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Abstract 

For fine chemicals produced by batch cooling crystallisation, control of the product crystal size 

distribution (CSD) is necessary for good performance properties and downstream processing. 

To improve upon the resource-heavy process of developing an empirical model-based control 

system, this thesis presents a model predictive control (MPC) methodology for the control of 

supersaturation and product CSD using commercially available tools. 

A one-dimensional (1D) population balance model (PBM) was parameterised in gPROMS 

FormulatedProducts software (Siemens-PSE Ltd.) for the hexamine-ethanol crystallisation 

system, using kinetics reported by Myerson et al. (1986). Seeded batch crystallisation 

experiments were run to validate the model, and scope out suitable process conditions for 

control performance tests. The gPROMS model was coupled with the control software 

PharmaMV (Perceptive Engineering Ltd.) to create a digital twin of a 500 ml crystalliser. 

Simulated crystallisation data was used to train statistical MPC structures for supersaturation 

control, in addition to a batch end-point control (EPC) strategy for the D50 of the product CSD. 

Within a relative supersaturation set-point range of 0.012-0.036, the digital twin performed 

with excellent stability. When the MPC strategy was implemented on a real 500 ml 

crystallisation setup, supersaturation stability was slightly poorer (standard deviations of order 

10-3 instead of 10-4). A similar level of stability was maintained when perturbing the growth 

rate kinetics by manipulating the seed CSD and adding a growth rate inhibitor. Performance 

was mostly linked to whether cooling equipment could meet the demand to accurately maintain 

the required cooling rate. 

Simulations of the crystal size EPC strategy achieved different target D50 values within a range 

of 20 µm. However, this was not reflected in physical experiments where secondary nucleation 

was negligible, implying that particle generation is mandatory for CSD control. Adaptations to 

improve the industrial applicability of this control methodology have been proposed in the 

conclusions. 
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1. Introduction 

1.1. Background 

Crystallisation, the process of growing a solid crystal phase from solution, is employed in a 

wide variety of fine chemical industries including (but not limited to) pharmaceuticals and 

agrochemicals (Mullin, 1992). One such process is batch cooling crystallisation, which requires 

optimisation of the cooling profile to achieve both a high yield and purity of the crystalline 

product. It is considerably important to control the physical properties, such as the crystal size 

distribution (CSD), to enhance product performance properties such as the dissolution rate 

which are linked to size and shape. The product CSD also has an impact on downstream 

operations such as filtration and drying, which can be hindered significantly by the 

overabundance of fine particles. The aspect ratio of crystals can also negatively impact their 

filterability, therefore it may also be preferable to grow crystals of a specific shape 

(morphology) or polymorphic form. When the optimal CSD has been determined, industry 

finds the most value when a process can reach this target accurately, efficiently and in a 

repeatable manner. 

For batch cooling crystallisation, the main objective of process control is to determine the 

optimal temperature profile that will result in production of the desired CSD. This is governed 

by the generation of supersaturation during cooling: a factor that is directly connected to the 

key rate mechanisms of crystal nucleation and growth which drive the crystallisation process. 

The process can be tailored through the introduction of seed crystals with a known CSD as a 

starting point, however this can bring potential challenges to the control of supersaturation 

(Saleemi et al., 2012; Kardum et al., 2013; Long et al., 2016). For example, a high seed loading 

can reduce the frequency of nucleation events. The supersaturation trajectory can also be 

altered by the quality of the seed crystals; uneven surfaces formed as a result of milling can 

hinder the attachment of solute, leading to an unexpected reduction in the growth rate. 

Damaged surfaces can usually be repaired through the preparation of seed slurries for the feed, 

which treat the crystals through a process known as Ostwald ripening (Zhang et al., 2021). 

Obtaining accurate and precise process measurements is vital for good control over 

crystallisation. Advancements in process analytical technology (PAT) over the past few 

decades has brought the potential to measure many of the key process properties directly (Doki 

et al., 2004; Simone et al., 2015; Zhang et al., 2017). Supersaturation can be monitored by 

measuring the solution concentration, through in-situ analytical techniques such as attenuated 
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total reflection (ATR) - Fourier transform infrared (FTIR) or ATR-UV/Vis spectroscopy. A 

range of well-established in-situ measurement techniques for particle imaging and size analysis 

also exist, including focused-beam reflectance measurement (FBRM) and particle vision and 

measurement (PVM). 

Batch cooling crystallisation was initially controlled using simple measurement-based 

feedback loops, manipulating the process temperature using a heating/cooling jacket around 

the crystalliser (Fujiwara et al., 2002; Grön et al., 2003; Fujiwara et al., 2005; Rajagopalan et 

al., 2018). The main drawback this approach is the empirical nature of the controller 

development. Large amounts of experimental data are required to sufficiently capture the 

crystallisation behaviour, which is extremely demanding of both time and physical resources. 

The progression to model-based methods as technology advanced did not immediately resolve 

this, as many of the initial ‘batch-to-batch’ models that have been developed are also entirely 

empirical (Nagy, 2009; Forgione et al., 2015). 

Although mechanistic or ‘first-principles’ models would ideally be derived only from physical 

concepts, these still require a small empirical contribution to function effectively. Solution of 

the population balance model (PBM) is widely implemented, which combines crystallisation 

rate kinetics with the material balance to predict the change in the CSD of a given crystal 

population (Randolph and Larson, 1988). This type of model is supported through 

experimentation to re-estimate the crystallisation kinetic parameters to improve accuracy. 

Model predictive control (MPC) is a feedforward style of control that implements the PBM, 

generating optimal trajectories in properties such as temperature or supersaturation that will 

lead to the desired control objectives (Jha et al., 2017). Multiple successful applications of 

MPC for controlling crystal size have been demonstrated for continuous crystallisation 

processes (Moldoványi et al., 2005; Yang and Nagy, 2015; Tahir et al., 2017). Crystal size 

control has proven more challenging for batch processes given their more dynamic nature, 

therefore studies on this area have been more limited. 

Recent digital advancements in the area of machine learning have proved applicable to 

crystallisation process control (Benyahia et al., 2021; Zheng et al., 2021). Some methods such 

as reinforced-learning have been shown to perform better than standard MPC for crystal size 

control, but standard MPC of supersaturation still performs to an equivalent degree of accuracy. 

Other techniques that employ machine learning to improve the computational efficiency of 

MPC appear promising, but they are still in development with no experimental validation of 
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their concepts. Therefore, there is still the need for a simplistic yet robust MPC strategy to be 

developed, which could use existing technology to carry out optimisation of batch 

crystallisation processes. 

1.2. Research aims and objectives 

The main research question upon which the work presented in this thesis was based is as 

follows: 

“How can an MPC strategy be built using commercial engineering tools to accurately predict 

and control the CSD in an industrially relevant crystallisation system?” 

