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Figure 2.3: The Polar Bear Plus with interchangeable inserts (right) 
Figure 2.4: The unit cell showing the length and angle parameters 
Figure 2.5: The four types of unit cell. Each lattice point is represented by a filled circle 
Figure 2.6: The Bragg construct used to show the diffraction of X-rays from sets of parallel lattice 
planes with a d spacing = dhkl 
Figure 2.7: The Rigaku Oxford Diffraction Supernova set-up with key features labelled 
Figure 2.8: The cone of diffraction produced from a polycrystalline sample 
Figure 2.9: The experimental set-up of the D8 Advance diffractometer, with key features labelled 
Figure 2.10: Thermal events in a DSC trace showing (a) a glass transition (change in baseline level), 
(b) a desolvation/phase transition (endothermic), (c) a re-crystallisation (exothermic) and (d) a melt 
(endothermic) 
Figure 2.11: A typical TGA trace, showing mass loss from a decomposition event 
Figure 2.12: The measurement of chord length distribution through FBRM (a) a focussed laser beam 
scanning in a circular path, (b) the measurement of suspended particles in the circular path, (c) the 
resulting chord length distribution 
Figure 3.1: The molecular structure of paracetamol 
Figure 3.2: The crystal structures of PCM-I (left) and PCM-II (right), showing the clear difference in 
their packing arrangements 
Figure 3.3: PXRD patterns for PCM-I and PCM-II 
Figure 3.4: DSC trace of PCM, with the transition between 130 and 140 °C highlighted. This subtle 
transition is best observed using a slow temperature scan rate 
Figure 3.5: BFDH calculated morphology of PCM-I (left) and PCM-II (right) 
Figure 3.6: Solubility diagram showing the increased aqueous solubility of PCM-II over PCM-I, 
determined by turbidity measurements in the Technobis Crystal 16 
Figure 3.7: The molecular structures of the template molecules employed in this work 
Figure 3.8: The stepped cooling profile employed in cooling crystallisation experiments 
Figure 3.9: The seeding profile employed 
Figure 3.10: Solubility curves for 4-BrBA, 4-ClBA, 4-FBA and both polymorphs of PCM in a 60:40 
H2O:IPA solvent system 
Figure 3.11: Solubility curves of metacetamol in (a) 60:40 H2O:IPA and (b) EtOH 
Figure 3.12: PXRD analysis confirming the presence of predominately PCM-II, with circled peaks 
showing the presence of small quantities of MCM.H2O. The y-axis displays intensity in arbitrary 
units. 
Figure 3.13: PXRD analysis showing the presence of small quantities of MCM from linear cooling 
experiments (circled in red). The y-axis displays relative intensity in arbitrary units. 
Figure 3.14: Refinement parameters and a molecule of paracetamol showing small thermal 
ellipsoids 
Figure 3.15: PXRD analysis of PCM/MCM evaporative crystallisations showing the formation of a 
physical mixture of PCM-I and MCM. The y-axis displays relative intensity in arbitrary units. 
Figure 3.16: PXRD patterns showing the formation of some PCM-II (peaks in red boxes) within MCM 
samples. The y-axis displays relative intensity in arbitrary units. 
Figure 3.17: DSC trace of a PCM-II sample with trace amounts of MCM.H2O present 
Figure 3.19: VT-PXRD for a PCM-II containing small amounts of MCM.H2O. The y-axis displays 
relative intensity in arbitrary units. 
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Figure 3.18: VT-PXRD of a sample of pure PCM-II showing the transition from PCM-II to PCM-I 
between 121 °C and 146 °C. The y-axis shows relative intensity in arbitrary units. 
Figure 3.20: SEM images showing the morphology of samples produced in the presence of (a) 4-
FBA and (b) MCM (both from a 60:40 H2O:IPA solvent system) 
Figure 3.21: SEM images showing the morphology of samples produced for samples of (a) pure 
PCM-II and (b) PCM-II with small quantities of MCM.H2O 
Figure 3.22: Solubility curves for OCM in (a) 60:40 H2O:IPA, (b) EtOH and (c) IPA solvent systems 
Figure 3.23: PXRD analysis showing a mixture of PCM-II and PCM-I being formed with 2 % and 3 % 
OCM (the peaks boxed in red are those that correspond to PCM-I). The y-axis displays relative 
intensity in arbitrary units. 
Figure 3.24: PXRD analysis confirming the production of a mixture or PCM-II and PCM-I with 2.4 % 
OCM, but the production of pure PCM-II with 2.8 % OCM. The y-axis displays relative intensity in 
arbitrary units. 
Figure 3.25: Production of PCM-II in the presence of 3A4MA as a template, with peaks from this 
