as it guarantees that the process is
not tailor-made for a specific compound. To validate all these requirements,
an experimental campaign has been conducted. Two different systems,
namely, β l-glutamic acid (BLGA, an amino acid) in water and γ d-mannitol
(GDM, a sugar alcohol) in a mixture of water and propan-2-ol have been
considered. Apart from the fact that both BLGA and GDM crystals exhibit a
needle-like morphology under the conditions explored in this chapter, other
properties such as their thermodynamic (solubility) and kinetic (growth
and dissolution rates) behavior are significantly different, [113] making
them two suitable systems to test the effectiveness and the generality of the
proposed controlled process. Note that the yield and the productivity are
not considered to be goals of this process, since it primarily aims at size
and shape modification. Nevertheless, an overall positive yield can always
be achieved by arbitrarily growing the seed crystals prior to running the
multistage process.
The required feedback signals for the individual controllers (see Section 6.2), such as the average particle dimensions, the particle volume,
or the solute concentration can be provided by the µ-DISCO, an ex situ
stereoscopic imaging device (see Chapters 2 and 3).45,47 Note that any other
solid phase characterization device that is able to provide a PSSD and any
other liquid phase characterization device that is able to measure the solute
concentration can be employed as well, as long as these devices provide
measurements on a time scale significantly shorter than that of the process
dynamics.
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6.5.1 β l-Glutamic Acid in Water
6.5.1.1

Multistage Process Experiments with BLGA Using One or Two Cycles

It was shown previously that the number of cycles used for the multistage process can significantly alter the characteristics of the product
population.112 It was thus decided to first perform repeated controlled
experiments starting from the same initial conditions and with the same
cycle logic parameters, but with a different number of cycles. To this aim,
a single cycle experiment, referred to as κ1 , and a two cycle experiment,
referred to as κ2 , for the compound BLGA using Seeds κ were conducted.
In each experiment, the aspect ratio reduction was achieved by setting the
parameters of the cycle logic in such a way that the average crystal length
was reduced by a factor (ω) of 0.7 per cycle. The detailed experimental
protocol applied for these experiments is explained in Section 6.4.5. Note
that these experiments were run without a preliminary growth stage.
The initial and the final PSSDs of experiments κ1 and κ2 are shown in
Figure 6.5. In this figure, the PSSDs are visualized as volume-weighted
distributions defined as
f v (t, L1 , L2 ) =

L1 L22 f (t, L1 , L2 )
µ12 (t)

(6.6)

All the particles characterized during the first six and the last six data
points of the experimental time series were combined to obtain the PSSDs
before and after the experiments, respectively. As expected, it can be seen
in Figure 6.5a,c that the PSSDs before initiating the controlled multistage
process are indeed very similar. As experiment κ1 was subjected to one cycle
and experiment κ2 was subjected to two cycles, the final PSSDs illustrated
in Figure 6.5b,d are very different. Two observations can be made from
these final PSSDs. First, the average dimensions of the population after κ1
are larger than those of that after κ2 , which is a consequence of the lower
target average lengths used in the stages of the second cycle. Second, due
to the presence of a second milling stage, the broadness of the final PSSD
of experiment κ2 is smaller than that of experiment κ1 .
A detailed visualization of the results of experiments κ1 and κ2 is provided in Figure 6.6. In this figure, further quantities of interest are intro-
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Figure 6.5: Volume-weighted PSSDs f v (obtained using eq 6.6 and normalized
by the maximum of each PSSD) before experiment (a) κ1 and (c) κ2 and after
experiment (b) κ1 and (d) κ2 for the controlled multistage process experiments
using Seeds κ of BLGA crystals. Experiments κ1 and κ2 consisted of one and
two cycles of the controlled multistage process, respectively. The contour levels
correspond to 0.1, 0.5, and 0.9 of each normalized PSSD. Along the L1 direction,
a regular grid with 120 bins and a spacing of 21 µm and 13 µm was used for
experiment κ1 and κ2 , respectively. Along the L2 direction, the corresponding
grid spacing was 7 µm and 6 µm using 40 bins. The solid circular markers
indicate the volume-weighted average dimensions of the populations.

duced, namely, the volume-weighted average particle aspect ratio φ at time
t, given by
L̄1,v (t)
φ(t) =
(6.7)
L̄2,v (t)
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the volume-weighted broadnesses of the measured PSSD in each of the two
dimensions at time t, which are defined as
r

2
σ11,v (t) = µ32 (t)/µ12 (t) − µ22 (t)/µ12 (t)
r

2
σ22,v (t) = µ14 (t)/µ12 (t) − µ13 (t)/µ12 (t)
(6.8)
and the broadness ratio ψ at time t, defined as
ψ(t) =

σ11,v (t)
σ22,v (t)

(6.9)

The low-pass filtered evolution of L̄1,v and L̄2,v plotted in Figure 6.6a is
similar until the end of the first cycle (downward pointing triangles) for
both the experiments. The second cycle for experiment κ2 leads to an additional considerable reduction of the average length L̄1,v (upward pointing
triangles). It is interesting to note that the average width L̄2,v increased
slightly over the course of the first cycle for both the experiments, while for
experiment κ2 , this gain in the average width L̄2,v was lost over the course
of the second cycle. This can be attributed to two factors. The first factor is
the reduction of the average width L̄2,v during the second milling stage. The
second factor is the effect of the relatively high supersaturation employed
during the growth stages. In more detail, for the system BLGA in water, the
ratio of the growth rates along the length direction of the particles to that
along their width direction increases with supersaturation.134 Since both
the experiments had the same initial conditions and the same targets for
the individual stages, the evolution of the two broadness measures, that of
the average particle aspect ratio, and that of the broadness ratio shown in
Figure 6.6b-e is very similar until the end of the first cycle. Apart from the
broadness measure along the width direction illustrated in Figure 6.6c, the
second cycle of κ2 yields a further significant decrease of these quantities,
which is beneficial in terms of obtaining a more compact distribution consisting of more equant particles. Note that all the quantities in Figure 6.6b-e
are based on the low-pass filtered evolution of L̄i,v and σii,v (i = 1, 2) to
attenuate measurement noise. From Figure 6.6f, it is clear that the times
required for the milling and the dissolution stages are almost identical
for the first cycle of both the experiments. However, the growth stage in

196

6.5 experimental validation

Figure 6.6: (a) Low-pass filtered evolution of the volume-weighted average
length L̄1,v and width L̄2,v for BLGA experiment κ1 (solid green line) and κ2
(solid blue line). The circular markers, downward pointing triangular markers,
and upward pointing triangular markers indicate the volume-weighted average
dimensions before the experiment, at the end of the first cycle (both κ1 and κ2 ),
and at the end of the second cycle (κ2 only), respectively. The horizontal dashed
lines indicate the target average length at the end of the first cycle ( L̄1,g1 ) and
that at the end of the second cycle ( L̄1,g2 ). The volume-weighted broadness of the
measured PSSD (obtained using eq 6.8 and low-pass filtered subsequently) along
(b) the length and (c) the width direction, (d) the volume-weighted average
aspect ratio (obtained using eq 6.7 with low-pass filtered arguments), and (e) the
volume-weighted broadness ratio (obtained using eq 6.9 with low-pass filtered
arguments) before the experiment (s), at the end of the first cycle (g1 ), and at the
end of the second cycle (g2 ). (f) Time tstage required for the individual stages to
reach their respective targets. κ1 and κ2 consisted of one and two cycles of the
controlled multistage process, respectively. The bars in panels b through f share
the color code for the two experiments with panel a.
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experiment κ1 took slightly longer than that in experiment κ2 to reach the
desired target. Based on the operating conditions of the milling and the
dissolution stages (not shown here for the sake of brevity), it appears that
this difference in the growth times is not due to any differences in the
operating conditions of the preceding stages, but due to the batch-to-batch
variations in the growth rates that can always occur.

Figure 6.7: Darkfield micrographs of (a) Seeds κ, and of the crystals obtained (b)
after experiment κ1 and (c) after experiment κ2 . The scale bars in the micrographs
correspond to 500 µm.

The micrographs of Seeds κ and those of the crystals obtained after
experiments κ1 and κ2 are presented in Figure 6.7. These micrographs, as
expected, confirm the reduction in the average length of the crystals, and
thereby of the average particle aspect ratio, for each cycle of the controlled
multistage process. It is interesting to note that upon undergoing the cyclic
process, the surface of the crystals appears to be healed when compared
with the seed particles. In more detail, the crystals obtained after the
experiments have a smoother and a more regular surface, along with well
developed facets that are characteristic of the compound BLGA.
6.5.1.2

Effect of Initial Conditions on Multistage Process Experiments with
BLGA

Three experiments were conducted to study and understand the effect of
the differences in the initial conditions on the outcome of the controlled
multistage process. In a preliminary phase, a given batch of BLGA seed
crystals, referred to as Seeds λ, was grown to a given target average length
by means of a growth stage at constant supersaturation. Subsequently, two
cycles of the controlled multistage process were run to reduce the average
aspect ratio of the particle populations obtained after this preliminary
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growth step. By varying the target average length of the preliminary growth
step, the effect of differences in the initial conditions (seed population
and initial solute concentration) was investigated. Below, the main phases
comprising the multistage process will be referred to as experiments λ1 , λ2 ,
and λ3 . All the parameters of the cycle logic, especially also L̄1,0 , were kept
constant to ensure that experiments λ1 to λ3 were run with the same targets.
The detailed experimental protocol and the parameters of the cycle logic
are explained in Section 6.4.5.
The PSSDs before and after experiments λ1 to λ3 , as well as micrographs
of the corresponding final particle populations, are illustrated in Figure 6.8.
In Figure 6.8a,c,e, it can be seen that the PSSDs obtained after the preliminary growth steps (i.e., before the experiments) are indeed different.
Nevertheless, the final PSSDs visualized in Figure 6.8b,d,f are almost identical, as intended. The micrographs presented in Figure 6.8g-i confirm in a
qualitative manner that the obtained crystal populations are indeed very
similar, in terms of both the size and the shape of the particles.
More detailed results of experiments λ1 to λ3 are presented in Figure 6.9.
The low-pass filtered evolution of L̄1,v and L̄2,v plotted in Figure 6.9a shows
that the controlled process operation enables the transformation of seed populations with different average dimensions (circular markers) into PSSDs
with very similar average dimensions, either using one (downward pointing
triangles) or two cycles (upward pointing triangles). Figure 6.9d illustrates
that a reduction of the volume-weighted average aspect ratio over the two
cycles was achieved, from an initial value of about 5 to 6 to a final value of
about 3. Furthermore, Figure 6.9b,c indicates that also the broadness measure of the PSSDs along the L1 direction decreased over the cycles, while
that along the L2 direction was barely affected. Clearly, this observation
goes along with a reduction of the broadness ratio ψ, as can be seen in
Figure 6.9e. The duration of each stage (three stages per cycle) is visualized
in Figure 6.9f. For the system BLGA in water, it is clear that the two growth
stages are responsible for the largest part of the required process time. Still,
the time required by the wet milling and the dissolution stages is significant
as well.
Note that in experiments λ1 to λ3 two cycles (instead of just one cycle or
more than two cycles) were chosen as a compromise between achieving a
significant aspect ratio reduction and keeping the process time at reasonable
values (see Section 6.5.1.1).
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Figure 6.8: Volume-weighted PSSDs f v (obtained using eq 6.6 and normalized by the maximum of each PSSD)
before experiment (a) λ1 , (c) λ2 , and (e) λ3 and after experiment (b) λ1 , (d) λ2 , and (f) λ3 for the controlled
multistage process experiments using BLGA Seeds λ. The contour levels correspond to 0.1, 0.5, and 0.9 of each
normalized PSSD. Along the L1 direction, a regular grid with 120 bins and a spacing of 12 µm, 12 µm, and 12 µm
was used for experiments λ1 to λ3 , respectively. Along the L2 direction, the corresponding grid spacing was 10 µm,
8 µm, and 10 µm using 40 bins. The solid circular markers indicate the volume-weighted average dimensions of
the populations. Darkfield micrographs of the crystals obtained after experiment (g) λ1 , (h) λ2 , and (i) λ3 . The
scale bars in the micrographs correspond to 500 µm.