In order to answer this research question and contribute towards the knowledge base of MPC 

applications for batch crystallisation, the following objectives should be met: 

• To develop a population balance model that can reliably predict the CSD evolution over 

time during batch cooling crystallisation, without relying heavily on empirical batch 

data. 

• To construct an MPC strategy using the validated process model that can accurately 

control the supersaturation, such that the crystallisation behaviour can be manipulated 

to produce a desired CSD. 

• To test the MPC strategy’s performance when applied to a realistic, impure 

crystallisation system relevant to industrial applications. 

An opportunity to achieve these objectives arises from the interface between two pieces of 

existing commercial software. The process modelling software gPROMS FormulatedProducts 

(Siemens-PSE Ltd.) can be used to develop a first-principles, one-dimensional (1D) PBM for 

a selected crystallisation system. The resulting ‘digital twin’ of a batch crystalliser can then be 

coupled with the in-line monitoring and control software PharmaMV (Perceptive Engineering 

Ltd.) to simulate batch cooling crystallization processes where the supersaturation and product 

CSD are controlled. The MPC strategy developed using this software platform can be 

connected to a physical lab-scale crystallization setup, controlling real batch operations for 

validation. The purpose this methodology is to accelerate the optimisation of a given 

crystallisation process, reducing the total time and resources spent on developing a control 

system that can be applied to a new solute-solvent system without an extensive research and 

re-training procedure. 
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To study the performance of the MPC strategy on a more realistic crystallisation system, 

impurities were introduced that would inhibit the crystal growth rate. Experiments with 

impurities were used only as validation cases and not as training data for the process model. 

This was to see how the MPC strategy dealt with an unexpected disturbance to the growth 

kinetics, without the need for re-training. This was to test the robustness of the MPC strategy 

when there was an obvious mismatch between the training data (pure system) and physical 

measurements. As different impurity profiles may be present across various feedstocks used in 

industrial crystallisations, it was valuable to know how well the MPC strategy could adjust to 

handle these unknowns. 

The workflow that was followed to achieve these objectives is summarised by the diagram in 

Figure 1.1. 

 

Figure 1.1. Workflow to meet the research objectives. 

After evaluating the performance of an MPC strategy developed using these commercial tools, 

this work aims to identify any shortcomings and propose how these can be overcome through 

further research. 

1.3. Thesis structure 

Chapter 2 outlines the fundamentals of crystallisation theory, including the concepts of 

supersaturation, the metastable zone, nucleation and growth mechanisms and polymorphism.  

A literature review is then presented, starting with the modelling of crystallisation processes 

using population balance equations. Details are provided about the crystallisation system 
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chosen for study, followed by descriptions of the PAT that were implemented during the 

experimental work. Finally, existing measurement-based and model-based methodologies for 

crystallisation process control are explored to identify the current challenges. 

Chapter 3 describes the solute-solvent system chosen for study, in addition to some identified 

growth rate inhibitors. Descriptions are also provided of the experimental instrumentation used 

to characterise the system and carry out batch crystallisations.  

In Chapter 4, a series of unseeded and seeded batch cooling crystallisations are presented for 

characterisation of the chosen solute-solvent system. The key crystallisation mechanisms for 

the system are identified. By covering a wide range of operating conditions, a substantial 

dataset of temperature, concentration and CSDs are obtained to support the development of the 

crystallisation process model. 

Chapter 5 outlines the parameterisation of the 1D PBM in gPROMS FormulatedProducts 

software, creating a ‘digital twin’ of the batch crystallisation process. The digital twin is utilised 

to simulate batch cooling crystallisations, which are validated using the experimental data 

obtained in Chapter 4. Re-estimation of the crystal growth rate kinetics is also described. 

Chapter 6 presents the screening of various compounds to identify the most suitable crystal 

growth rate inhibitor. The impact of the selected impurity on the crystallisation system’s key 

mechanisms, particularly nucleation and agglomeration, are investigated. 

Chapter 7 describes the development of a supersaturation control methodology using 

PharmaMV software. The process of training MPC algorithms using the gPROMS digital twin 

is explained, followed by experimental validation and performance testing of the 

supersaturation control strategy. 

In Chapter 8, the control strategy is expanded upon through the development of a crystal size 

control methodology. The performance of the combined MPC and batch end-point control 

(EPC) strategy is evaluated. 

Chapter 9 concludes by highlighting the important findings of this research, expanding upon 

these by suggesting plans for future work.
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2. Literature Review 

This chapter presents an overview of the fundamental theories and understandings of 

crystallisation, process modelling of crystallisation utilising population balance equations, 

existing measurement technology and current methods that have been employed for the control 

of crystallisation processes. The focus of each topic will be centred around the relevance to the 

work outlined in the remainder of this thesis. 

2.1. Crystallisation theory 

2.1.1. Supersaturation 

Cooling crystallisation operates based on the transition from a stable solution (in 

thermodynamic equilibrium with the solid phase) to a supersaturated state by reducing the 

temperature at a certain rate, initiating the formation of solid crystals. As outlined in the 

solubility graph in Figure 2.1, a stable solution transitions into the labile region where 

spontaneous crystallisation can occur via either cooling or evaporation, the latter of which 

increases the concentration of solute while maintaining a constant temperature (Mullin, 1992).  

 

Figure 2.1. Solubility and supersolubility curves describing supersaturation. 

Supersaturation can be expressed in multiple forms, including the concentration driving force 

ΔC, fundamental supersaturation S and absolute/relative supersaturation σ: 

∆𝐶 = 𝐶 − 𝐶∗ (2.1) 

𝑆 = 𝐶/𝐶∗ (2.2) 

𝜎 = ∆𝐶/𝐶∗ = 𝑆 − 1 (2.3) 

where c is the bulk solution concentration and c* is the saturation concentration at the given 

temperature (Mullin, 1992). 
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A solution is saturated when the difference between the chemical potentials of the solution µsol 

and solid crystal µs is zero, therefore the driving force for crystallisation is the difference 

between these and can be related to supersaturation using the activity a: 

∆𝜇 = 𝜇𝑠𝑜𝑙 − 𝜇𝑠 (2.4) 

∆𝜇/𝑅𝑇 = ln⁡(𝑎/𝑎∗) = ln 𝑆𝑐 (2.5) 

where R is the universal gas constant (8.314 kJ/kmol.K), T is the temperature and a* is the 

equilibrium activity (Davey and Garside, 2006). 