template boxed in red. The y-axis displays relative intensity in arbitrary units. 
Figure 3.26: DSC trace of a sample of PCM with some 3A4MA present 
Figure 3.27: VT-PXRD patterns of a sample of PCM-II with small quantities of 3A4MA present. The 
y-axis displays relative intensity in arbitrary units. 
Figure 3.28: PXRD patterns of the filtered solid at the end of slurrying experiments in the presence 
of varying percentages of MCM. The y-axis displays relative intensity in arbitrary units. 
Figure 3.29: The (002) plane in PCM-II showing the carbonyl group lying on this plane 
Figure 3.30: N-H...O interactions forming the next layer of molecules in PCM-II 
Figure 3.31: Crystal packing similarity of PCM-II (grey) and MCM (green) - hydrogen atoms have 
been removed for clarity 
Figure 3.32: PXRD patterns showing a sample stability of 24 months. The y-axis displays relative 
intensity in arbitrary units 
Figure 3.33: PXRD patterns over a one month period with a 1 % PCM-I seed loading, showing the 
appearance of PCM-I peaks after 4 weeks. The y-axis displays intensity in arbitrary units. 
Figure 4.1: A visual representation of the COST approach (black dots) and the DoE approach (red 
dots) 
Figure 4.2: Polar Bear Crystalliser with overhead motor and shaft to provide overhead stirring to 
the system 
Figure 4.3: PXRD analysis on all 35 DoE experiments, y-axis shows intensity in arbitrary units 
Figure 4.4: DSC analysis on the 35 DoE experiments, y axis showing heat flow in mW 
Figure 4.5: Summary of fit plot for the both the polymorphic form and yield response 
Figure 4.6: Variable Importance plot (VIP) highlighting the importance of factors and their 
interactions 
Figure 4.7: Summary of fit plots after removal of factors with an importance of <0.8 
Figure 4.8: Coefficient plots for both the responses, quantifying the effect of each of the factors on 
each of the responses 
Figure 4.9: PXRD patterns showing the DoE samples after a period of 15 months; the y axis shows 
relative intensity in arbitrary units 
Figure 4.10: The Mettler Toledo EasyMax 
Figure 4.11: Mettler Toledo OptiMax with inline process monitoring using a Raman PhAT probe and 
FBRM probe 
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Figure 4.12: Offline reference spectra for PCM-I, PCM-II and MCM; the y axis shows intensity in 
arbitrary units 
Figure 4.13: Trend output from 800 ml crystallisations in the OptiMax showing the temperature 
profile employed (blue), total FBRM counts (green), PCM-I Raman at 1236 cm-1 (orange) and PCM-
II Raman at 1624 cm-1 (pink) 
Figure 4.14: Raman spectra collected throughout the course of the crystallisation from the inline 
PhAT probe (0 mins - suspension, 20 mins - after dissolution of all solid, 300 mins - suspension of 
final product at end of crystallisation). The y-axis shows intensity in arbitrary units 
Figure 4.15: PXRD patterns confirming the presence of PCM-II in the OptiMax experiment, with 
small quantities of MCM.H2O present; the y-axis shows intensity in arbitrary units 
Figure 4.16: Schematic of the MSMPR set-up used 
Figure 4.17: The MSMPR set-up at AstraZeneca Macclesfield used in this work with key features 
labelled 
Figure 4.18: Settling of solid in vacuum transfer lines 
Figure 4.21: SEM images for the samples from experiment AZ1 (RT2 was not analysed due to the 
small amount of solid available). 
Figure 4.20: DSC analysis on the samples taken from experiment AZ1; the y axis shows heat flow in 
mW. 
Figure 4.19: PXRD analysis of RT2 and RT3 of experiment AZ1 showing the production of 
predominately PCM-II with some PCM-I present (peaks corresponding to PCM-I boxed in red). The 
y-axis shows intensity in arbitrary units. 
Figure 4.23: PXRD patterns showing the production of PCM-II in Experiment AZ3. The y-axis shows 
intensity in arbitrary units. 
Figure 4.22: Encrustation on the walls of MSMPR 2 in experiments AZ2 and AZ3. 
Figure 4.24: DSC traces for experiment AZ3, showing the absence of any MCM.H2O. The y-axis 
shows heat flow in mW. 
Figure 4.25: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ3 
Figure 4.26: Blockage of the inline filtration unit in experiment AZ4 
Figure 4.27: PXRD patterns of the solids produced in experiment AZ4; the y-axis shows intensity in 
arbitrary units 
Figure 4.29: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ4 