200

6.5 experimental validation

Figure 6.9: (a) Low-pass filtered evolution of the volume-weighted average
length L̄1,v and width L̄2,v for BLGA experiments λ1 (solid green line), λ2
(solid blue line), and λ3 (solid brown line). The circular markers, downward
pointing triangular markers, and upward pointing triangular markers indicate
the volume-weighted average dimensions before the experiment, at the end
of the first cycle, and at the end of the second cycle (after the experiment),
respectively. The horizontal dashed lines indicate the target average length at
the end of the first cycle ( L̄1,g1 ) and that at the end of the second cycle ( L̄1,g2 ).
The volume-weighted broadness of the measured PSSD (obtained using eq 6.8
and low-pass filtered subsequently) along (b) the length and (c) the width
direction, (d) the volume-weighted average aspect ratio (obtained using eq 6.7
with low-pass filtered arguments), and (e) the volume-weighted broadness ratio
(obtained using eq 6.9 with low-pass filtered arguments) before the experiment
(s), at the end of the first cycle (g1 ), and at the end of the second cycle (g2 , after
the experiment). (f) Time tstage required for the individual stages to reach their
respective targets. The bars in panels b through f share the color code for the
three experiments with panel a.
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6.5.1.3

Repeatability of Multistage Process Experiments with BLGA

In addition to the two experiments explained in Section 6.5.1.1 and to
the three experiments presented in Section 6.5.1.2, two further multistage
process experiments with the compound BLGA and a preliminary growth
stage were performed. These experiments are referred to as experiments λ4
and λ5 . Their main purpose was to check the repeatability of the process
outcome (i.e., the properties of the final PSSD) also when using virtually
identical initial conditions. The detailed experimental protocol applied
for these two experiments is explained in Section 6.4.5. Note that these
experiments had a preliminary growth stage.
The initial and the final PSSDs of experiments λ4 and λ5 are visualized in
Figure 6.10. It can be seen in Figure 6.10a,c that the PSSDs obtained after
the preliminary growth steps are very similar, which corresponds to nearly
identical initial conditions for the subsequent controlled multistage process.
The final PSSDs illustrated in Figure 6.10b,d are very similar as well, as
expected when applying the controlled size and shape modification process.
More detailed results of experiments λ4 and λ5 are provided in Figure 6.11.
The low-pass filtered evolution of L̄1,v and L̄2,v plotted in Figure 6.11a is
similar, with a slight difference in L̄2,v . It can also be seen that experiment λ4
failed to reach L̄1,g2 , the target average particle length of the second growth
stage, by a few microns. The reason is that the control computer accidentally
ran out of disk space shortly before the end of this experiment, preventing
it from saving the data and terminating the controlled process properly.
Figure 6.11b-e confirms that the evolution of the two broadness measures,
that of the average particle aspect ratio, and that of the broadness ratio (as
defined in Section 6.5.1) is indeed very similar for the two experiments. As
can be seen in Figure 6.11f, the times required for the constituent stages
are similar as well, with the exception of that of the first growth stage
(g1 ), where experiment λ4 took significantly longer. This difference will be
explained at the end of this section.
In Figure 6.12a-e, the time series of the solute concentration, the temperature, the supersaturation, the volume-weighted average length, and
the volume-weighted average width are provided for experiments λ4 and
λ5 . Additionally, the evolution of the wet mill rotor speed during the two
milling stages of these two experiments is visualized in Figure 6.12f. Note
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Figure 6.10: Volume-weighted PSSDs f v (obtained using eq 6.6 and normalized
by the maximum of each PSSD) before experiment (a) λ4 and (c) λ5 and after
experiment (b) λ4 and (d) λ5 for the controlled multistage process experiments
using Seeds λ of BLGA crystals. The contour levels correspond to 0.1, 0.5, and
0.9 of each normalized PSSD. Along the L1 direction, a regular grid with 120
bins and a spacing of 17 µm and 14 µm was used for experiment λ4 and λ5 ,
respectively. Along the L2 direction, the corresponding grid spacing was 7 µm
and 6 µm using 40 bins. The solid circular markers indicate the volume-weighted
average dimensions of the populations.

that the rotor speed evolution is not plotted against the process time, but
against the number of wet milling steps nWM . The concentration evolution
was rather noisy during the milling stages, as can be seen in Figure 6.12a.
As expected for the compound BLGA, a relatively quick increase was observed during the subsequent dissolution stages, whereas a slow decrease
took place during the growth stages. Comparing the final with the initial
concentration values, it can be said that a small positive yield resulted
for both experiments. The temperature profiles visualized in Figure 6.12b
show that the temperature was kept constant during the milling stages,
that slow heating ramps were applied during the dissolution stages, and
that, due to the low seed mass, little cooling was required to keep the
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Figure 6.11: (a) Low-pass filtered evolution of the volume-weighted average
length L̄1,v and width L̄2,v for BLGA experiment λ4 (solid green line) and λ5
(solid blue line). The circular markers, downward pointing triangular markers,
and upward pointing triangular markers indicate the volume-weighted average
dimensions before the experiment, at the end of the first cycle, and at the end of
the second cycle (after the experiment), respectively. The horizontal dashed lines
indicate the target average length at the end of the first cycle ( L̄1,g1 ) and that
at the end of the second cycle ( L̄1,g2 ). The volume-weighted broadness of the
measured PSSD (obtained using eq 6.8 and low-pass filtered subsequently) along
(b) the length and (c) the width direction, (d) the volume-weighted average
aspect ratio (obtained using eq 6.7 with low-pass filtered arguments), and (e) the
volume-weighted broadness ratio (obtained using eq 6.9 with low-pass filtered
arguments) before the experiment (s), at the end of the first cycle (g1 ), and at the
end of the second cycle (g2 ). (f) Time tstage required for the individual stages
to reach their respective targets. The bars in panels b through f share the color
code for the different experiments with panel a.
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Figure 6.12: Time series of the controlled multistage process experiments λ4
(green) and λ5 (blue) using BLGA Seeds λ. (a) Evolution of the solute concentration. The solid markers represent the concentration estimate c and the solid
lines represent the corresponding low-pass filtered signal cfilt . (b) Evolution of
the measured process temperature T. (c) Evolution of the supersaturation S
calculated according to eq 6.5. Evolution of (d) the volume-weighted average
length L̄1,v and (e) the volume-weighted average width L̄2,v . The solid markers
represent the experimentally obtained average dimensions and the solid lines
are the corresponding low-pass filtered signals. (f) Evolution of the rotor speed
θ in the wet mill as a function of the number of wet milling steps nWM . The
identifiers mn , dn , and gn indicate the end of the milling, of the dissolution, and
of the growth stage for the nth cycle, respectively.
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supersaturation constant during the growth stages. The evolution of the
estimated supersaturation profiles plotted in Figure 6.12c is sensible as well,
with one exception: during the dissolution stages, it seems that the solution
was slightly supersaturated instead of undersaturated. However, from the
experimental observations it can be said that the particle volume was decreasing, i.e., the particles were dissolving. Therefore, the slight deviation
from the expected undersaturation could be explained by a combination
of the errors in the employed concentration estimation technique (which
are in the order of 1 %, see ref 47) and uncertainties in the used solubility
curve (see eq 6.3). Since the dissolution stages were operated by a feedback
controller that observes the particle volume directly and not the solute
concentration estimate,79 these deviations do not matter and the dissolution was performed successfully. The time series of the volume-weighted
average particle dimensions are visualized in Figure 6.12d,e. During the
first growth stage (i.e., between d1 and g1 ), the increase of the average
length in λ5 was quicker than that in λ4 . The higher growth rate during that
stage is confirmed by the faster depletion of the concentration, as can be
seen in Figure 6.12a. It is clear that batch-to-batch variations in the growth
rates can always occur. Here, the reason for the observed difference in the
growth rate might also be that one additional milling step and higher wet
mill rotor speeds were applied by the milling controller toward the end
of the first milling stage of λ5 , as illustrated in Figure 6.12f. It is obvious
that more intense wet milling creates more particle surface area and also
rougher crystal surfaces, thus leading to quicker growth in the subsequent
growth stage.
6.5.2 γ d-Mannitol in a Mixture of Water and Propan-2-ol
Two experiments were conducted with GDM in a 10/90 wt-% mixture of
propan-2-ol and water. The first experiment was seeded with a batch of
GDM seed crystals, referred to as Seeds ν, and the controlled multistage
process was run right after seeding. In case of the second experiment, the
seeds were grown to a given target average length by means of a preliminary growth step at constant supersaturation. Subsequently, the controlled
multistage process was run. The main phases operated by the multistage
process of these two experiments will be referred to as experiments ν1 and
ν2 , respectively. All the parameters of the cycle logic were the same as used
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for the BLGA experiments presented in Section 6.5.1. The detailed experimental protocol for the GDM experiments is explained in Section 6.4.6.

Figure 6.13: Volume-weighted PSSDs f v (obtained using eq 6.6 and normalized
by the maximum of each PSSD) before experiment (a) ν1 and (c) ν2 and after
experiment (b) ν1 and (d) ν2 for the controlled multistage process experiments
using GDM Seeds ν. The contour levels correspond to 0.1, 0.5, and 0.9 of each
normalized PSSD. Along the L1 direction, a regular grid with 120 bins and a
spacing of 13 µm and 12 µm was used for experiment ν1 and ν2 , respectively.
Along the L2 direction, the corresponding grid spacing was 6 µm and 6 µm
using 40 bins. The solid circular markers indicate the volume-weighted average
dimensions of the populations.