2.1.2. Metastable zone width (MSZW) 

Crystallisation can also occur within the metastable zone between the solubility and 

supersolubility curves, but not spontaneously. The metastable zone width (MSZW) can vary 

widely; although the solubility curve can be determined with reasonable accuracy, the 

supersolubility curve is a kinetic boundary and changes due to factors such as cooling rate, 

agitation speed and the presence of impurities (Mullin, 1992). Through the characterisation of 

the MSZW of a specific solute-solvent system, the nucleation behaviour can be better 

understood to design batch crystallisation processes appropriately, such as deciding whether 

seeding is necessary and under what conditions it is feasible (Kim and Mersmann, 2001). 

Most commonly the polythermal method developed by Nývlt et al. (1970) is used to identify 

temperatures associated with primary nucleation, however alternative model-based approaches 

exist which use the growth mechanics of seeded systems (Mersmann and Bartosch, 1998). The 

polythermal method involves the cycling of temperature of a solution of given concentration 

above and below its saturation temperature, leading to the identification of the temperatures of 

first crystal appearance and last crystal dissolution. The difference between these temperatures 

known as the undercooling ΔT quantifies the MSZW, allowing it to be related to 

supersaturation: 

∆𝐶𝑚𝑎𝑥 =
𝑑𝐶∗

𝑑𝑇
∆𝑇 

 

(2.6) 

where ΔCmax is the level of supersaturation just before crystallisation occurs (Camacho Corzo 

et al., 2017). 

2.1.3. Primary nucleation 

Nuclei are small solid bodies that can form spontaneously from solution or existing crystal 

surfaces, which create the starting point for crystal growth. The mechanisms of nucleation can 
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be divided into primary (no initial crystalline matter) and secondary (seed crystals initially 

present) mechanisms. Primary nucleation can further be divided into homogenous 

(spontaneous) and heterogenous (induced by foreign surfaces) mechanisms. 

The exact process governing spontaneous, homogeneous nucleation is still not fully 

understood; stable nuclei must be formed from tens to thousands of molecules depending on 

the substance. However, it is extremely unlikely that these could all collide at once with the 

correct orientation to form a fixed lattice (Mullin, 1992). The clustering of molecules in order 

to exceed the energy barrier for nucleation is recognised as a stochastic process, requiring 

statistical analysis to be fully understood (Maggioni and Mazzotti, 2017). The critical size of 

nuclei beyond which crystal growth occurs has been described by the classical theory of 

nucleation based on work by Gibbs (1948), where the free energy change required ΔG is 

calculated from the summation of the surface and volume excess free energies ΔGs and ΔGv 

respectively: 

∆𝐺 = ∆𝐺𝑠 + ∆𝐺𝑣 (2.7) 

∆𝐺𝑠 = 4𝜋𝑟2𝛾 (2.8) 

∆𝐺𝑣 = −
4

3
𝜋𝑟3

∆𝜇

𝑣
 

 

(2.9) 

where r is the radius of a spherical nucleus, γ is the interfacial surface tension and v is the 

molecular volume. When plotting these quantities against r as shown by the free energy 

diagram in Figure 2.2, a maximum where ΔG = 0 can be identified as the energy required to 

form the critical nucleus size rc. Not all areas of the crystalliser have the same energy level 

despite constant thermodynamic properties; where energy fluctuates above the mean value in 

a supersaturated region, nucleation will be more likely to occur (Mullin, 1992). 

𝑟𝑐 = 2𝛾𝑣/∆𝜇 (2.10) 

The primary nucleation rate J can be expressed using an Arrhenius relationship, which can 

further be rewritten using the Gibbs-Thomson relationship to express it in terms of the three 

most important factors affecting nucleation: temperature, supersaturation and interfacial 

tension (Mullin, 1992). 

𝐽 = 𝐴⁡exp⁡(−∆𝐺/𝑘𝐵𝑇) (2.11) 

𝐽 = 𝐴 exp [−
16𝜋𝛾𝑒

3𝑣2

3𝑘𝐵
3𝑇3(ln𝑆𝑐)2

] 
 

(2.12) 
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where A is an empirical constant, γe is the surface energy and kB is the Boltzmann constant 

(1.38x10-23 J/K). 

 

Figure 2.2. Free energy diagram for the classical theory of nucleation (Mullin, 1992). 

The degree of undercooling ΔT influences nucleation due to the proportional relationships 

shown below, where an increase in ΔT (i.e. more cooling) reduces the critical nucleus size 

(Mullin, 1992). The impacts of temperature on ΔG and supersaturation on J can be seen in 

Figures 2.3 and 2.4 respectively. 

 

Figure 2.3. Effect of temperature on the size and free energy change of formation of a critical 

nucleus (T1 < T2) (Mullin, 1992). 
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Figure 2.4. Rate of nucleation as a function of supersaturation (Davey and Garside, 2006). 

𝑟𝑐 ∝ (∆𝑇)−1 (2.13) 

∆𝐺𝑐𝑟𝑖𝑡 ∝ (∆𝑇)−2 (2.14) 

Due to certain assumptions made by the classical nucleation theory such as treating nuclei as 

spheres whose stability is only governed by size, research has been done into the possibility of 

a two-step nucleation model which better describes the process (Brown, 2012). Chen et al. 

(2011) used a wide range of evidence from dynamic light scattering, differential scanning 

calorimetry and X-ray scattering to propose a mechanism where an unordered intermediate 

structure is formed by solute molecules, which proceeds to reorder into a more stable nucleus. 

Regions of increased solution concentration within the bulk solution will typically lead to this 

effect occurring more readily. This theory continues to be relevant in crystallisation studies, 

including reactive applications such as that described by Fei et al. (2018), where tungsten 

carbide was found to develop into an amorphous intermediate preceding the formation of solid 

nuclei. Despite this, the two-step theory is not fully understood or adopted by many, instead 

paving the way for potential updated models in the future. 

On closer inspection, many cases of homogeneous nucleation have been found to be induced 

in some way from the surfaces of ‘heteronuclei’, most commonly dust and impurities that could 

not be filtered out of the system (Mullin, 1992). It should be noted however that impurities can 

act both as nucleation inhibitors and accelerators depending on their nature. Lower degrees of 

undercooling are required for nucleation to occur on the surfaces of foreign bodies, adjusting 
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the critical free energy for homogeneous nucleation ΔGcrit by a certain correction factor 0 < ϕ 

≤ 1: 

∆𝐺𝑐𝑟𝑖𝑡
′ = 𝜙∆𝐺𝑐𝑟𝑖𝑡 (2.15) 

𝜙 =
(2 + cos 𝜃)(1 − cos 𝜃)2

4
 

 

(2.16) 

cos 𝜃 =
𝛾𝑠𝑙 − 𝛾𝑐𝑠

𝛾𝑐𝑙
  

(2.17) 

where ΔG’crit is the critical free energy for heterogeneous nucleation, θ is the angle of contact 

between the crystal and foreign solid surfaces (shown in Figure 2.5) and the subscripts on the 

interfacial tensions correspond to the boundaries between foreign solid surface (s), crystal mass 

(c) and liquid (l) (Mullin, 1992). 

