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Crystallisation Development – A Quality by Design 
Approach using Modelling

Nearly all synthetic steps in industrial 
chemical manufacturing end with 
a crystallisation. This is because it 
is almost always the most efficient 
method to purify and isolate the 
material. While most chemists are 
proficient at coming up with a basic 
procedure, when it comes down to the 
fine details, often crystallisation is seen 
as a mysterious process and subject 
to factors beyond our control. Various 
quality issues may be important for 
the product: purity, residual solvents, 
filtration speed, polymorph, crystal 
habit, particle size distribution. 
An in-depth understanding of the 
crystallisation process will help keep 
these issues under control.

Basic Concepts
A crystallisation consists mainly of two 
fundamental processes: crystal growth 
and nucleation. Other processes such as 
attrition and agglomeration may also play a 
role, and should be considered, but first we 
need to understand growth and nucleation. 
These two processes occur throughout the 
crystallisation with rates that depend on 
many factors including supersaturation, 
crystal surface area, collision rate, viscosity 
and temperature. Several of these factors are 
changing throughout the crystallisation and 
therefore, the relative rates of growth and 
nucleation that determine the final particle 
size distribution, are also variable along the 
process profile. The fundamental driving 
force for crystallisation is supersaturation. 
In simple terms this is how far away 
the solution concentration is from the 
thermodynamic equilibrium, or solubility.

Thermodynamics
Since the solubility is the reference point 
to determine supersaturation, this is 
the starting point. The solubility of the 
product changes during the course of the 
process, providing the driving force for the 
crystallisation: supersaturation. Therefore, 
we need to know the solubility at all times. 
For a simple, cooled, classical crystallisation 
this could be provided by a solubility 
curve. In other systems the solvent may 
be changing by anti-solvent addition and 

a solubility model that takes into account 
both temperature and composition is more 
appropriate. The solubility model is an 
essential map to help us navigate through 
the process. A typical model that gives 
solubility (C) as a function of temperature 
(T) and antisolvent fraction (X1) might be 
based on a modified van’t Hoff equation, 
as shown in Equation 1, where A, B, C and 
D constants are to be determined from 
experimental data.

Equation 1
Equation 2

Figure 1: Effect of Crystal Growth Coefficient (KG) on Crystallisation Kinetics

Kinetics
The kinetics of crystallisation, that is the 
rates of growth and nucleation, depend 
on supersaturation and the relative 
rates of these two processes will define 
the particle size distribution (PSD). The 
solubility model is our essential process 
map, but to evaluate effects on PSD we 
also need to model the supersaturation. 
This problem becomes complex due to 
continuously changing solubility, particle 
size distribution and supersaturation 
throughout the crystallisation. However, 
despite the seemingly impossible challenge 
of these calculations, valuable information 
can be gained by making some simplifying 
approximations. 

Supersaturation Modelling
Firstly, the growth kinetics (KG) can be 
estimated by performing experiments in 

which the nucleation is effectively turned 
off at low supersaturation. This allows 
us to generate a supersaturation model 
based solely on crystal growth. A simple 
crystal growth equation is shown below, 
Equation 2, where Mt and VS represent 
crystal mass and volume at time t, and CL-
C* is the supersaturation. C*, the solubility, 
is calculated using the model described 
earlier in Equation 1.

In Figure 1 are shown experimentally 
determined solution concentration 
values (dark blue dots), together with 
the temperature profile (light blue line), 
solubility curve (green), and simulated 
growth kinetics according to the above 
equation for three different growth rates, 
slow (orange), fast (red) and intermediate 
(purple).

We should remember that, due to the 
approximations, this model is erroneous, 
but despite this, it can still be extremely 
useful. An example is shown (Figure 2), in 
which the supersaturation model shows the 
effects of seeding temperature and ageing 
time. The model allows us to perform a 
virtual DoE on our computer, exploring many 
different seeding and temperature profiles 
in very little time. This is important because, 
unlike in a real DoE, we can simulate 
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Figure 2: Effects on Maximum Supersaturation from Virtual DoE

Figure 3: Effect of Seeding Temperature and Ageing Time on Supersaturation

many intermediate values that would be 
impractical to explore experimentally. 
Solubility, and therefore crystallisation 
kinetics, are often extremely sensitive 
to temperature and the optimum values 
could be missed by experimenting with a 
range that is too wide. The interpretation 
of this approximation can give insights 
into PSD. Because nucleation has a higher 
dependence on supersaturation than 
growth, the process with higher maximum in 
supersaturation will give smaller particles.

In the following example we see that 
depending on the kinetics of crystal growth, 
different process factors are significant for 
control of supersaturation, and therefore 
PSD. Knowing the crystal growth kinetics 
could help simplify an experimental DoE 
by reducing the number of factors to be 
considered.

Using the model and virtual DoE method, 
we are able to explore the effect of seeding 
temperature at many levels, and different 
ageing regimes (15 and 60 minutes in the 
following example). In Figure 3 we see the 
effect on supersaturation with time for 
the different scenarios. Interestingly the 

simulation that gave lowest supersaturation 
is not one that was seeded at higher 
temperature. Seeding at lower temperature, 
56°C and ageing for 60 minutes results in 
a lower maximum in the supersaturation 
curve. A subsequent confirmatory experi-
mental DoE confirmed that larger particle 
sizes were obtained by seeding at lower 
temperature, in agreement with the 
supersaturation model.

A clue to the explanation lies in the 
initial gradient of the curve after seeding. 
When seeding at lower temperature the 
initial supersaturation is higher, which 
results in more precipitation during the 
ageing process, when compared with an 
experiment seeded at higher temperature. 
The largest value of supersaturation occurs 
during the cooling ramp, but if more crystal 
density is already present at this moment, 
the growth rate is higher and the resulting 
jump in supersaturation is lowered. This 
result is probably not obvious at first sight, 
and is due to the changing crystal mass 
and kinetics throughout the crystallisation 
process. It is an example of using simulation 
tools to bring understanding to our process, 
and underpinning the concept of Quality 

by Design, in a way that, perhaps, a purely 
statistical approach could not.

Particle Size Distribution Modelling
We would love to be able to model how 
the PSD changes with process profile and, 
perhaps more importantly, on scale-up. This 
becomes challenging, requiring models for 
solubility, growth and nucleation kinetics 
(and possibly attrition and agglomeration) 
together with a population balance model 
and correlation to the type of distribution 
used by the analytical method (e.g. spherical 
equivalent diameter).

Again, we would initially opt for a more 
simple, practical approach. As part of 
the crystallisation process optimisation, 
chemical engineering parameters (e.g. 
power/unit mass, shear, Reynolds number, 
tip speed) for different reactor designs, 
agitation and scale can be calculated. For 
processes involving reactive crystallisations 
(e.g. salt formation) or dominated by 
antisolvent addition, the meso-mixing time 
may also be influential. Some targeted lab 
experiments based on these calculations 
can help identify potential factors and 
reduce risk on scale-up.

Conclusion
To paraphrase the famous statistician George 
Box, all models are wrong, but some models 
are useful. We believe modelling is extremely 
valuable for crystallisation development and 
these models add to the knowledge base 
that is the foundation for Quality by Design. 
We recommend a practical approach using 
a mixture of simple semi-empirical models 
and targeted experimentation.
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