The PSSDs before and after experiments ν1 and ν2 are visualized in
Figure 6.13. As expected, the initial PSSDs are different for the two experiments, as can be seen in Figure 6.13a,c, whereas the final PSSDs are very
similar, as shown in Figure 6.13b,d.
More detailed results of experiments ν1 and ν2 are visualized in Figure 6.14. Figure 6.14a confirms that the controlled multistage process can
transform populations with different average particle dimensions to populations with very similar average dimensions also in the case of GDM.
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Figure 6.14: (a) Low-pass filtered evolution of the volume-weighted average
length L̄1,v and width L̄2,v for GDM experiments ν1 (solid green line) and ν2
(solid blue line). The circular markers, downward pointing triangular markers,
and upward pointing triangular markers indicate the volume-weighted average
dimensions before the experiment, at the end of the first cycle, and at the end of
the second cycle (after the experiment), respectively. The horizontal dashed lines
indicate the target average length at the end of the first cycle ( L̄1,g1 ) and that
at the end of the second cycle ( L̄1,g2 ). The volume-weighted broadness of the
measured PSSD (obtained using eq 6.8 and low-pass filtered subsequently) along
(b) the length and (c) the width direction, (d) the volume-weighted average
aspect ratio (obtained using eq 6.7 with low-pass filtered arguments), and (e) the
volume-weighted broadness ratio (obtained using eq 6.9 with low-pass filtered
arguments) before the experiment (s), at the end of the first cycle (g1 ), and at
the end of the second cycle (g2 , after the experiment). (f) Time tstage required
for the individual stages to reach their respective targets. The bars in panels b
through f share the color code for the two experiments with panel a.
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In Figure 6.14d, it can be seen that the volume-weighted average aspect
ratio was reduced from about 6 to a value slightly below 4. The volumeweighted broadness measures depicted in Figure 6.14b,c decreased over
each cycle for both the length and the width direction. Thus, the broadness
ratio shown in Figure 6.14e remained approximately the same over the two
cycles. In Figure 6.14f, it can be seen that, contrary to BLGA, the growth
stages for the two GDM experiments did not require more time than the
milling and the dissolution stages. This can partially be attributed to the
higher growth rate of GDM. The second reason for this observation can
be traced back to the wet milling stages: it was observed that the GDM
crystals are more brittle than those of BLGA, with a tendency to shatter
into a large number of small fragments. In their entirety, these fragments
contribute significantly to the overall solid volume, thus influencing even
the volume-weighted average dimensions. During the dissolution stages,
many of these fragments disappeared, which thereby increased the volumeweighted average dimensions. The increase in L̄1,v to be covered during the
subsequent growth stage is thus smaller. Note that additionally due to the
high dissolution rate combined with the thermal inertia of the crystallizer
and that of the thermostat, the particle volume undershot its target during
the dissolution stages (not shown here for the sake of brevity). In general, it
can be said that running the controlled multistage process for GDM is more
challenging, also because both its solubility and its growth and dissolution
rates in the chosen solvent mixture are higher than those of BLGA in water.
Still, it has been shown that the controlled multistage process is able to
achieve the process targets and to yield a significant shape change to more
equant particles also in this case.
6.6
6.6.1

concluding remarks
Key Outcomes

An extension of a previously suggested multistage process81,112 for the
batch-wise transformation of needle-like seed crystals into more equant
particles has been presented. The two previously unexplored and striking
features of this extension are, first, that the process is operated in a fully automated and controlled manner without the need of kinetic process models
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or predefined operating conditions, and second, that it provides robustness
with respect to achieving PSSDs with desirable properties repeatedly over
consecutive batches. Both of these developments have been enabled by a
combination of online monitoring of the particle size and shape evolution
with feedback control techniques.
The robustness of the proposed approach has been validated by means
of an experimental campaign for the system BLGA in water, during which
batch experiments with different initial conditions were successfully steered
toward final PSSDs with nearly identical properties. This capability of the
proposed process control scheme is very valuable in terms of mitigating
undesirable batch-to-batch variations in the solid product. Furthermore, the
generality of the approach has been demonstrated by successfully applying
it to a different, more challenging system, namely, to GDM in a mixture of
propan-2-ol and water. In all the experiments, a significant reduction of the
average particle aspect ratio (from about 5 to 6 to about 3 for BLGA, and
from about 6 to slightly below 4 for GDM) and of the broadness of the final
PSSD was achieved. Such a shape transformation would, e.g., be interesting
in the pharmaceutical industry for facilitating downstream operations.
6.6.2 Key Learnings and Way Forward
While the advantages of the controlled multistage process are clear, there
is still room for improvement and some drawbacks need to be pointed
out as well. First of all, the proposed cycle logic, including the chosen
sequence of stages (milling followed by dissolution followed by growth),
has not been optimized with respect to any performance criteria. Therefore,
the stage targets were chosen more or less arbitrarily and the impact of
these decisions on the batch time and the productivity is not taken into
account. Obviously, accurate kinetic process models would be helpful to
design a better cycle logic, while feedback control would still be essential
to counteract uncertainties and disturbances. It would also be interesting to
repeat the proof-of-concept experiments presented in this article at higher
suspension densities, for instance by employing a dilution loop (see, e.g.,
ref 17 and Appendix D) in combination with the online imaging device.
Even though it is likely that the proposed approach can be applied to a large
number of systems, its ability to reach the desired targets is also limited
by the online monitoring device. For instance, it would be unfeasible to
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control the evolution of the size and shape of compounds that exhibit very
high growth or dissolution rates if the characteristic timescales of these
processes are not considerably longer than the sampling intervals of the
imaging device. Thus, further research in online monitoring of the particle
size and shape evolution during crystallization processes is essential. From
a process point of view, control strategies for additional actuators (such as,
e.g., sonication, combined solvent/antisolvent crystallization, or additives)
or unconventional processes (such as, e.g., spherical agglomeration) could
be developed, which would open up new avenues for robust crystal shape
engineering.
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nomenclature
Acronyms
BLGA
DISCO
GDM
PSSD

β l-glutamic acid

dual imaging system for crystallization observation
γ d-mannitol

particle size and shape distribution

Greek Symbols
θ
κ
λ

µij
ν

ξ
σii,v
φ
ψ
ω

rotor speed, [rpm]
BLGA seed population; experiment label
BLGA seed population; experiment label
ij-cross moment of the PSSD [µmi + j ]
GDM seed population; experiment label
parameter of the cycle logic [–]
volume-weighted broadness of the PSSD
along ith dimension (i = 1, 2) [µm]
volume-weighted particle aspect ratio [–]
volume-weighted broadness ratio [–]
parameter of the cycle logic [–]

Roman Symbols
c
c∗
d
f
fv
g
Li
L̄i
L̄k
L̄i,v
L̄1,0
L̄1,M
m
n
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solute concentration (per mass of solvent basis) [g kg−1 ]
solubility (per mass of solvent basis) [g kg−1 ]
dissolution stage identifier
number density function (PSSD) [µm−2 ]
volume-weighted PSSD [µm−2 ]
growth stage identifier
ith particle dimension (i = 1, 2) [µm]
average of ith particle dimension (i = 1, 2) [µm]
vector of average particle dimensions L̄k = [ L̄1 L̄2 ]T [µm],
where k = {d, g, m, p, s} is the stage identifier
volume-weighted average of ith dimension (i = 1, 2) [µm]
parameter of the cycle logic [µm]
parameter of the cycle logic [µm]
milling stage identifier
cycle counter
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nWM
p
s
S
t
tstage
T

number of wet milling steps
product identifier
seed identifier
relative supersaturation, c/c∗ [–]
time [h]
stage duration [h]
temperature [◦C]

Subscripts and Superscripts
filt
set

low-pass filtered
setpoint
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CONCLUDING REMARKS

7.1

key outcomes

The work presented in this thesis has led to improvements in characterizing
the solid phase within the framework of a batch crystallization process,
which is reported in the first part of the thesis. These improvements led to
many interesting applications, as reflected in the second part of the thesis,
with a vast majority of them focussing on manipulating the size and shape
of crystals exhibiting a needle-like morphology.
In Chapter 2, the core of the work presented in this thesis, the µ-DISCO
is presented, which is a compact stereoscopic imaging device to characterize the solid phase in crystallization processes with a superior design when compared to existing state-of-the-art stereoscopic imaging techniques. A novel image analysis pipeline with the ability to provide a threedimensional reconstruction of the crystals observed by the imaging device,
the corresponding volume and the shape description is presented. A novel
method to estimate the evolution of the solute concentration is proposed
in Chapter 3, using the three-dimensional reconstruction of the crystals
and the corresponding volume (presented previously in Chapter 2). The
solute concentration obtained by this method was validated by comparing
the estimates with independent gravimetric and spectroscopic techniques.
The method has been particularly powerful when the suspension densities
are quite low – which is the case with most of the work presented in this
thesis – where employing commercially available techniques is incredibly
challenging.
The techniques presented in Chapters 2 and 3 are the key ingredients
to develop, to implement, and to experimentally validate feedback control algorithms, presented in rest of the second part of the thesis (Chap-
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ters 4 through 6), with the aim of manipulating the size and shape of
crystals in batch solution crystallization processes. The feedback control
algorithms presented in these chapters were developed to operate a cyclic
multistage process consisting of a milling, a dissolution, and a growth
stage.
In Chapter 4, the model-free path following controller to guide the
average size and shape of a population in a seeded, growth-dominated
batch cooling crystallization process is presented. The controller ensured
repeatability of different batches of seeds for different target average dimensions. The control strategy operated in an entirely model-free fashion
utilizing only the thermodynamic knowledge of the system. Model-based
and model-free operating and control strategies to manipulate the size
and the shape of needle-like crystals using a rotor-stator wet mill have
been proposed and experimentally validated in Chapter 5. The availability
of a multidimensional breakage model enabled a better understanding
of the performance of two milling configurations in a simulation framework, which was subsequently tested in an experimental setup as well.
A controlled multistage process for the manipulation of needle-like seed
crystals into more equant particles in batch solution crystallization process
was presented in Chapter 6. The entire process, consisting of wet milling,
dissolution, and growth stages, was operated in a fully automated and
controlled fashion, in the absence of kinetic process models and predefined
operating conditions. The robustness and the generality of the proposed
approach was validated experimentally using two different compounds. It
was shown that a significant reduction of the average particle aspect ratio
and of the broadness of the final PSSD was made possible by the controlled
multistage process. Various approaches proposed in Chapters 4 through 6
for size and shape transformation would certainly aid the pharmaceutical
industry for facilitating downstream operations. Even though not discussed
in this thesis, the µ-DISCO was also put to use to obtain multidimensional
breakage and dissolution rate models. These models were cumbersome to
obtain in the first place, and additionally it was observed that they do not
have perfect predictive capability for arbitrary conditions. Hence, efforts
were made to operate the feedback controllers for the different stages in an
entirely model-free fashion, thereby completely eliminating the need for
multidimensional kinetic models. The online monitoring capabilities of the
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µ-DISCO, to a great extent, paved the way to successfully meet the goals
concerning the manipulation of the size and shape of needle-like crystals.
7.2

way forward

Irrespective of the outcome from the work presented in this thesis, as with
any other technology there is always a great scope for improvement on
multiple fronts. Two such aspects, where a lot of improvements and exciting
research can be conducted is briefly discussed in the following sections that
can potentially lead to a small but significant leap to monitor, to model and
to control crystallization processes.
7.2.1