 

Figure 2.5. Interfacial tensions at boundaries between the three phases during heterogeneous 

nucleation (Mullin, 1992). 

2.1.4. Secondary nucleation 

The free energy reduction that comes from introducing solid surfaces for nucleation is greatest 

when a surface closely matches the structure of the crystalline phase (Brown, 2012). Therefore, 

the deliberate creation and addition of seed crystals of the same material as the solute into a 

crystallisation system provides the best surfaces for encouraging nucleation to occur. Similar 

results can also be achieved using different materials with strong crystal lattice similarity to the 

solute (Mullin, 1992). Industrial settings can exert precise control of the product’s size 

distribution through effective implementation of seeding (Mullin, 1992). 

Secondary nucleation is a combination of shear (activated) and contact (attrition) mechanisms, 

the latter occurring much more commonly. Activated nucleation occurs when the 

hydrodynamic shear forces generated by strong enough agitation sheds seed crystals of fine, 

ordered matter from their surfaces. These fine particles then become new nuclei for crystal 

growth (Mullin, 1992). At high supersaturations, the dendritic growth of crystals can induce 

secondary nuclei that are easily removed by shear forces, through a process known as ‘needle 
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‘breeding’ or propagation (Davey and Garside, 1980). However, as most industrial 

crystallisations typically operate at low supersaturations to avoid uncontrollable primary 

nucleation, dendritic growth is often difficult to generate (Myerson and Ginde, 2002). 

Attrition occurs when crystals collide with each other, the sides of the vessel or the agitation 

equipment, where the hardness of the contacting surface can affect its ability to break the 

crystals apart and therefore affect the nucleation rate (Mullin, 1992). This type of secondary 

nucleation is strongest in systems with low supersaturation where growth rate is optimum for 

good quality crystals, being easy to achieve based on the low energy requirement for breaking 

off crystal growths via collision (McCabe et al., 1993). Fragments of seed crystals become 

nuclei that share the original crystal’s structure and crystalline form, making this a useful 

method of controlling polymorphism (Cui et al., 2015). 

In addition to supersaturation effects, the hydrodynamics within a crystalliser have a significant 

effect on secondary nucleation. High agitation rates paired with larger seed crystals increase 

the probability and energy associated with crystal collisions, although there have been 

exceptions where nucleation rate stagnated after an increase in seed size (Mullin and Leci, 

1972). 

2.1.5. Crystal growth 

Once stable crystal nuclei have formed in a supersaturated system they will begin to grow using 

additional solute, for which there are multiple theories on the mechanism. Although now 

commonly unused, surface energy theory suggested that higher index faces would grow faster 

due to surface energy differences such that an ‘equilibrium’ shape would be achieved, which 

would have the lowest total surface energy possible (Mullin, 1992). Theories based on 

adsorption originally presented by Volmer (1939) have been thoroughly investigated and 

adapted, but the most generally accepted theory involves an additional diffusion step prior to 

adsorption. 

The adsorption-layer theory consists of the formation of 1-10 nm thick layers in dynamic 

equilibrium with the bulk solution, built up by solute adsorbing to the surface (Mullin, 1992). 

Some form of ‘centre of crystallisation’ is required to start the next layer of growth, which can 

be either produced via nucleation on the crystal surface or an existing dislocation in the 

structure can be used, resulting in different growth patterns such as in the example of a screw 

dislocation shown in Figure 2.6 (Mullin, 1992). 
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Figure 2.6. Development of a growth spiral starting from a screw dislocation (Mullin, 1992). 

Originally considered by Noyes and Whitney (1897), it was proposed that the process of solute 

depositing onto crystal surfaces is a diffusional process and that crystallisation is essentially 

the reverse of dissolution, however this isn’t always the case as rates can differ even at the 

same temperature and composition (Mullin, 1992). This provided the basis for crystal growth 

to be considered in terms of mass transfer and concentration differences between the surface 

and bulk solution: 

𝑑𝑚

𝑑𝑡
= 𝑘𝑚𝐴(𝑐 − 𝑐∗) 

 

(2.18) 

where m is the mass of solute, t is the time of deposition, km is the mass transfer coefficient and 

A is the crystal surface area (Mullin, 1992). On the assumption that there is a stagnant film of 

liquid adjacent to the crystal surface that solute molecules must diffuse through, Nernst (1904) 

suggested an adaptation to include the thickness of the stagnant film δ, which varies depending 

on the degree of agitation.  

𝑑𝑚

𝑑𝑡
=
𝐷𝐴𝐵
𝛿

𝐴(𝑐 − 𝑐∗) 
 

(2.19) 

where DAB is the diffusivity of solute A through medium B. Typically, δ < 150 µm in slowly 

agitated systems, but higher agitation speeds theoretically cause the film to reduce in size down 

to nearly zero thickness. This would suggest an almost infinite growth rate, therefore the 

assumption that crystal growth is based on diffusion alone is flawed. Building upon this, a two-

stage process was developed involving diffusion from the bulk solution to the interface between 

crystal and solution, followed by first-order ‘reaction’ at the surface where solute molecules 

arrange themselves into the appropriate lattice structure, as depicted by Figure 2.7 (Mullin, 

1992). 
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Figure 2.7. Concentration driving forces for crystal growth via the diffusion-reaction model 

(Mullin, 1992). 

The two stages can be represented by their own mass transfer equations, however due to the 

use of an interfacial concentration Ci that is difficult to measure they are combined into a 

general crystal growth equation: 

𝑑𝑚

𝑑𝑡
= 𝑘𝑑𝐴(𝐶 − 𝐶𝑖) 

 

(2.20) 

𝑑𝑚

𝑑𝑡
= 𝑘𝑟𝐴(𝐶𝑖 − 𝐶∗) 

 

(2.21) 

𝑑𝑚

𝑑𝑡
= 𝐾𝐺𝐴(𝐶 − 𝐶∗)𝑔 

 

(2.22) 

where kd is the diffusive mass transfer coefficient, kr is the ‘reaction’ rate constant, KG is the 

overall crystal growth coefficient and g is the order of growth. If g = 1, the coefficients follow 

the relationship shown in Equation 2.23; this relationship suggests that if one of kd or kr are 

very large, the process of crystal growth will be controlled by either the surface integration 

‘reaction’ or diffusion respectively (Mullin, 1992). 