Figure 4.28: DSC traces for experiment AZ4, indicating the absence of any MCM.H2O. The y-axis 
shows heat flow in mW 
Figure 4.31: 12 month stability PXRD patterns for samples produced from AZ1 with peaks 
corresponding to PCM-I boxed in red; the y-axis displays intensity in arbitrary units 
Figure 4.30: 12 month stability PXRD patterns for samples produced in experiments AZ2, AZ3 and 
AZ4; the y-axis displays relative intensity in arbitrary units 
Figure 5.2: The generation of eddies within the baffles in a COBC 211 
Figure 5.1: The compact 4-straight COBC set-up at the University of Bath (left) with the baffle 
geometry highlighted (right) 
Figure 5.3: Plug and laminar flow through a pipe 
Figure 5.4: Encrustation on the baffle walls in Experiment COBC 1 
Figure 5.6: PXRD analysis of the samples for experiment COBC 3; the y-axis shows relative intensity 
in arbitrary units 
Figure 5.5: Crystallisation in the exit piece in experiment COBC 3 
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Figure 5.7: PXRD patterns from experiment COBC 4, showing the production of PCM-II with some 
peaks from MCM.H2O present (boxed in red). The y-axis displays relative intensity in arbitrary units 
Figure 5.8: Crystallisation in the exit piece in Experiment COBC 5 
Figure 5.9: PXRD patterns for Experiment COBC 5 showing the production of predominately PCM-
II, with some peaks (boxed in red) from MCM.H2O. The y-axis displays relative intensity in arbitrary 
units 
Figure 5.10: Temperature profile used for Experiment COBC 6 
Figure 5.11: PXRD patterns for Experiment COBC 6 showing the production of PCM-II with some 
MCM.H2O present (boxed in red). The y-axis displays relative intensity in arbitrary units. 
Figure 5.12: Temperature profile used in Experiment COBC 7 
Figure 5.13: PXRD patterns showing the production of PCM-II with some MCM.H2O (peaks boxed in 
red) in Experiment COBC 7. The y-axis displays intensity in arbitrary units 
Figure 5.14: Temperature profile employed in Experiments COBC 8 and COBC 9 
Figure 5.15: PXRD analysis showing the production of PCM-II in Experiment COBC 8; the y-axis 
displays relative intensity in arbitrary units 
Figure 5.16: DSC analysis showing the presence of some MCM·H2O in all three residence times in 
Experiment COBC 8 (exothermic up) 
Figure 5.17: High solid loadings in Experiment COBC 9 
Figure 5.18: PXRD patterns confirming the production of PCM-II with trace MCM.H2O (boxed in red) 
in Experiment COBC 9. The y-axis displays relative intensity in arbitrary units 
Figure 5.19: PXRD analysis of each of the six samples taken during the course of Experiment COBC 
10; the y-axis displays relative intensity in arbitrary units 
Figure 5.20: DSC analysis for samples 3-6 in Experiment COBC 10 (exothermic up) 
Figure 5.21: PXRD analysis for the solid produced in Experiment COBC 11 confirming the production 
of PCM-II with some peaks from MCM.H2O (boxed in red). The y-axis displays relative intensity in 
arbitrary units 
Figure 5.22: The temperature profile employed for the 12-straight COBC experiments (COBC 12 and 
COBC 13) 
Figure 5.23: PXRD analysis for the samples taken during experiment COBC 12; the y-axis displays 
relative intensity in arbitrary units 
Figure 5.24: DSC analysis on the samples taken from Experiment COBC 12 
Figure 5.26: DSC analysis of the samples taken in Experiment COBC 13 
Figure 5.25: PXRD analysis of the samples taken in Experiment COBC 13; the y-axis displays relative 
intensity in arbitrary units 
Figure 5.28: Recirculating motion within slugs which provide mixing to the system 
Figure 5.27: Schematic representing the differences between air and liquid segmentation 
Figure 5.29: The KRAIC segmented flow crystalliser as set-up at the University of Bath 
Figure 5.30: The mixer piece in the heated water bath 
Figure 5.31: The cold tube attached to the KRAIC to allow cooling below ambient temperatures 
Figure 5.32: Novel end piece to allow separation of carrier fluid from solution flow 
Figure 5.33: The cross mixer piece alignment used in KRAIC 1 
Figure 5.34: The K-mixer piece alignment used in KRAIC 3A and 3B 
Figure 5.35: Crystallisation in the cold tube in Experiment KRAIC 2A 
Figure 5.36: High solid loadings in the three coils in Experiment KRAIC 2B (images taken at 12 mins 
for coil 1 and 38 mins for coils 2 and 3) 
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broadly categorised as either primary or secondary and the former as either homogeneous or 