Monitoring Crystallization Processes

Imaging based techniques have proven to be powerful to provide reliable
characterization of the solid phase. Nevertheless, there are always challenging issues at stake. The sheer number of crystals in a suspension, the
wide variety of sizes and shapes exhibited by these crystals, the wide range
of thermodynamic, kinetic, thermal and optical properties exhibited by
these crystals, can barely scrap the surface with regard to the challenges
surrounding monitoring the solid phase in crystallization processes. Some
potential ideas that can address the aforementioned issues are discussed
below.
Regarding characterizing the solid phase in dense suspensions, a standalone dilution system could be added to the µ-DISCO. The design and
proof-of-concept experiments provided in Appendix D, indeed show promise,
but what remains to be resolved is the need to make the entire system
automated. The suspension in a previous version of the dilution loop was
operated by looking at the average image brightness to either dilute or
concentrate a suspension. A more attractive alternative would be to use the
number of particles observed by the µ-DISCO to control the ratio of dense
suspension to clear filtered solution. It is worth noting that sieving effect in
the filter systems, temperature control of all the lines, and the efficacy of
the system to operated for durations in the order of tens of hours, should
definitely not be overlooked.
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The aforementioned challenge regarding dense suspensions arises because of the presence of a sampling loop, which arises as the µ-DISCO is
an ex situ device. One very promising approach that eliminates external
sampling is to design an in situ probe based on the same concepts employed
in the µ-DISCO. The images obtained at tip of the probe can be transmitted
to the camera sensor using either a set of mirrors or a fiber optic bundle.
It is evident, that obtaining stereoscopic projections from a single probe
is a major engineering problem, but this can be overcome by employing
design principles from fields that deal with optics and sensors in small
scales. Computational fluid dynamic simulations based probe design is a
necessity, to ensure optimal multiphase (solid crystals and liquid solution)
flow patterns around the probe (similar to the ones performed for designing aircrafts and spacecrafts). Since, the underlying concept of imaging is
unaffected, the image analysis routines developed in this work could be
applied to the in situ probe, if ever materialized, with minor modifications.
It is worth noting here that the presence of such a probe would greatly
increase the commercial viability and the widespread use of the characterization technique both in academic and in process industries. Additionally,
it would also enable employing the tool in continuous crystallizers.
The other major limitation of the µ-DISCO, is the minimum detectable
size of a crystal. The threshold is in the order of around 10 µm, but this
does not necessarily guarantee an accurate characterization (see Chapter 2
for a detailed discussion). This can be circumvented by the either the
replacement or the addition of a lens with a higher magnification, which
can aid in reducing the minimum detectable size to around 1 µm–3 µm. A
lower detectable size is particularly beneficial, for example in detecting and
quantifying the fines generated after a milling stage.
Modeling and experimental approaches aimed at deracemization of chiral
molecules have caught recent interest.188–190 Usually, the purity of either
of the enantiomers is obtained not by directly observing the solid phase,
but by indirectly estimating it using a chromatographic technique or a
polarimeter. The enantiomers of many chiral compounds can be identified
by the different colors they appear in, when observing under a microscope
equipped with a polarized light source. This concept can be potentially
transferred to the µ-DISCO, by replacing the illumination source to generate
polarized light, and by replacing the monochrome cameras to three channel
color cameras. The replacement of the cameras would require adapting the
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image analysis algorithms to handle colored images. Two changes in the
image analysis pipeline will be necessary namely, the segmentation and
the classification algorithm. The segmentation algorithm in the µ-DISCO
works on a grayscale image, but with the colored images this step would be
drastically different. The current classification algorithm classifies particles
based on five shapes. But for systems with chiral molecules, an additional
classification step to distinguish the two enantiomers is also vital.
Apart from making hardware changes, the software that embeds the
image analysis routine has a lot of room to play around with. The sampling
rate in the µ-DISCO is limited to 5 min and 2 min for online and offline
image processing, respectively, due to the processing power of the computer
used currently. The software can be parallelized to multiple processor cores
and parts of the same can also be transferred to the graphics processing unit
of the computer to dramatically reduce the sampling rate. This potential
reduction in the sampling rate can be beneficial in utilizing feedback control
algorithms for compounds that exhibit changes in their size and shape in the
order of a few minutes instead of a few hours. The labeling of crystals based
on their shapes is currently limited to five classes. Supervised machine
learning algorithms using simple features, even though has been shown
to be very powerful, can certainly be improved. A wider array of crystal
shapes should also be included for a better characterization. Simple generic
models have been used in the entire thesis owing to their computationally
inexpensive nature. With the advent of higher computational power, convex
polytopic models can also be reconsidered for approximating the observed
crystals using their true shape.
7.2.2

Size and Shape Manipulation of Crystals

Within the context of the project, the µ-DISCO, was developed to develop
multidimensional kinetic models and feedback control algorithms for different fundamental crystallization phenomena (growth, dissolution and
breakage). With the development of these models and control algorithms,
significant size and shape change for needle-like seed crystals has been certainly achieved. The proposed controlled multistage process has a milling
stage as a constituent step. As mentioned in Chapter 5, the milling stage
can lead to amorphization and generation of surface defects, which can be
highly undesirable for high purity pharmaceutical products. Even though
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the subsequent dissolution and growth stages can aid in addressing these
issues, there can be other alternatives that completely eliminates the milling
stage in favor of other modes of operation. It is known that the choice
of solvent can significantly influence the morphology of the crystals. A
mixture of solvent/antisolvent can be used to achieve the same goals of
shape manipulation. Feedback control algorithms, which determine the
amount and the rate of antisolvent to be fed into the batch system, based
on input signals from the µ-DISCO can be developed. An alternative to
the antisolvent would be to use an additive using a similar same control
strategy.
Novel processes like spherical agglomeration show great promise in
obtaining product crystals in a spherical form starting from needle-like
seed crystals. These spherical products, as expected, show good flowability
and packability properties.191–193 Additionally, these processes also occur
in a timescale of a couple of hours. Various studies have shown the effect
of the operating parameters on the characteristics of the final product. The
logical step forward would be to develop control algorithms with the aim
of producing spherical agglomerates of desirable sizes in a fully controlled
fashion.
The targets for the superordinate control logic presented in Chapter 6
were chosen arbitrarily based on prior experience working with the systems
studied. The availability of multidimensional kinetic models would certainly
help design better cycle logic. Alas, developing these process models is very
cumbersome. As a thought, an iterative learning algorithm of some sort that
decides the next action based on preceding measurements of the crystal
population in an unsupervised manner could be interesting to explore.
I would like to close the work presented in this thesis with a personal
perception of the entire research on crystallization. Being one of the very
early separation and purification process known to and practised by humankind, we are still en route learning and optimizing these processes,
which are operated on a regular basis at different production and time
scales. Based on the very few suggestions presented above, it is of my belief
that implementation of one or several of these could be valuable, even
though it can take a few years of testing in a laboratory scale. Furthermore,
it should not be forgotten that the technologies should be developed such
that they see the light of the day. To conclude, the work presented in this
work has been a culmination of years of research on monitoring, modeling

220

7.2 way forward

and control of batch crystallization processes by my former and current
colleagues. It certainly appears that the research in this field is nowhere
close to stagnation in the near future and there will still exist areas for
continued development.
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a.1

camera rotation matrices

The rotation matrices which transform the world coordinate system into
the camera coordinate systems of camera A and B are derived as follows:
RA is composed of a negative rotation around the x-axis, followed by a
positive rotation around the new z-axis:


RA = R z
where

π
+ φA
2





· Rx

π
−
2





− sin(φA )
= − cos(φA )
0

0
0
1


1
0
0
R x (γ) = 0 cos(γ)
sin(γ)  ,
0 − sin(γ) cos(γ)


cos(γ) 0 − sin(γ)

Ry (γ) =  0
1
0
sin(γ) 0 cos(γ)


− cos(φA )
sin(φA )  , (A.1)
0



(A.2)

(A.3)

The supplementary material presented in this appendix chapter has been reported in:
Rajagopalan, A. K.; Schneeberger, J.; Salvatori, F.; Bötschi, S.; Ochsenbein, D. R.; Oswald,
M. R.; Pollefeys, M.; Mazzotti, M. A comprehensive shape analysis pipeline for stereoscopic
measurements of particulate populations in suspension. Powder Technol. 2017, 321, 479–493.
This article was published with a shared first authorship between Janik Schneeberger, a
masters student I supervised, and myself.
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and



cos(γ)
Rz (γ) = − sin(γ)
0


0
0
1

sin(γ)
cos(γ)
0

(A.4)

are the basic rotations by the positive angle γ about the x, y, or z axis. The
rotation matrix for the coordinate system of camera B is given by a negative
rotation around the y-axis, followed by a rotation around the new z-axis,
i.e.




0
sin(φB )
− cos(φB )

π
RB = Rz −π + φB · Ry −
=  0 − cos(φB ) − sin(φB )  . (A.5)
2
−1
0
0
a.2

extrinsic calibration

The extrinsic calibration procedure is an essential step in order to get an
accurate spatial matching (or pairing) of particle projections. Finding the
roll angles of the cameras (rotation of the camera around the optical axis)
with respect to the world coordinate system is based on a nylon filament,
which serves as a reference object. A weight is attached to one end of the
filament and the other end is fixed on a rigid frame such that the filament
is freely suspended. After placing the filament in the field of view of both
cameras and ensuring the filament is at rest, multiple images of the shadow
created by the nylon filament are captured. The center of the nylon filament
is found in every image by using the greyscale intensity directly from the
image and fitting the analytical function, whose shape is close to the image
formed by the nylon filament:
!
−( x − c)2
f ( x ) = 1 − exp
,
(A.6)
2σ2
where, the coefficient c defines the horizontal location of the minimum,
and σ takes into account the width of the shadow of the filament. The
analytical function f ( x ) is fitted inside the greyscale intensity by varying
the function parameter c such that the mean square error (MSE)
MSE =
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i(x) − f (x)

2

(A.7)

A.3 simulation of particles for supervised learning

is minimized. The greyscale intensity vector, i ( x ), is given by one row
from the array holding the calibration image, i.e. i ( x ) = I ( x, y = const.).
The optimal parameters copt yielding a minimal MSE are collected for a
series of different y-values and a linear function is fitted into the obtained
data points. The roll angles, φA and φB , are found from the slope of the
linear function. Figure A.1 shows the output of this extrinsic calibration
procedure where a nylon filament is used as a common reference for both
cameras. The red lines indicate the linear function fitted to the points in
green (camera A) and cyan (camera B) by linear regression. The roll angles
of both cameras thus found are φA = −0.86 ± 0.02° and φB = 0.15 ± 0.01°.