1

𝐾𝐺
=

1

𝑘𝑑
+

1

𝑘𝑟
 

 

(2.23) 

Equation 2.22 can be rearranged to produce a term known as the mass deposition rate RG, which 

relates to the linear growth rate G of a crystal based on its volume and surface shape factors α 

and β respectively: 
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𝑅𝐺 =
1

𝐴

𝑑𝑚

𝑑𝑡
= 𝐾𝐺∆𝐶

𝑔 =
3𝛼

𝛽
𝜌𝑐𝐺 

 

(2.24) 

𝛼 = 𝑉𝑐/𝐿
3 (2.25) 

𝛽 = 𝐴𝑐/𝐿
2 (2.26) 

where ρc is the crystal density, Vc is the crystal volume, Ac is the crystal surface area and L is 

the characteristic length of the crystal shape (Brown, 2012). 

2.1.6. Agglomeration 

A population of crystals is not always entirely made up of single crystals with the expected 

morphology; particles sometimes cluster together through the process of agglomeration, which 

can be divided into primary and secondary mechanisms. 

Primary agglomerates are formed when crystals nucleate and grow from an existing crystal 

body, resulting in features such as twinning (two crystals joined along a particular axis) or 

dendrites (multiple growths from the surface of a single core crystal) (Jones, 1993). Clusters 

formed from dendritic growth can form organised arrangements based on a crystal’s 

morphology, such as the six-member clusters observed in hexamethylene tetramine (Davey 

and Rütti, 1976). 

Secondary agglomeration is the more widely understood and accepted mechanism when 

referring to just ‘agglomeration’ as a broader term. This involves the aggregation of multiple 

suspended particles that collide with each other during agitation. Whether particles will remain 

agglomerated depends on the surface properties, supersaturation and agitation speed, which all 

in turn affect the bond energy between particles (Brunsteiner et al., 2005). Finer particles 

typically appear to agglomerate more frequently than larger crystals, due to differences in the 

level of surface definition (Jones, 1993). 

Agglomeration poses a great challenge to crystallisation process modelling, as the growth rate 

becomes more difficult to measure through conventional in-process techniques (Brown et al., 

2017). Agglomerates are still detected as individual particles, therefore the overall particle size 

being measured ends up overestimated compared to the primary CSD. 

2.1.7. Polymorphism 

The ability of a molecule to arrange itself into multiple solid crystal forms is known as 

polymorphism; McCrone (1965) stated that generally all molecules have the potential to exhibit 

polymorphism, and the number of known forms is proportional to the time and money spent 

researching a given substance. There will always be a polymorph at any given temperature that 
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is the most thermodynamically stable, into which metastable forms will transform through 

various mechanisms. Solid state transformations are kinetically slow due to the high activation 

energy, while solution mediated polymorphic transformations are easier and more common 

(Sato, 1993). However, solid state transformations of excipients or active ingredients during 

pharmaceutical product processing and storage is a known issue, especially when dealing with 

metastable forms which require investigation on the molecular level (Anwar and Zahn, 2017). 

Considering an example substance with two polymorphic forms, the stability of the system can 

either be described as monotropic or enantiotropic depending on the solubility profiles of each 

form, as described by Figure 2.8. In contrast to a monotropic system where one polymorph 

remains more soluble at any given temperature, enantiotropic systems involve a transition 

temperature beyond which the solubility curves of each polymorph cross, resulting in a change 

in which form is most soluble and therefore stable. 

 

Figure 2.8. Solubility profiles of (a) monotropic and (b) enantiotropic systems (Simone, 

2015). 

Prediction of likely polymorphic forms has been aided recently through advances in molecular 

modelling, where the close contacts between molecules in a crystal lattice can be identified and 

related to certain structural features which can further be linked to nucleation and growth 

processes (Zhang et al., 2019). 

2.2. Process modelling of crystallisation 

2.2.1. Population balance model (PBM) 

A description of the number and size of crystals developing over time in a crystallisation 

process can be described through a PBM, which combine the nucleation and growth rates with 

additional ‘birth and death’ terms associated with breakage/agglomeration of present crystals. 

The PBM varies in complexity depending on the number of dimensions considered to represent 



Chapter 2 – Literature Review 

 
 

 

17 
 

the exact particle shape (Shaikh et al., 2015). A basic form of the 1D PBM for a single 

polymorph can be constructed in the following way: 

𝜕𝑛

𝜕𝑡
+
𝜕(𝐺𝑛)

𝜕𝐿
= 𝐵 − 𝐷 + 𝐽 

 

(2.27) 

where n is the population density, B is the birth term and D is the death term (Hounslow et al., 

1988; Maggioni and Mazzotti, 2013). These different terms can be added or removed 

depending on the assumptions made, including whether any crystals are initially present, 

whether breakage or agglomeration occur and whether the system is well-mixed (Maggioni 

and Mazzotti, 2013). Once all appropriate kinetic parameters have been considered, the growth 

of crystals must be connected to the change in solute concentration of the liquid via a mass 

balance: 

𝑑𝑐

𝑑𝑡
= −3𝜌𝑐𝐾𝑣∫ 𝑛𝐺𝐿2𝑑𝐿

∞

0

 
 

(2.28) 

where Kv is the volumetric shape factor of the crystals formed (Jha et al., 2017). 

Vollmer and Raisch (2006) presented an interesting approach towards inverting the PBM to 

work backwards from a known CSD. Given that the particle shape is known and fixed, a single 

cooling profile leading to such CSD could be deduced. Although this may not be directly 

applicable to the process model developed in this project, their study highlights the importance 

of implementing optimization features into a crystal size control scheme. 

In addition to the nucleation rate expression given by Mullin (1992), Nývlt’s polythermal 

method leads to a simpler power law expression for the primary nucleation rate: 

𝐽 = 𝑘𝑛∆𝐶
𝑛 (2.29) 

where kn is the primary nucleation rate constant and n is the order of primary nucleation 

(Camacho Corzo et al., 2017). Similar methods are available that express the supersaturation 

as either S (Sangwal and Wójcik, 2009) or ΔT (Kubota, 2008) rather than ΔC. 

A comparison between these different approaches on the nucleation kinetics of ammonium 

oxalate monohydrate in water was performed by Gherras and Fevotte (2012), where it was 

found that despite Nývlt’s and Kubota’s methods leading to much lower values than Sangwal’s, 

the nucleation orders determined by each method consistently fell within the acceptable range 

for organic compounds. This study also highlighted that although each approach characterises 
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changes with temperature well, they don’t capture the stochastic, unpredictable nature of 

nucleation at high supersaturations (Gherras and Fevotte, 2012). 

Supporting the movement towards first-principles modelling, the Kashchiev-Borissova-

Hammond-Roberts (KBHR) method links Mullin’s classical equations for primary nucleation 

to two potential mechanisms: instantaneous nucleation (IN) where all nuclei emerge 

simultaneously, or progressive nucleation (PN) where nuclei continue to appear throughout the 

crystallisation process (Kashchiev et al., 2010; Camacho Corzo et al., 2017). If the slope of the 

linear fit between logarithms of critical undercooling µc (calculated via Equation 2.30) and 

cooling rate q is either greater or less than 3, nucleation is considered progressive or 

instantaneous respectively. 