heterogeneous (detailed in Figure 1.21). 

Homogeneous nucleation is spontaneous and does not require external stimuli; supersaturation, 

as outlined above, drives this process. Secondary nucleation, which is by its nature heterogeneous, 

requires a surface on which to nucleate, which can be an additive, an impurity or a seed crystal of 

the desired product. The presence of this additional surface, on which to nucleate, lowers the value 

of free energy of the assembling system, hence allowing nucleation at lower values of 

supersaturation than those required for spontaneous homogeneous nucleation.2 

There are two nucleation pathways that are currently accepted within the crystallisation 

community: classical nucleation theory (CNT) and two-step nucleation. The differences between 

these are highlighted schematically in Figure 1.3.  

 

 

Figure 1.2: Nucleation classification (adapted from Beckmann1) 
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1.3.4 Secondary nucleation 

Heterogeneous nucleation that occurs due to the presence of a seed particle of the crystallising 

substance is known as secondary nucleation. This nucleation tends to occur at much lower 

supersaturations than homogeneous or heterogeneous nucleation induced by a foreign body. Seed 

crystals are added within the metastable zone width to ensure no spontaneous nucleation (more 

details in section 1.5.3); as such, tight control over particle size distributions and polymorphic form 

output are achievable.  

Methods of generating these secondary nuclei in the reaction vessel are varied: they can be added 

deliberately to the crystallisation process either dry or in suspension, they can come from 

encrustation on vessel walls or they can be a result of particle breakage due to shear from an 

impellor, often observed with brittle needle crystals. 

1.4  Crystal Growth 

Once formation of initial nuclei has occurred, supersaturation within the reaction mixture is 

depleted to aid the growth of these nuclei into larger crystals. There are a number of mechanisms 

that have been proposed for crystal growth, some of which are outlined in this section. 

1.4.1 Crystal faces 

Nuclei in a supersaturated solution can be considered to be in equilibrium; growth units are 

constantly arriving at the surface and if they have the correct interactions to bind they will stay and 

if not they will leave. When the flux to the surface is higher than those leaving, crystal growth 

occurs.  Hartmann and Perdock12 introduced a classification system in order to define how growth 

units can be classified depending on how many interactions they make with the crystal face: a 

surface in which three bonds are possible is a kinked face, a surface in which two bonds are possible 

is a stepped face and a flat face is a surface with which only one bond is possible (Figure 1.5). 

Figure 1.5: The classification of crystal faces according to Hartmann and Perdock12 
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Traditionally, in terms of pharmaceuticals and fine chemicals, evaporative crystallisation is useful 

for small-scale, discovery crystallisations. The main barrier to implementation of evaporative 

crystallisation into the pharmaceutical industry is the inability to control the supersaturation in a 

system sufficiently carefully, which can lead to inconsistent particle attributes. However, industrial 

scale evaporative crystallisers are marketed, many of which are steam heated, such as the Oslo-

Krystal evaporating crystalliser and the wetted-wall evaporative crystalliser.26 

1.6.3 Antisolvent crystallisation 

In antisolvent crystallisation, a solvent, in which the solute displays poor solubility, is added to an 

undersaturated solution of the solute in order to increase the level of supersaturation within the 

system. The antisolvent added works to decrease the solubility of a substance in solution, hence 

resulting in crystallisation.  

Antisolvent crystallisation is a commonly used method to produce solubility enhanced forms of 

Biopharmaceutics Classification System (BCS) Class II and IV drugs (low solubility-high permeability 

and low solubility-low permeability respectively). In particular, there are numerous examples of the 

use of antisolvent crystallisation to produce nanoparticles of poorly water-soluble drugs; these 

micronised nanoparticles are shown to increase the dissolution rate by a significant increase in the 

relative surface area and hence increase the bioavailability of these drugs.27-30 Antisolvent 

crystallisation has also been used to obtain metastable polymorphs; examples include 

indomethacin31, abecarnil32 and L-histidine33.  