Camera A

Filament Middle A
Linear Fit A
Image Center Line

Camera B

Filament Middle B
Linear Fit B
Image Center Line

Figure A.1: Shadow created by a nylon filament as seen from the two cameras.
The red lines are fitted into the greyscale data of the images and the roll angle
is calculated from the slope of the linear function.

a.3

simulation of particles for supervised learning

simulation of needle-like particles For the generation of the
training set for needle-like particles, Ns = 1,200 cylinders are simulated
and virtually aligned along the direction of flow such that an unambiguous
reconstruction of the VH is possible. The cylinder dimensions, L1 (length)
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and L2 (width), are sampled i.i.d. from a bivariate normal distribution with
mean size µ s = [µ̄1 , µ̄2 ]T and diagonal covariance matrix Σs = diag (σ̄12 , σ̄22 )
such that L1 > L2 > 0 is always fulfilled. Here, the covariance matrix
measures how much each of the characteristic dimensions vary from the
mean size, µ s , with respect to each other. The sizes and covariance for the
simulation are µ̄1 = 370 µm (mean length), µ̄2 = 50 µm (mean width),
σ̄1 = 56 µm and σ̄2 = 8 µm.
simulation of quasi-equant particles The training set for quasiequant particles involves Ns = 1,200 cuboids with dimensions L1 (height),
L2 (width) and L3 (depth), sampled i.i.d. from a normal distribution
with mean size µ s = [µ̄1 , µ̄2 , µ̄3 ]> and diagonal covariance matrix Σs =
diag (σ̄12 , σ̄22 , σ̄32 ) such that L3 > L2 > L3 > 0 is always fulfilled. The cuboids
are not rotated in space such that an exact VH reconstruction can be carried
out. The sizes and covariance for the simulation are µ̄1 = µ̄2 = µ̄3 = 100
µm and σ̄1 = σ̄2 = σ̄3 = 10 µm.
simulation of plate-like particles In analogy to the cuboid case
above, Ns = 1,200 plate-like particles are simulated as thin cuboids with
numeric mean size values µ̄1 = µ̄2 = 100 µm, µ̄3 = 20 µm and variance
values σ̄1 = σ̄2 = 10 µm and σ̄3 = 2 µm.
a.4

validation of the shape classification

The validation of the shape classification is carried out based on the comparison of class labels given by human experts with the predicted class
labels of the classification model. In order to achieve this, a simple graphical user interface is implemented for displaying the 3D reconstructed VH
of a particular crystal along with the corresponding stereoscopic background difference images and segmented contours to a user. The VH can
be manually rotated by a user in the world coordinate system such that
the reconstructed crystal can be viewed and inspected from different directions. Three independent experts classified 524 reconstructed crystals
of a sample of milled β l-glutamic acid from a non-specific data set in
order to generate a validation set which can be utilized for a classification
validation. The vote given by the experts will serve as the true class for the
prediction performance evaluation. None of the three experts were involved
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in generating the training data set used to train the SVMs for classifying
spheres and agglomerates. It was decided to give the experts the option to
refuse a classification for a certain crystal, i.e. to assign the label unclassified.
This option is used for certain cases where the contour extraction of crystal
silhouettes failed and/or the VH of the particle was not obvious to be
categorized into one of the given classes. It has to be pointed out that the
classification model does not incorporate such an option, i.e., there is a
guaranteed misclassification error for each sample that has been labeled
as unclassified by the majority of the experts. However, the class label
unclassified is maintained in the validation of the prediction performance
evaluation.
In order to evaluate the prediction performance of the overall classification model the confusion matrix164,194 containing information about actual
and predicted classifications predicted by the classification model is generated. The confusion matrix is used to compare the prediction results of the
multiclass classification model with the true class obtained from experts. It
serves as a tool for assessing the per-class prediction performance. Since
certain classes from experts were not consistent for some cases, it is decided
to only compare predictions of the classifier with the majority class stated
by the experts. A class label is considered as ground truth class when two
or more experts voted for the same label (majority vote). If no agreement
between the experts is reached, i.e., three divergent expert labels are voted,
the validation sample is discarded as it makes no sense to compare a prediction against a class which has no unequivocal label. Such inconsistent
class labels are only observed in 6.5 % of the cases. Consequently, the final
validation set contains 493 samples that are used for assessing the prediction performance of the implemented shape classification model. Out of the
493 sample crystals, 182 (36.9 %) were classified as needles, 157 (31.8 %)
as quasi-equant, 32 (6.5 %) as platelets, 55 (11.1 %) as spheres, 10 (2 %) as
non-convex and 57 (11.7 %) as unclassified by majority of the experts.
The confusion matrix for the implemented cascade classifier is shown
in Figure A.2. The green cells show the number and percentage of correct
classifications by the trained model and the red cells represent all types
of misclassifications. The confusion matrix allows to evaluate the output
quality of the classifier using the Precision-Recall metric. The green numbers
in the last row of the confusion matrix report the recall (also known as
sensitivity) of the implemented classifier with respect to a certain class.
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Recall literally means how many of the true positive outcomes were recalled,
i.e. how many of the correct classes were also correctly classified by the
classifier. Recall of a certain class is calculated from the confusion matrix
using
TP
Recall =
,
(A.8)
TP + FN
where TP means true positive and FN denotes false negative which is the
column-wise sum over all red elements in the confusion matrix. The green
numbers in the rightmost column report the precision (also called positive
predictive value) of the classification model with respect to a certain class.
Precision literally means how many of the predicted classes were true
positives, i.e. how many of the predicted classes are correctly classified. It
can also be calculated from the confusion matrix using
Precision =

TP
,
TP + FP

(A.9)

where FP denotes false positive which is the row-wise sum over all red
elements in the confusion matrix.
For example, 174 crystals are correctly classified as needles by the shape
classification model which means that out of 222 needle predictions, 78.4 %
are correctly classified. Out of 182 true needle cases, 95.6 % are correctly
classified which means that the classifier has a high sensitivity for needles.
However, the results also indicate that the trained classification model is
slightly biased towards the needle class as there are 21.6 % incorrect needle
predictions. There were a total of 157 true quasi-equant labels, and the
model classified 139 as quasi-equant from which 95 actually also corresponded to the quasi-equant class labeled by the majority of the experts.
This means that from 139 quasi-equant predictions, 95 crystals are correctly classified as quasi-equant, which corresponds to 68.3 %. It is worth
noting that quasi-equant particles are often falsely predicted as needles
and platelets by the classifier. The prediction performance for the platelet
class is similar to the quasi-equant class. Also, platelets are often wrongly
predicted as needles. Out of 42 sphere predictions, 39 are correct which
corresponds to 92.9 % indicating that the implemented classifier has a very
high precision for the sphere class. It can be seen in the confusion matrix that
the classification model often tends to confuse quasi-equant particles with
spheres which, given that both classes share a lot of geometric similarities,
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Figure A.2: Confusion matrix comparing predicated and true class labels of the
validation set. The class label unclassified cannot be assigned by the classification
model, which causes the last row of the confusion matrix to be always zero. The
overall classification performance over all five particle shape classes is 69 %.

can be explained by intuition. However, human experts falsely classified
quasi-equant particles as spheres in some cases. The classification model is
explicitly trained for detecting perfect circular particles characterized by a
high circularity product. This explains that from 55 apparent true spherical
cases, only 70.9 % are correctly classified. Out of 10 true non-convex cases
labeled by the experts, 8 are correctly classified by the classifier, which
corresponds to 80.0 %. However, it should be noted that the validation set
only contains few agglomerates and thus the prediction performance for
non-convex may not be statistically relevant. The results also show that often, when experts refused to classify a crystal, it is classified as non-convex
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by the classifier. This is the case for 14 out of 28 agglomeration predictions.
Visual inspection revealed that often, these labels correspond to a segmentation failure which occurs for a short period of time at the beginning of
the background subtraction process, when the initial background is not
fully estimated yet. Overall, 69.0 % of the predictions are correct and 31.0 %
are incorrect. However, it has to be said that the classifier does not include
a rejection class indicated by the label unclassified. This explains that the
classifier has no sensitivity to this class.
The interpretation of the above values is not straightforward. Generally,
one speaks of an excellent classification performance when both recall (or
sensitivity) and precision are high-valued. However, the interpretation also
depends on the specific classification problem and the particular consequence of a misclassification. An example of frequent misclassifications
is the ambiguity between the needle and the platelet class: a particular
orientation of a needle-like crystal with respect to the cameras yields in a
reconstructed VH which cannot be distinguished from the reconstruction
of a plate-like crystal. Another ambiguous case can occur when a plate-like
crystal is oriented such that the reconstructed VH takes the form of a quasiequant particle. In both cases, the classification model can only classify
the latter case, i.e. makes a classification only based on data and not prior
knowledge about the inherent crystallization process.
a.5
a.5.1

calculations
Particle Size Calculation of Spheres

The radius of a sphere can easily be calculated by the arithmetic mean
of the distance of the contour
point from the centroid of the
 boundary

contour. First, the centroid x̂ j , ŷ j

of each contour pertaining to camera

j ∈ {A, B} is calculated. The centroids can be obtained in the respective
camera coordinates ( x j , y j ) using equations
1
x̂ j =
Nj

Nj

∑ xk,j

k =1

1
ŷ j =
Nj

Nj

∑ yk,j ,

(A.10a)

k =1

where xk,j is the coordinate of the k-th contour point and Nj is the number of
contour points recorded by camera j. Furthermore, the distance between the
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k-th point on the contour and the centroid of the contour can be calculated
by
q
rk,j =

( xk,j − x̂ j )2 + (yk,j − ŷ j )2 ,

(A.10b)

and the average distance between the contour and its centroid associated
with camera j is calculated using
r j,mean =

1
Nj

Nj

∑ rk,j .

(A.10c)

k =1

The characteristic size of a sphere (diameter) is then given by the mean
average distance of the boundary points from the centroids for both cameras,
i.e.
L1 = rA,mean + rB,mean
(A.10d)
and the volume of the sphere is calculated by
Vsphere =

a.5.2

4
π
3



L1
2

3
.