𝜇𝑐 =
∆𝑇

𝑇𝑒
 

 

(2.30) 

where Te is the equilibrium temperature. 

Multiple crystallisation systems involving PN have been studied, including methyl stearate 

from hydrocarbon solutions and carbamazepine-saccharin co-crystals from ethanolic solutions 

(Camacho et al., 2014; Mohammad et al., 2017). These cases are useful examples of how the 

empirical factor A in Mullin’s classical equation (Equation 2.12) can be determined using the 

relationship between q and µc as outlined below. However, it should be noted that accurate 

measurement of the number of particles at the determined nucleation point Ndet is also required 

(Camacho Corzo et al., 2017). 

ln(𝑞) = ln(𝑞0) + 3 ln(𝜇𝑐) −
𝑏0

1 − 𝜇𝑐
𝜇𝑐

2 
 

(2.31) 

𝑞0 =
𝑉𝐴𝑇𝑒

𝑁𝑑𝑒𝑡2𝑏0
 

 

(2.32) 

𝑏0 =
𝛼𝑣2𝛾𝑒

3

𝑘𝐵𝑇𝑒𝜆2
 

 

(2.33) 

where λ is the molecular latent heat of crystallisation. 

Although information on the concentration of nuclei can be obtained in cases involving IN, the 

acquisition of useful kinetic data is unfortunately much less documented than PN, therefore in 

order to quantify the primary nucleation rate an empirical power law obtained via the 

polythermal method remains the only solution (Toroz et al., 2015). In order to ensure a 

complete transition towards first-principles modelling in the future, IN needs to be better 
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understood from a population balance standpoint, or avoided through means such as alternative 

solvent selection. 

Regarding equations for growth kinetics, most tend to be characterised through some form of 

basic power law similar to Equation 2.24. Similar to nucleation kinetics, power laws for growth 

can be written in terms of different types of supersaturation, most commonly ΔC. For the theory 

of two-step growth based on diffusive mass transfer and surface integration, subtle differences 

exist between the available Sherwood correlations for kd depending on the crystal size: 

 

< 60 µm: 
𝑘𝑑(𝐿) =

𝐷𝐴𝐵
𝐿

[2 + 0.8 (
𝜀𝐿̅4

𝜈3
)

1/5

(
𝜈

𝐷𝐴𝐵
)
1/3

] 
 

(2.34) 

 

> 60 µm: 
𝑘𝑑(𝐿) =

𝐷𝐴𝐵
𝐿

[2 + 0.47 (
𝜀̅1/3𝐿4/3

𝜈
)

0.62

(
𝑑𝑠
𝑑𝑣
)
0.17

(
𝜈

𝐷𝐴𝐵
)
0.36

] 
 

(2.35) 

 
𝐷𝐴𝐵 = 𝛼

𝑘𝑇

6𝜋𝜂
𝑑𝑚
2

 
 

(2.36) 

where ε is the energy dissipation rate, ν is the solution kinematic viscosity, ds and dv are the 

stirrer and internal vessel diameters respectively, α is the diffusivity correction factor, η is the 

solution dynamic viscosity and dm is the molecular diameter of the solute (Garside et al., 1990; 

Levins and Glastonbury, 1972). 

Both the mechanisms of agglomeration and breakage are expressed by the birth and death of 

crystals, otherwise considered as the transfer of crystals from one size class to another 

(Verkoeijen et al., 2002). Integral functions used to represent each of these have been presented 

by Costa et al. (2007): 

𝐵𝑎𝑔𝑔(𝑣) =
1

2
∫ 𝛽(𝑣 − 𝜀, 𝜀)𝑛(𝑣 − 𝜀, 𝑡)𝑛(𝜀, 𝑡)d𝜀

𝑣

0

 
 

(2.37) 

𝐷𝑎𝑔𝑔(𝑣) = ∫ 𝛽(𝑣, 𝜀)𝑛(𝜀, 𝑡)d𝜀
∞

0

 
 

(2.38) 

𝐵𝑏𝑟(𝑣) = ∫ 𝛾(𝜀)𝑏(𝜀)𝑝 (
𝑣

𝜀
) 𝑛(𝜀, 𝑡)d𝜀

∞

𝑣

 
 

(2.39) 

𝐷𝑏𝑟(𝑣) = −𝑏(𝑣)𝑛(𝑣, 𝑡) (2.40) 

where β(v,ε) is the agglomeration kernel (frequency of collisions between particles of volumes 

v and ε to produce a particle of volume v+ε), γ(ε) is the number of new particles generated from 



Chapter 2 – Literature Review 

 
 

 

20 
 

breakage of a particle of volume ε, b(ε) is the breakup rate of a particle with size ε and p(v/ε) is 

the fraction of new particles with size between v and v+dv generated from breakage. 

Expressing these terms with respect to particle volume rather than size was contested by 

Mahoney and Ramkrishna (2002), suggesting these would be inapplicable in certain systems 

where the mean crystal size is small enough for the volumetric growth rate to approach zero 

when L = 0. Formulating birth and death rates as a function of particle size makes 

agglomeration highly complex and difficult to evaluate. Therefore, it is common to only 

consider breakage via attrition in the form of a secondary nucleation rate Jsec. Evans et al. 

(1974) describe this rate using equations for both impeller-crystal collisions (Jsec,ci) and crystal-

crystal collisions (Jsec,cc): 

𝐽𝑠𝑒𝑐,𝑐𝑖 = 𝑘𝑛,𝑐𝑖𝜎
𝑛𝑐𝑖

𝑁𝑄

𝑁𝑃
𝐾𝑣𝜌𝑐𝜀 ∫ 𝑛𝐿3d𝐿

∞

𝐿𝑚𝑖𝑛,𝑐𝑖

 
 

(2.41) 

𝐽𝑠𝑒𝑐,𝑐𝑐 = 𝑘𝑛,𝑐𝑐𝜎
𝑛𝑐𝑐𝜌𝑐𝜀

5/4𝐿̅4∫ 𝑛𝐿0d𝐿
∞

𝐿𝑚𝑖𝑛,𝑐𝑐

 
 

(2.42) 

where kn,ci and kn,cc are the secondary nucleation rate constants, nci and ncc are the orders of 

supersaturation and Lmin,ci and Lmin,cc are the sizes above which crystals are prone to the given 

type of collision.  

