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Introduction
Crystallisation is an important 
separation technique in 
pharmaceutical and other 
industries
Nucleation is the formation of 
crystalline particles e.g. from 
solution
Heterogeneous nucleation 
occurs at an interface
Many surfaces are overlooked:
• Microfluidic studies
• Oil layers preventing 

evaporation
• Impeller and vessel surfaces
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Limited understanding of 
nucleation makes it difficult to 
predict and control
Better understanding of the factors 
affecting nucleation is needed to:
• Enhance rate of desired 

nucleation events
• Prevent fouling

Preliminary nucleation experiments

Preliminary MD simulations of urea solution at a surface

Future work

Experimentally, glycine nucleation is greatly 
enhanced by non-polar liquid and solid 
interfaces6,7

MD indicates interfacial concentration 
enhancement for these systems6

Lennard-Jones 9-3 (LJ) wall potentials can 
reproduce these interactions with non-polar 
interfaces8

LJ walls are preferable to atomistic interfaces 
as they have a lower computational cost8

Here, preliminary LJ wall simulation show:
• Urea concentration enhancement at LJ wall
• Urea concentration depletion near vacuum

Density profile at LJ wall

Experimental 
Effect of higher concentrations on nucleation 
probability and rate, using Crystal16 
Effect of mechanical shock on nucleation 
probability
Expand to other interfaces such as gold

Simulations
Simulate urea crystal dissolution to get solubility 
and critical nucleus size
Study effect of interface on urea solutions, 
emulate experimental systems
Investigate heterogeneous nucleation:
• Determine critical nucleus size
• Seed crystal ‘nuclei’ at interface 
• Investigate stability and growth of nuclei at 

interfaces compared to bulk solution

Urea aqueous solution structure at LJ wall
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Research aims
Investigate how surfaces affect nucleation of 
small organic molecules in aqueous solutions
Experiments: nucleation rate and probability
Simulations: molecular behaviour at interfaces

Urea: Generalised AMBER Force 
Field3,4 (GAFF) with various charges
• GAFFa: AM1 BCC3

• GAFFb: RESP D3 modification4

• GAFFc: RESP D1 modification4

Water: Extended Simple Point Charge5

Urea-water model system chosen for:
• Fast nucleation and growth
• Growth and nucleation already simulated
• No polymorphs at standard conditions

Molecular dynamics (MD) simulations done 
using LAMMPS1,2 software

System selection and force field validation
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Non-polar surfaces has lead 
to increased heterogeneous 
nucleation
• Urea with PTFE9

• Glycine with oil6 or PTFE7

Graphite and diamond are 
predicted to further increase 
nucleation rate8

Urea induction time 
experiments carried out to 
test predictions
Available surfaces: 
• Control, only glass (vial) 

and air interfaces (n=37)
• PTFE stirrer bar (n=37)
• Diamond (n=6)

Methodology:
Vials filled with 1 ml solution 
at 60°C, cooled to 25°C using 
a Polar Bear, then transferred 
to incubator and monitored 
with webcams for 3 days
Some vials nucleated when 
being moved
Induction time found for 
remaining vials
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Continuous Crystallisation – Case Studies
H. Siddique, CMAC National Facility Team

Case Study 2: pH Controlled Continuous Crystallisation – Tuning Particle Size

• From a conventional 3hr batch process to 1 hr continuous pH crystallization in 4 stage MSMPR platform
• Tuning of particle size by controlling nucleation (variable – pH, inline infrared spectroscopy feed back control
• A robust calibration model to track concentration and apply feedback control tune particle size
• Desired product yield and throughput

Figure A continuous process ran for 10 residence times, process attained
steady state by 3rd residence time and then consistent product was obtained
for the full length of operation
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Figure B: Concentration check through HPLC and
calibration model established. Deviation at end pH
and temperature due to interference from high
slurry density
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Continuous Process Development

Synthesis
Crystallisation

Mixing induced
pH controlled

Cooling and antisolvent
Reactive 

Filtration and drying
Continuous filtration

Semi batch 
Batch

Equipment

Continuous

Plug flow 
MSMPR

CSTR

Static mixers
High shear

Batch

Small scale 
Fully automated

Case Study 3: Mixing Induced Crystallisation

Existing process Developed process
• Unable to achieve desired particle size dial a particles size – a range of sizes within specifications 
• Fouling and encrustation fouling and encrustation free system (solvent selection)

1. System Familiarisation

5. Select crystallisation method,
supersaturation & nucleation
control

6. Select mixing & platform, test
processing & kinetics

7. Optimise for 
consistency/robustness

2. Solvent Selection

3. Solid-state & stability test

4. Determine thermodynamic / 
phase diagram
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Workflow Approach to design Process Platform development Outcome

Case Study 1: Process Optimisation - Seeded Cooling Crystallisation
Process optimisation using CMAC crystallisation work flow approach in combination with direct design control strategy.
Existing process:
• 16 hour batch crystallisation with broad size distribution
• Product colour at the end of crystallisation was a problem
• Product flow ability issues due to needle shape crystals

Optimised Process:
• 4 hour continuous crystallisation process with narrow size 

distribution
• Pure white colour of the final crystallisation product
• Good flow properties with plate like crystal morphology

Case Study 4: Crystallisation model development
A first principle approach to understand process kinetics is core for process development and optimisation.
We have developed models by applying a range of experimental approaches adapted to meet the needs of the process.

A robust reliable 
model

Development based 
on smart 

experimental 
design

What kind of 
process

Platform

Experimental 
approach 
(targeted 

experiments)

Type of Model 
and mechanism

validation

Generalization

Cooling
Cooling/Antisolvent

Reactive/salt formation
Design space (oiling out boundaries, salt 

precipitation etc

Batch
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Isothermal de-supersaturation
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Yellow –operating conditions
Orange – growth experiments
Grey – Secondary nucleation experiments
Green – Primary nucleation
Solid line boundary conditions (phase separation)
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Correlation of kinetic parameters estimated, colour map represents the product particle
size d50 and its variation with a) activation energy and growth rate constant, b) activation
energy and supersaturation order, and c) growth rate constant and supersaturation order.

Design space for the process in order to avoid undesired processes such as oiling out or salt precipitation

Simultaneous estimation of growth and nucleation kinetics 
from MSMPR cumulative population density

Attainable region of sizes and residence time based on process 
optimisation

Experimental and predicted concentration profile for 
volume diffusion and surface integration experiments

Experimental and Predicted Concentration Profile for Attrition 
Dominant Experiments
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