(A.10e)

Particle Size Calculation of Needle-like Particles

The method for calculating L1 and L2 of needle-shaped particles from two
orthogonal projections is identical to the one presented by Schorsch et al..17
a.5.3

Particle Size Calculation of Quasi-equant Particles

This section aims at explaining how characteristic size measurements of
quasi-equant shaped particles are carried out. Along with the findings of the
current study, the characteristic size of quasi-equant shaped particles was
evaluated with a new metric which is based on the 3D reconstructed visual
hull (VH) of the particle.
For this, as shown in Figure A.3, the dimensions of the non-oriented
bounding box enclosing the reconstructed 3D VH of a particle classified
as quasi-equant by the shape classifier are calculated. The bounding box
volume is calculated by VBB = abc, where a ≥ b ≥ c ≥ 0 are the length,
width and height of the bounding box. For the purpose of satisfying the
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VBB

VVH

c

a

b

Figure A.3: Size estimation of quasi-equant shaped particles using the reconstructed 3D VH. The example shows an α l-glutamic acid crystal.

intuitive geometric relationship VVH = L1 L2 L3 , the characteristic size is
obtained by scaling the bounding box dimensions by a constant factor, i.e.
L1 = m · a

L2 = m · b

The constant scaling factor is given by
s
m=

3

L3 = m · c

VVH
VBB

(A.11)

(A.12)

and VVH is the volume of the reconstructed VH. This volume is calculated
using VVH = N∆s3 where ∆s is the size of a voxel and N is the number of
voxels in the VH.
a.5.4

Calculation of the Normalized Number of Particles

The normalized number of particles, ζ it , used in Chapter 2 is calculated as
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ζ it =

Number of particles of a given class
texp


t

∑ Number of particles of a given class

,

(A.13)



t =0

t

where, i is the shape class (sphere, needle, quasi-equant, platelet, or
non-convex), t is the time at which the normalized number of particles for
the desired class is computed, and texp is the total duration for which the
measurement is performed.
a.5.5

Calculation of the Fraction of Classes

The fraction of a shape class, Ψit , used in Chapter 2 is calculated as

Number of particles of the desired class t

Ψit =
,
(A.14)
Total number of particles t
where, i is the shape class (sphere, needle, quasi-equant, platelet, or
non-convex), and t is the time at which the fraction of a class is computed.
a.5.6

Calculation of nD PSSDs

In Chapter 2, the shapes of crystals are described using a maximum of
three characteristic sizes. Based on the number of descriptors chosen, the
suspension of particles is represented by a 1D, 2D, or 3D, discretized and
normalized number- and volume-weighted density distributions. The measurement device provides the characteristic lengths and not the actual
distribution of the representative sample of particles from the reactor being observed. Hence, in order to obtain a PSSD, a binning procedure is
employed along the different characteristic lengths. A linear grid with n Lx
bins of size ∆L x , where x = 1, 2 or 3, is used to obtain the PSSDs. A 3D
PSSD would be considered in this subsection and the 1D and 2D PSSDs
are simplifications of the 3D PSSD. The number of particles in each bin,
denoted by Fi,j,k is counted and is related to the continuous distribution,
f (L1 ,L2 ,L3 ) as
Fi,j,k =

Z L
Z L Z L
2,j
1,i
3,k
L3,k−1

L2,j−1

L1,i−1

f ( L1 , L2 , L3 ) dL1 dL2 dL3 .

(A.15)

233

supplementary material for chapter 2

The moment of a 3D PSSD can be used to evaluate the properties of
interest, such as the characteristic lengths and broadness of the distribution,
is defined as
µi,j,k =

Z∞ Z∞ Z∞

j

L1i L2 L3k f ( L1 , L2 , L3 ) dL1 dL2 dL3

(A.16)

0 0 0

The discretized normalized number- and volume-weighted distribution,
q̂i,j,k and q̂V
i,j,k , respectively is approximated to consider the effect of the
number and size of bins and is given by the following equations
q̂i,j,k =

Fi,j,k
n L1 n L2 n L3

(A.17a)

∆L1 ∆L2 ∆L3 ∑ ∑ ∑ Fi,j,k
i =1 j =1 k =1

q̂V
i,j,k =

L1,i L2,j L3,k Fi,j,k
n L1 n L2 n L3

(A.17b)

∆L1 ∆L2 ∆L3 ∑ ∑ ∑ L1,i L2,j L3,k Fi,j,k
i =1 j =1 k =1

where, L1,i , L2,j and L3,k is the size corresponding to the bin’s pivot along
the three characteristic lengths, respectively. It is worth noting that the
number- and volume-weighted densities, are further normalized with the
mode of the respective distributions which is used for the PSSDs presented
in Chapter 2.
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In this thesis, the two-dimensional PSSDs and their corresponding crossmoments obtained from the µ-DISCO (see Chapter 2)45 have been used
extensively. Apart from the number- and volume-weighted average length
L1,n and L1,v , respectively and number- and volume-weighted average
width L2,n and L2,v , respectively, defined as
µ10 (t)
µ00 (t)
µ (t)
L̄2,n (t) = 01
µ00 (t)
µ22 (t)
L̄1,v (t) =
µ12 (t)
µ (t)
L̄2,v (t) = 13
µ12 (t)
L̄1,n (t) =

where
µij (t) =

Z∞ Z∞

j

L1i L2 f (t, L1 , L2 ) dL1 dL2

(B.1)

(B.2)

0 0

is the ij-cross moment of the number density function f (t, L1 , L2 ) (called
PSSD for brevity), the graphical representations of two-dimensional PSSDs
The note presented in this appendix chapter is repoted in: Bötschi, S.; Rajagopalan, A. K.;
Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape Evolution of Needle-like
Crystals in Suspension. IV. Modeling and Control of Dissolution. Cryst. Growth Des. 2019,
19, 4029–4043. This note also appears in Stefan Bötschi’s dissertation.82
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have also been presented previously17,19,45,78,81,112,134,135 usually using the
volume-weighted PSSD f v defined as
f v (t, L1 , L2 ) =

L1 L22 f (t, L1 , L2 )
µ12 (t)

(B.3)

The reason for not showing the PSSD f itself is that its graphical representation is generally dominated by fines. For each point in time, both f and
f v can be visualized, for instance, as two-dimensional contour plots (see
Section 1.3).
Before being able to visualize the PSSD of a set of particles observed and
characterized during an experiment, the PSSD itself needs to be obtained
by binning the characteristic dimensions of the particles into a predefined
size grid.17 Thus, the quality of such a PSSD is inherently a function of
the number of sampled particles and of the chosen grid resolution. If the
number of particles sampled from a given PSSD becomes smaller and
smaller for a fixed grid, both the graphical representation of the PSSDs and
the accuracy of its average particle dimensions are affected.
To illustrate the issue with the graphical representation of the PSSD
analyzed here, the PSSD of the initial steady-state phase of an experiment
(see the dissolution experiment E5 in ref 79) has been obtained using three
different numbers of particles. The number of particles sampled to obtain
these PSSDs, Ns , as well as their volume-weighted average particle dimensions are listed in Table B.1. The applied binning protocol used a regular
grid with a constant resolution of 360 (along L1 ) by 120 (along L2 ). Afterward, the binned PSSD was rescaled to match the experimental seed mass.
The bin sizes along L1 and L2 was 6.5 µm and 2.4 µm, respectively. The
actual values of the bin sizes were determined based on the fixed number
Quantity

Unit

Nt
Ns
L̄1,v
L̄2,v

–
–
µm
µm

Values
10
80 202
376.2
57.5

30
240 458
375.7
57.8

60
475 764
374.8
57.7

Table B.1: Properties of the PSSDs visualized in Figure B.1 (seed population of
the steady-state phase of the dissolution experiment E5 in ref 79).
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Figure B.1: Volume-weighted PSSDs f v (according to eq B.3 and additionally
normalized by the maximum of each PSSD) of the seed population of the steadystate phase of the dissolution experiment E5 in ref 79 obtained from all the
particles observed during the first (a) Nt = 10, (b) Nt = 30, and (c) Nt = 60
sampling instants of the experiment. The contour line values correspond to
0.1, 0.5, and 0.9 of each normalized PSSD. The black markers indicate the
volume-weighted average dimensions of each PSSD, which are also given in
Table B.1.

of bins and the largest experimentally detected particle dimensions. For
instance, the first PSSD was obtained by binning Ns = 80 202 particles that
were observed during the first Nt = 10 sampling instants (corresponding
to the first twenty minutes) of the experiment. A contour plot obtained by
rescaling the corresponding f v using its maximum is shown in Figure B.1a.
It is clear from Figure B.1b,c that the graphical representation can be improved by increasing the number of data points Nt , which corresponds
to sampling more particles. According to Table B.1, a sixfold increase in
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the number of sampling instants and sampled particles (i.e., Nt = 60 data
points, corresponding to almost 500 000 particles) is sufficient to obtain a
rather smooth contour plot for this specific population without affecting the
average dimensions. Thus, there is an important observation here. There
appear to be two different accuracy thresholds in terms of required number of particles; one for obtaining a smooth graphical representation of f v
and one for obtaining converged values for the average dimensions. These
thresholds are a function of the PSSD itself, of the grid resolution, and additionally, in case of the graphical representation, also of the chosen contour
levels. In any case, the threshold for a smooth graphical representation is at
a much higher level than that for accurate average dimensions.
When there is a dissolution process happening, there is a significant loss
of many particles, and thereby the number of sampling instants required
to reach the threshold for the graphical representation is generally higher
than before. To illustrate this issue, the volume-weighted seed PSSD of
a dissolution experiment (see the dissolution experiment E11 in ref 79)
and four of its volume-weighted product PSSDs (obtained by combining
particles observed during different numbers of sampling instants) are
shown in Figure B.2 and their properties are listed in Table B.2. For this
experiment, a saturated solution of BLGA in water was prepared by adding
excess BLGA, letting the solutions equilibrate, and then filtering them off.
Afterward, for each experiment, 2000.0 g of saturated solution were loaded
in the reactor. The saturation temperature was 29.9 ◦C. Then, the clear
solution was cooled to 29.1 ◦C and 1.0 g of BLGA seeds were suspended. The
suspension was kept at the initial temperature of 29.1 ◦C, which corresponds
to a slightly supersaturated state (S = 1.03) with negligible growth, for two
hours in order to properly characterize the seed population. After the initial
phase of two hours at 29.1 ◦C, the suspension was crash heated to 30.3 ◦C
and subsequently kept at this temperature to let the suspension equilibrate.
The product PSSD in Figure B.2b was obtained from only about Ns =
25 000 particles. When increasing Ns , the body of the PSSD becomes
more pronounced and the PSSD appears less fragmented, as shown in
Figure B.2c-e. To obtain the relatively smooth contour plot shown in Figure B.2e,
about Ns = 225 000 particles were required by combining Nt = 90 sampling
instants corresponding to 180 min of experimental time. Thus, collecting
enough data points at the end of a dissolution experiment to obtain a sufficiently smooth graphical representation of the volume-weighted product
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Figure B.2: Volume-weighted PSSDs f v (according to eq B.3 and additionally normalized by the maximum of
each PSSD) of (a) the seed population of the dissolution experiment E11 in ref 79 obtained from all the particles
observed during the first Nt = 60 sampling instants of the experiment and of the product population of the
dissolution experiment E11 in ref 79 obtained from all the particles observed during the last (b) Nt = 10, (c)
Nt = 30, (d) Nt = 60, and (e) Nt = 90 sampling instants of the experiment. The contour line values correspond to
0.1, 0.5, and 0.9 of each normalized PSSD. The black markers indicate the volume-weighted average dimensions of
each PSSD, which are also given in Table B.2.
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Quantity

Unit

Values
Products

Seeds
Nt
Ns
L̄1,n
L̄2,n
L̄1,v
L̄2,v

–
–
µm
µm
µm
µm

60
308 486
199.5
35.1
489.0
75.9

10
24 876
216.0
38.6
454.4
73.2

30
74 421
216.7
38.5
453.5
72.9

60
105 262
216.5
38.4
453.3
72.5

90
226 975
216.3
38.3
454.4
72.7

Table B.2: Properties of the PSSDs visualized in Figure B.2 (seeds and products
of the dissolution experiment E11 in ref 79).