Figure 1.13: The variation in solubility of the solute with increasing antisolvent concentration in a typical 
antisolvent crystallisation 
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1.6.4 Reactive crystallisation 

Reactive crystallisation occurs when two or more compounds react within the solution phase to 

give a product that is less soluble than the parent compounds in the particular solvent system 

chosen. This decrease in solubility, or increase in saturation, results in crystallisation. The rate at 

which supersaturation is generated in the system is dependent on the rate of reaction between the 

two components. Within the pharmaceutical industry, a common approach to reactive 

crystallisation is  by changing the pH.34 

1.6.5 Seeded crystallisation 

As nucleation has a stochastic nature, many processes look to avoid spontaneous nucleation by 

introducing seed crystals into the crystallisation process, limiting nucleation to secondary 

nucleation at lower values of supersaturation. As such, seeding is commonly employed in order to 

obtain greater control over the solid form produced during crystallisation and obtain narrower 

particle size distributions. Seed crystals of the desired product are introduced when the growth 

solution is in the metastable zone (Figure 1.14); the solution is then cooled in line with the lower 

solubility curve. As a general rule, seeds are introduced one third of the way into the metastable 

zone; any higher in temperature (closer to the solubility line) and the seeds will dissolve, any lower 

in temperature (further into the MSZ) and there is a chance spontaneous nucleation will occur.  The 

right of Figure 1.14 shows a typical temperature-time profile for a seeded crystallisation. Once the 

seeds are added, there is a hold period in order to ensure no dissolution of the seeds. 

Addition of seeds can be through a suspension or as dry seeds. Adding the seeds dry can cause 

problems with particle dispersion and agglomeration, especially if the seeds are particularly 

hydrophobic, however if trying to crystallise a metastable form where slurrying in solvent will cause 

conversion to a more stable form, addition of dry seeds may be desirable. Addition of seeds in a 

Figure 1.14: A typical solubility curve showing the change in concentration with temperature during a seeded 
cooling crystallisation (left) and a typical seeded crystallisation temperature profile (right) 
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suspension mitigates the problems with dispersion experienced with dry seeds. They can be added 

in a saturated solution in the same solvent as the crystallisation or as an antisolvent. The use of 

suspensions is particularly beneficial in continuous processes where a suspension can be continually 

pumped in throughout the course of the crystallisation.  

There are a number of examples of the use of seeding within the pharmaceutical industry to gain 

polymorphic control within the system. 35-39 Abu Bakar et al 39 coupled seeding with temperature 

cycling in order both to gain polymorphic control and obtain a narrow particle size distribution of 

the antibacterial drug sulfathiazole. The use of temperature cycling results in faster dissolution of 

fines (very small crystalline particles of undesirable morphology) and accelerated growth of larger 

particles on cooling, increasing the kinetics of Ostwald ripening (the process whereby smaller 

crystals dissolve and the generated supersaturation aids the growth of larger crystals). This allows 

for tighter control of the particle size distribution. 

1.6.6 Monitoring the crystallisation process 

It is clear that control is one of the most critical elements of a successful crystallisation process. In 

order to exert such control most effectively, it is important to monitor crystallisation processes, to 

diagnose conditions and allow for these to be optimised throughout the process. The most effective 

way of monitoring the crystallisation process is through the use of inline process analytical 

technology (PAT); examples include focussed beam reflectance measurements (FBRM), infrared (IR) 

spectroscopy, UV-Vis spectroscopy, Raman spectroscopy and particle visualisation measurements 

(PVM). The experimental details of the techniques used in this work are outlined in Chapter 2.  

Monitoring of the crystallisation process allows real-time analysis of the product being produced 

and allows necessary adjustments to the operating conditions in order to obtain specific product 

attributes. 

UV-Vis and IR spectroscopy are both techniques used to monitor the concentration of a particular 

species throughout the crystallisation process. In multi-component systems, where the different 

species have different spectra, specific peaks characteristic of each component can be tracked 

throughout the crystallisation process, enabling the formation or disappearance of the various 

components to be studied. 

Raman spectroscopy is also commonly employed in the monitoring of crystallisation processes. It 

has the benefits of being an in-situ, non-destructive technique that requires little sample 

preparation and is relatively insensitive to aqueous solutions. The use of Raman spectroscopy is of 

particular use in the identification of polymorphic forms and transitions throughout a 


























































































































































































































































































































































































