The overall rate of secondary nucleation is the sum of the rates for each type of collision, but 

it is often more simply expressed by the empirical relationship described in Equation 2.43 

(Myerson and Ginde, 2002): 

𝐽𝑠𝑒𝑐 = 𝑘𝑛,𝑠𝜎
𝑏𝑁𝑖𝑚𝑝

𝑗𝑀𝑇
𝑘 (2.43) 

where kn,s is the secondary nucleation rate constant, Nimp is the impeller speed, MT is the 

suspension density and b, j and k are empirical constants. Some power laws replace the impeller 

speed term with the energy dissipation rate ε, which represents the energy transfer involved in 

particle collisions (Xu et al., 2020). 

2.2.2. Solution of the PBM 

The standard method of moments is most typically applied for the solution of the PBM, which 

transforms the partial differential equation into a series of ordinary differential equations. Each 

of these equations can be solved to represent certain factors of the CSD, including crystal 

number, size, area and volume (Fujiwara et al., 2015). The equations below outline the process 
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of converting the PBM into a system of moments’ equations when applied to the 1D PBM 

(Equation 2.27): 

𝜇𝑗 = ∫ 𝐿𝑗𝑛
∞

0

d𝐿 
 

(2.44) 

d𝜇0
d𝑡

= 𝐽 
 

(2.45) 

d𝜇𝑗

d𝑡
= 𝑗𝐺𝜇𝑗−1 

 

(2.46) 

where µj is the jth moment of the CSD (Randolph and Larson, 1988). 

The extended method of moments developed by Falola et al. (2013) resolved the inability of 

the standard method to handle size-dependent terms related to agglomeration and breakage. 

This method also allowed multiple moments to be tracked over time. However, the extended 

method still faces drawbacks given that multiple CSDs can have the same moments, meaning 

prior information about the distribution is required to accurately reconstruct it. 

Discretisation methods alternatively calculate the size distribution directly as opposed to 

specific features from the moments, at the cost of being more computationally demanding 

(Omar and Rohani, 2017). In the context of crystallisation, these methods involve the division 

of crystal size into discrete bins of a given number and size, which must be optimised to save 

computational power. The method of classes developed by Marchal et al. (1988) is one such 

method applied to PBM solution, which in its simplest form in the case of batch crystallisation 

(no flow in/out) and negligible agglomeration/breakage effects can be described by the 

following equation: 

𝑑𝑛𝑖
𝑑𝑡

+
𝐺

2∆𝐶𝑖+1
𝑛𝑖−1 −

𝐺

2∆𝐶𝑖−1
𝑛𝑖 = 0 

 

(2.47) 

where ΔCi is the width of size class i. The process modelling software gPROMS 

FormulatedProducts utilises this method alongside high resolution finite differencing 

algorithms to optimise the classes and adaptive time-stepping to improve computational 

stability (Mitchell, 2012). 

Monte Carlo methods involve the use of probability distributions to randomly decide whether 

a particular event occurs, such as growth, agglomeration or nucleation, to generate solutions to 

the PBM. These methods well represent the stochastic nature of mechanisms such as primary 

nucleation and agglomeration, but due to the need to track the state of every particle in a 
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population size typically between 103-106, they can be quite computationally demanding (Omar 

and Rohani, 2017). 

There are four main types of Monte Carlo solution methods. Constant-number methods involve 

altering the process volume while keeping the original particle count (Lin et al., 2002). 

Constant-volume methods involve changing the number of particles within a fixed volume by 

considering the frequency of nucleation, agglomeration and breakage events (Maisels et al., 

2004). Multi-Monte Carlo combines features from both of these methods (Zhao et al., 2005). 

Finally, direct simulation methods involve a periodic regulation of the number of particles 

across a given simulation time (Liffman, 1992). Zhao et al. (2007) compared all four methods 

and found that they all performed to a similar degree of accuracy, which was more linked to 

the total number of particles in the simulation. 

2.3. Process measurement techniques 

Through findings that a more accurate CSD can be achieved through on-line temperature 

optimisation instead of off-line, Zhang and Rohani (2003) stated that: 

“The ultimate objective in the control of crystallization processes is to develop a truly on-

line optimal control algorithm with constraint-handling capabilities in the absence of 

sufficient process measurements”. 

During batch cooling crystallisation, temperature can easily be measured on-line for control 

purposes using thermocouples, however other properties have proven to be difficult to obtain. 

Thanks to advancements in process analytical technology over the past two decades or so, 

monitoring of solute concentration and particle size/count has become much more viable for 

control applications in dispersed systems. These methods can overcome common drawbacks 

during crystallisation control, such as moving the objective function away from maximising 

the weight-average crystal size to prevent the overproduction of fines (Nagy and Braatz, 2012). 

2.3.1. Concentration measurement 

Solute concentration measurement is vital due to its connection to supersaturation, which 

should usually be maintained in an optimal range that is high enough for significant crystal 

growth but low enough to limit nucleation (Nagy et al., 2008a). ATR-FTIR spectrometry can 

be applied for on-line solute concentration monitoring (Doki et al., 2004; Borissova et al., 

2009). As depicted in Figure 2.9, an IR beam is passed through an ATR crystal (most 

commonly germanium) and reflects back to a detector from the crystal surface in contact with 
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the measured solution; FTIR spectroscopy is then applied to relate IR absorbance to 

concentration (Nagy and Braatz, 2012). 

 

Figure 2.9. Schematic representation of ATR-FTIR probe. 

Initially, ATR-FTIR was praised as a highly accurate measurement technique with precisions 

up to ±0.00014 g solute/g solvent and implemented into a range of crystallisation studies. Its 

effectiveness in process control was eventually explored by various studies (Fujiwara et al., 

2002; Doki et al., 2004; Nagy et al., 2008a; Khan et al., 2011). Nagy et al.’s (2008a) study on 

the comparison of temperature and concentration control of paracetamol crystallisation was 

one example of how this developed, where the latter enabled growth of larger crystals with a 

more uniform size distribution and better structural quality. 

Concentration measurement can also be achieved through use of ultraviolet light, known as 

ATR-UV/Vis spectroscopy. This involves the excitation of electrons through UV absorption 

followed by correlation of the absorbance spectrum to solution concentration, although 

applications are limited due to the transparency of most functional groups within the typical 

operation range of 190-800 nm (Bakeev, 2010). ATR-FTIR is usually favoured over this as it 

is less affected by suspended particles within the monitored solution (Zhang et al., 2017). 

2.3.2. Particle size and count measurement 

As crystallisation modelling requires information on the nucleation and growth kinetics, it is 

important to deduce an effective way of tracking the number and size of crystals developing 

over time (Doki et al., 2004). FBRM involves the use of a rotating laser optical probe to 

measure chord lengths through crystals as illustrated in Figure 2.10. The chord length 

distribution (CLD) can be mathematically converted into a CSD through geometric inverse 

modelling, though this can be relatively complex depending upon the shape (particularly aspect 

ratio) of the particles being measured (Nagy et al., 2008a; Kumar et al., 2013). As well as 

supporting crystallisation models, FBRM’s potential for on-line particle sizing has been 

suggested as the basis of robust model-free control of crystallisers (Nagy and Braatz, 2012). 
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Figure 2.10. (a) FBRM probe schematic and (b) chord length measurement of a crystal 

(Kumar et al., 2013). 