PSSD is often impractical. Nevertheless, it should be kept in mind that
only the graphical representation is affected by this limitation, but not the
average dimensions, which is confirmed by the data reported in Table B.2.
It is also worth noting in Table B.2 that both Li,n (i = 1, 2) increased from
the seed to the product PSSDs, whereas the Li,v (i = 1, 2) decreased. The
increase of Li,n (i = 1, 2) might seem counterintuitive at first, but since
these are unweighted average quantities, they are heavily affected by the
disappearance of a large number of small particles. Li,v (i = 1, 2), on the
contrary, are hardly affected by small particles.
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Irrespective of the nature of the cyclic shape modification process considered and of the characteristics of a specific compound, operating dissolution
stages in a controlled and reproducible way is a requirement for them to
be effective. Since a high yield is generally required, it is important that
a sufficient fraction of the solids survives the dissolution stage. Therefore,
measuring and controlling online the volume of the solids during dissolution is proposed. The goal is to dissolve a given fraction of the initial
particle volume—and not more—by manipulating the process temperature.
An alternative would be to select a final temperature for the dissolution
stage purely based on solubility data.81 However, since reaching solid-liquid
equilibrium can require a long time, the proposed controlled approach can
be more time efficient. It is also more robust, since solubility curves can be
uncertain in practice.47
A particle volume control strategy was developed and tested in a population balance equation simulation framework.79 A dissolution stage operated
by the resulting control scheme consists of three phases. In a first phase,
if the system is supersaturated initially, crash heating to a temperature
that corresponds to saturation or that lies close to saturation (Sinit ≥ 1) is
performed. The duration of this first phase is referred to as tinit and can
be zero as it is optional (tinit ≥ 0 s). In a second phase, a constant heating

The controller presented in this appendix chapter is repoted in: Bötschi, S.; Rajagopalan,
A. K.; Morari, M.; Mazzotti, M. Feedback Control for the Size and Shape Evolution of
Needle-like Crystals in Suspension. IV. Modeling and Control of Dissolution. Cryst. Growth
Des. 2019, 19, 4029–4043. A detailed explanation of the controller and it’s experimental
validation also appears in Stefan Bötschi’s dissertation.82
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rate ṪHR is applied to initiate dissolution. The open-loop set point for the
process temperature is then
Tol (t) = T (tinit ) +

Z t
tinit

ṪHR dt0 = T (tinit ) + ṪHR (t − tinit )

t ≥ tinit (C.1)

During the heating ramp, the evolution of the particle volume in the
population, V (t), is observed and the third phase is initiated as soon as
Vfilt (t) ≤ Vtarget , where Vfilt (t) is the median filtered V (t) (to attenuate rare
measurement outliers) and Vtarget is the predefined final particle volume,
i.e., the volume of crystals that survives dissolution. To reduce the time
required for the second phase, a closed-loop contribution can be added to
the process temperature setpoint. Its purpose is to increase the heating rate
as long as the measured particle volume is still far away from the specified
target. To this end, a control error e can be defined as



V ( t ) − V
if Vfilt (t) ≥ Vtarget
target
filt
e(t) =
(C.2)


0
otherwise
and proportional control can be applied to create a closed-loop contribution
to the heating rate according to
d
ṪHR
T (t) =
e(t)
dt cl
e(tinit )

t ≥ tinit

(C.3)

d
The choice of the proportional gain in eq C.3 ensures both dt
Tcl (tinit ) = ṪHR
and a gradual decrease of the closed-loop contribution to the heating rate
towards zero as the observed particle volume approaches its target value
from above. In terms of the temperature set point, the proportional control
law given in eq C.3 translates into an integral one, that is

Tcl (t) =

ṪHR
e(tinit )

Z t
tinit

e(t0 ) dt0

t ≥ tinit

(C.4)

The process temperature set point is thus Tset (t) = Tol (t) if the particle
volume controller is operated in the open-loop mode and Tset (t) = Tol (t) +
Tcl (t) if the closed-loop contribution is active as well. Note that despite the
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terminology used here, the open-loop mode of the controller also employs
feedback of the quantity of interest (i.e., of the particle volume), but only to
decide when the heating phase should be terminated.
During the third phase, i.e., after the target particle volume was reached
for the first time (Vfilt (t) ≤ Vtarget for some t), crash cooling to a temperature
that corresponds to a saturated or to a slightly supersaturated state Sfinal ≥ 1
is applied.
During the first and the last phase, a constant supersaturation controller
(see, e.g., refs 169 and 170 and Chapter 4) is effectively active, so feedback
of the solute concentration is applied. This is however not a requirement to
operate the proposed controller. In fact, if the solubility curve is unknown
for a given compound, but if the system starts from equilibrium, the first
phase can be omitted and the last phase can alternatively be operated at
constant temperature. Also note that instead of directly measuring the
particle volume during the second phase, an accurate measurement of the
solute concentration can be used: if the initial particle mass (and thus the
volume) is known, the reduction in the particle volume can be inferred
from the evolution of the solute concentration due to the mass conservation
constraint.
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A NOTE ON THE DILUTION OF DENSE SUSPENSIONS

d.1

problem statement

Characterizing crystallization processes using suspension densities in the
order of 0.01 w/w% has been shown to be successful by employing the
µ-DISCO (see Chapter 2).45 However, measurements at higher suspension
densities are severly hindered due to two main challenges. First, the system
tends to experience clogging (e.g. crystals blocking the sampling loop and
the channel), which leads to a discontinuous flow. Second, for an accurate
characterization of the size and shape using the µ-DISCO, it is essential
that the images are not overcrowded with crystals as this will lead to issues
distinguishing them reliably. Such overcrowded images might also lead to
false particle matchings, thereby affecting the measurements.17 Therefore,
it is crucial to control and reduce the suspension density within reasonable
limits that would facilitate obtaining a reliable measurement using the
µ-DISCO. The ultimate goal would be to operate the imaging device at
industrially encountered suspension densities, which are usually in the
order of 2-10 w/w%, with the help of a dilution loop.
This appendix centers around the preliminary design of a dilution loop in
order to reduce the suspension density of a suspension in order to characterize the solid phase using the µ-DISCO. First, the design being proposed for
the dilution loop is presented in Section D.2. Second, results from several
preliminary tests are presented in Section D.3. Finally, to conclude some
thoughts on the future course of action are provided in Section D.4. Note
The note presented in this appendix chapter was performed by Ramona Achermann, a
semester project student I supervised.
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that this appendix chapter only provides design guidelines and preliminary results. The results presented show promise in materializing a fully
functional automated dilution loop, which can be eventually integrated
with the µ-DISCO.
d.2

proposed design for the dilution loop

In order to operate the dilution loop there are two critical conditions that
needs to be kept in mind. First, the solid phase and the liquid phase
concentration should be unaffected due to the dilution, i.e., the suspension
in the dilution loop must be recycled back to the crystallizer. Second, the
dilution loop should be able to operate in a completely automated fashion
for around 10-20 h, which is typically the time ranges one can expect
when operating a process experiment. Previous attempts at diluting the
suspension was partially successful, as it had an issue with clogging of the
filter pores in short durations.17 In order to overcome this, instead of using
one filter with a small pore size to obtain a solid-free mother liquor, a series
of filters of three different pore sizes can be employed. The series of filters
should potentially aid in prolonging the time it takes for the filters to clog.
The schematic of the proposed modified design of the dilution loop is
shown in Figure D.1. The setup consists of a stirred tank (can also be a
temperature controlled crystallizer), six inline filters, four three-way valves,
a peristaltic pump and a regulating valve. The six filters and the four threeway valves are split in two arms (arm 1 and arm 2), where the two arms
guarantee a continuous operation of the dilution loop. In more detail, when
the filters in arm 1 are used for filtering, the stream thus obtained is split
into two parts. One part is used to clean the filters in arm 2, and the other
is used to dilute the unfiltered suspension pumped independently from
the stirred tank. The splitting of the streams (referred to as the dilution
factor in Section D.3.3) is regulated by a regulating valve or a mass flow
controller (Vd ). The filters in arm 2 are cleaned as follows: F23 is cleaned by
opening V22 to the drain stream that goes back to the stirred tank; after a
certain duration, V22 is opened to F22 and V21 is opened to the drain stream
that goes back to the stirred tank, thereby cleaning F22 ; and finally after a
certain duration, both V22 and V21 are opened to clean F21 using the filtered
stream. This sequence of actions, guarantees that every filter is cleaned
individually. By periodically changing the direction of the peristaltic pump,
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and applying the procedure mentioned above to the other arm, the whole
setup can be operated to deliver a filtered stream continuously.

Figure D.1: Schematic of the proposed design for the dilution loop to dilute
dense suspensions to facilitate the characterization of the solid phase by the µDISCO. The loop consists of two arms (arm 1 and arm 2). Each arm is composed
of three filters (Fij , where i = 1, 2 is the arm identifier and j = 1, 2, 3 is the
filter identifier). The size of the biggest filter element is 140 µm and that of the
smallest is 15 µm. The valves (Vij ) are required to clean the filters individually.
The flow controller (Vd ) regulates the flow rate of the filtered suspension that
will be mixed with the unfiltered suspension to produce a dilute suspension.

Owing to the fact that the dilution loop was redesigned with additional
filters, it was first decided to perform preliminary experiments to test their
robustness and to confirm the hypothesis about the efficiency of the filters
in series to produce solid-free mother liquor in a continuous fashion.
d.3
d.3.1

preliminary tests
Test of a Single Filter

In order to test the performance of a single filter, a simple setup shown
in Figure D.2a was put together. A dense suspension of β l-glutamic acid
(BLGA, Sigma-Aldrich, Buchs, Switzerland, purity > 99 %) suspended in
ethanol (EtOH, Fisher Scientific, Reinach, Switzerland, analytical reagent
grade) was suspended in a tank, which is continuously stirred at a constant
stirring rate of 400 rpm. Part of the suspension was pumped through an inline filter F11 (60 µm, Swagelok Switzerland - ARBOR Fluidtec AG, Wohlen,
Switzerland). The filtered suspension was collected in another vessel and
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its mass was recorded using a weighing balance (PG4002-S, Mettler-Toledo
(Switzerland) GmbH, Greifensee, Switzerland). The volumetric flow rate,
computed using the recorded mass, was used to determine the time instant
when the performance of the filter started deteriorating due to clogging. In
detail, a clean filter or a mildly clogged filter would have a near constant
volumetric flow rate and a decrease in this would indicate the need to
unclog the filter. Note that BLGA is insoluble in EtOH and that the filters
used in these experiments can be easily cleaned by backflushing them. The
availability of two filters, one filtering and the other backflushing, and
changing the direction of the flow periodically, would ensure a constant
stream of filtered suspension being obtained (similar to the one reported
in ref 17). Of course it goes without saying that, the duration a filter can
last without excessive clogging should be greater than the time required
for backflushing for a continuous operation. Additionally, there should be
sufficient clear solution, which can be used both to clean the filter and to
dilute the dense suspension.

Figure D.2: Schematic of the experimental setup used to test (a) a single filter
(60 µm F11 ) and (b) two filters in series (140 µm (F11 ) and 60 µm (F12 )). The mass
of the outlet from the filtered stream is recorded using a weighing balance to
determine the time instant when the performance of the filters start dropping.
Note that the filtered stream is not recycled back to the stirred tank.

First, a 0.5 w/w% BLGA/EtOH was prepared and the resulting suspension was filtered. The filter was then subsequently cleaned by backflushing.
The volumetric flow rate as a function of the time measured during the
filtering step is shown in Figure D.3. Here, the filtering time is defined as
the time it takes for the volumetric flow rate to drop from the steady state
value. From Figure D.3 it is clear that a filtering time of around 5.5 min can
be achieved. After this, there was a steady decrease in the volumetric flow
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rate indicating the reduction in the filtering performance due to clogging. A
similar measurement was performed to assess the time it takes for the filter
to be unclog and it was observed that the time for this was in the order of
around 0.5 min (this is not shown here for the sake of brevity).

Figure D.3: Flow rate comparison for the one filter setup using a suspension
density of 0.5 w/w% (light olive square markers) and 1.0 w/w% (light purple
circular markers). The solid olive line (0.5 w/w%) and the solid purple line
(1.0 w/w%) indicates the deviation in the flow rate from the steady-state value,
which points to the deterioration in filter performance. Note that the flow rate
is obtained by converting the mass recorded by weighing balance.

Additionally, a second test was performed using a 1.0 w/w% BLGA/EtOH
suspension and the flow rate thus estimated is shown in Figure D.3. As expected, due to a higher suspension density the filter starts clogging earlier,
i.e., after a filtering time of 1.5 min, when compared to the 5.5 min from the
first test. In this case, it is still possible to operate the system by periodically
filtering and flushing.
It was shown, that long filtering times can be reached and that unclogging
by backflushing is indeed promising using a single filter. Therefore, as a
next step the setup was subjected to multiple filtering/unclogging cycles.
Results from these experiments reveal that the dilution loop could be
operated for multiple cycles without sacrificing on the performance of the
filter. It is worth noting that the filter size used in these experiments does
not guarantee a complete removal of the solids from the mother liquor. A
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higher suspension density would render the whole setup ineffective and
hence it is necessary to check if multiple filters with different pore sizes in
series can aid increasing the filtering times.
d.3.2

Test of Filters in Series

The setup shown in Figure D.2a was modified to have two filters in series
with different pore sizes (shown in Figure D.2b. There is a need to place a
3-way valve (V11 ) between the two filter elements to backflush the second
filter (F12 ) independent of the first filter (F11 ). In the absence of this 3-way
valve, the solids backflushed from (F12 ) would be contaminate the outlet of
(F11 ), thus hindering their performance.

Figure D.4: Flow rate comparison between the setup with one filter (light olive
square markers) and two filters in series (light purple circular markers). The
solid olive line (one filter) and the solid purple line (two filters in series) indicates
the deviation in the flow rate from the steady-state value, which which points
to the deterioration in filter performance. Note that the flow rate is obtained by
converting the mass recorded by weighing balance.

Experiments similar to the one discussed in Section D.3.1 were performed
for the current setup as well. To this aim, two filters with sizes of 140 µm
(F11 ) and 60 µm (F12 ) were positioned in series. As can be seen in Figure D.4,
the filtering time increased from 5.5 min using one filter (60 µm, light olive
square markers) to more than 6.5 min with two filters in series. From
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the context of automation, the addition of a 3-way valve introduces new
challenges to time the switching of the valves and to change the flow
direction in the loop for a continuous operation in the presence of two arms
of the dilution loop (as shown in Figure D.1).
d.3.3

Test of Stream Dilution

The setup in the previous sections had a minimum filter size of 60 µm. As
mentioned previously, this size might not necessarily guarantee a clear
filtered stream. Hence, it was decided to add a third filter with a size of
15 µm, which would help removing the fine particles. Sizes smaller than
15 µm can very well be chosen, but crystals below this size can nevertheless
not be detected by the µ-DISCO. The goal of these experiments are also
slightly different. They are aimed at primarily observing the reduction in
the suspension density upon diluting the stream from the stirred tank. The
modified experimental setup is shown in Figure D.5.

Figure D.5: Schematic of the experimental setup used to test the dilution of an
unfiltered suspension using a filtered stream and to estimate the number of
particles observed by the µ-DISCO post dilution. The filters have three different
sizes of 140 µm (F11 ), 60 µm (F12 ), and 15 µm (F13 ). The two streams are mixed
in a T-junction. And the diluted stream is first imaged using the µ-DISCO, and
then discarded without recycling it back to the stirred tank.

In this configuration, a stream of unfiltered suspension was mixed with
the filtered stream and the µ-DISCO was used to track the evolution of the
number of particles, which served as a proxy for the suspension density.
The experiments were performed by changing the flow rate of the filtered
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stream QF , while keeping the flow rate of the unfiltered suspension stream
QS constant. Subsequently, a dilution factor α defined as the ratio of the
flow rate of the filtered stream to the unfiltered suspension stream was
defined as
Q
α= F
(D.1)
QS

Figure D.6: (a) Evolution of the total number of particles observed by the µDISCO from an 800 image burst measurement as a function of the dilution
factor α. A representative image obtained by the µ-DISCO at a dilution factor α
of (b) 0, (c) 2, (d) 10, and (e) 20. Note that as expected, the number of particles
in the image reduces as the dilution factor increases.

Several experiments were performed by varying the dilution factor. The
number of particles observed by the µ-DISCO as a function of the dilution
factor is shown in Figure D.6. Note that the number of particles shown
in this figure is the total count from a burst measurement of 800 images.
Based on the experimental outcome, as expected, an increase in the dilution ratio led to a decrease in the the number of particles. These results
convey a key message regarding the functioning of the dilution loop. Upon
diluting the unfiltered suspension by a factor of 2 and 10, the number of
particles reduced by 44 % and 77 %, respectively, when compared to the
case with no dilution. Based on prior experience, it can be said that for an
accurate characterization of the population of crystals using the µ-DISCO,
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the number of particles per image should be in the range of 15-20. In the
experiments performed in this section, for a 0.5 w/w% BLGA/EtOH suspension, a dilution factor of slightly above 10 should be sufficient to meet
the constraint on the number of particles per image. The images obtained
at different dilution factor from one of the cameras of the µ-DISCO are also
shown to better appreciate the differences.
d.3.4

Test of an Unautomated Dilution Loop

Finally, an experiment was performed to assess the operation of the dilution
loop in a continuous mode, where at all times one arm of the loop is filtering
and the other is being cleaned (similar to the setup shown in Figure D.1,
but without the regulating valve and the mixing with the unfiltered stream).
The flow direction is changed every 1.5 min until the end of the experiment.
By switching to a different combination of the position of the valves, one
can clean each filter individually (as explained in Section D.2). The time
that each filter was cleaned was fixed to 30 s. Unlike previous experiments,
where the volumetric flow rate was estimated, in the experiments discussed
in this section, the change in the mass of the stirred tank with the suspension
was used to evaluate the performance. The setup is a closed batch system as
the entire suspension is recycled back. Hence, a constant mean of the mass
with minor fluctuations around this mean would indicate no/negligible
loss of solids in the filters or the loop.
A 1.0 w/w% BLGA/EtOH suspension was used to conduct the experiments. The relative variation in the mass of the suspension with respect
to the initial initial mass recorded by the balance over a one hour experiment is shown in Figure D.7. From this figure, two observations can be
made. First, the variation fluctuates around a mean of 0.025. Second, the
slight increase in the variation that is observed at around 0.5 h. This can
be attributed to a delay in switching the position of the valves. Note that
all the valves were operated manually, hence minor human error cannot
be completely overlooked. Nevertheless, utmost care was taken to ensure
that the experiments were performed properly. An additional experiment
performed under the same conditions for around 2 h, also confirm that
the dilution loop can operate without significant clogging of the filters for
sustained periods of time.
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Figure D.7: Time-resolved evolution of the relative mass variation with respect
to the initial mass of the suspension in the stirred tank. A near-constant mean
with fluctuations around this would mean there is no loss of the solids in the
filters or the dilution loop.

The preliminary results presented in this appendix does not come from a
fully automated and optimized setup. However, the thorough experimental
campaign demonstrates that obtaining a clear stream for dilution should
not be a challenge and paves way for further enhancements.
d.4

way forward

The presence of a number of filters in the loop drastically increases the
complexity in automating the the system. Alas, automation is a necessity for
a reliable operation of the system. Additionally, the dilution factor cannot
be determined a priori and has to be determined on the fly based on certain
criterion. To determine the factor, either the average image brightness or the
number of particles per image/burst measurement can be used. A simple
proportional or proportional-integral feedback control algorithm can then
be used to regulate the flow rate of either the unfiltered suspension stream
or the filtered stream (using the valve Vd in Figure D.1). Apart from the
aforementioned points, the influence of the dilution loop on the solids
need to be studied as well. For example, the sieving effect introduced
by the filters and its influence on the size and shape characterization, the
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influence of heat losses in the sampling loop, etc., if any, needs to be studied
thoroughly.
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