Although developments in this technique have corrected certain drawbacks such as fouling on 

the probe window, a major problem still exists in the method of measurement via chord lengths. 

The accuracy of crystal sizes calculated via this method are heavily influenced by the crystal 

shape; for example, a chord length measured through the width of a needle-like crystal with a 

large aspect ratio provides poor representation of the average size (Szilágyi and Nagy, 2018). 

Abu Bakar et al. (2009) noted this issue after morphology changes between seeded and product 

crystals, which suggested a falsely significant change in the CSD. As a result, FBRM is a more 

useful technique for measuring particle count over time and relating this to both the primary 

and secondary nucleation rates, depending on the operating conditions. 

The PVM probe is an in-situ video microscopy technique that can be used to obtain images for 

size and shape analysis (Braatz and Hasebe, 2001). Images are captured at a rate of around 10-

30 per second, then processed to provide real time particle size and count information. 

However, the reported size data can sometimes be unreliable depending on the image quality, 

as factors such as the crystal size and slurry density can hinder the detection of individual 

particles. Instead, PVM is more useful for monitoring crystal shape development, and 

observing the key crystallisation mechanisms that are occurring during the process such as 

nucleation or polymorphic transformations (Barret and Glennon, 2002; De Anda et al., 2005). 

2.4. Process control of crystallisation 

The two most important factors in the improvement of crystallisation process control are 

advancements in understanding of crystallisation mechanisms, and the development of more 

robust and accurate PAT (Nagy and Braatz, 2012). Measurement-based or ‘model-free’ control 

methods use PAT to operate the process temperature and solution concentration within the 

metastable-zone, offering a fast approach to design that can be easily automated (Nagy et al., 

2008b). However, these operating curves do not always lead to the most optimal solution and 

are strongly affected by external disturbances. Model-based approaches implement detailed 
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mathematical models of the crystallisation process, which can be used to determine more 

optimal process conditions with a shorter experimental time requirement (Togkalidou et al., 

2001). Model development can also be time and resource demanding, especially when complex 

practical properties such as product filterability or purity need to be considered (Nagy et al., 

2008b). Figure 2.11 shows a general schematic comparing both model-free and model-based 

approaches (Nagy et al., 2008b). 

Although industry still favours measurement-based control due to its simplicity, the application 

of predictive control methods such as MPC to crystallisation has proved to be an area worth 

further exploration (Orehek et al., 2021). If resources are available to put towards model 

development, MPC provides advantages that include faster reaction to changes within a 

process, as well as better handling of complex, multivariable systems (Jha et al., 2017). 

 

Figure 2.11. Schematic representation of the model-based and model-free approaches for 

crystallisation (Nagy et al., 2008b). 

2.4.1. Measurement-based (model-free) control 

Proportional-integral-derivative (PID) controllers are the simplest and most efficient control 

method available, implemented in around 90% of industrial process control applications due to 

their ease of use (Levine, 1996). The control signal u(t) from a PID controller can be described 

by Equation 2.48: 

𝑢(𝑡) = 𝑘𝑃𝑒(𝑡) + 𝑘𝐼∫ 𝑒(𝜏)d𝜏
𝑡

0

− 𝑘𝐷
d

d𝑡
𝑦(𝑡) 

 

(2.48) 

where e is the control error, y(t) is the process variable and kP, kI and kD are the proportional, 

integral and derivative gains respectively (Ang et al., 2005). The last three terms cover different 

functions within the control scheme: 
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• kP – provides an overall control signal proportional to the error. 

• kI – reduces steady-state error but extends response time. 

• kD – reduces transient response time. 

In batch cooling crystallisation, the aim of implementing PID controllers is to maintain a 

concentration or temperature set point. As these are both linked through the solubility of the 

system, temperature can be manipulated to vary the supersaturation via a feedback loop to 

equipment such as a heating jacket around the crystallisation vessel (Jha et al., 2017). 

Model-free controllers operate much more simply than control algorithms based on first 

principles. For example, Fujiwara et al. (2002) calibrated a temperature controller to follow a 

set supersaturation profile determined empirically, which would remain close to the metastable 

limit and therefore ensure optimum crystal growth. This approach to control is usually referred 

to as direct design, which attempts to overcome the uncertainties on kinetic parameters using 

engineering understanding of the metastable zone (Fujiwara et al., 2005).  

A major downside to this approach is the empirical nature of the controller development, 

requiring large amounts of experimental data to quantify mechanisms that in practice vary 

widely depending on the chosen operating conditions. Khan et al. (2011) studied 

supersaturation control during the batch cooling crystallisation of L-glutamic acid at both 20 L 

and 250 L scales. Each scale required a different cooling profile to maintain the same level of 

supersaturation, and variation in the product CSD was influenced by the more prevalent 

secondary nucleation occurring in the smaller scale. 

2.4.2. Empirical vs first-principles model-based control 

PID controllers alone cannot provide satisfactory response times and stability around the 

temperature set point. The progression from measurement-based to model-based control has 

helped to quantify the necessary understanding of a batch crystallisation process in a more 

generally applicable form. Due to working with a low number of dimensions, process models 

can be utilised to construct control schemes through the solution of a small set of ordinary 

differential equations (ODEs), allowing for minimal computation time and complexity 

(Christofides et al., 2007). This allows space for model-based algorithms to control specific 

crystal properties such as size and shape more accurately than measurement-based methods. 

Jha et al. (2017) performed a detailed comparison between this and two types of model-based 

control methods: generic model control (GMC) and MPC, the latter of which is described in 
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more detail later in this section. The model developed by Lee and Sullivan (1988) for GMC 

had a simplistic structure to mirror the proportional-integral part of PID control. However, the 

ability to handle nonlinearity allowed the rate of temperature change to be selected as a 

variable. MPC acts more closely to feedforward control, where estimated parameters are used 

to minimise error. Overall, it was found that PID control resulted in an 18% overshoot past the 

temperature set point, higher than the 10% and 1% achieved by GMC and MPC respectively; 

similar trends were displayed for the settling time. 

The enhanced performance of control systems by introducing modelling is clear, but there are 

still drawbacks that must be handled appropriately. Due to their initial basis on many 

uncertainties, the transition between different equipment (vessels, heaters etc.) can invalidate 

model-based control if they lack enough similarity, especially in feedforward control (Forgione 

et al., 2015). Models can be aided either through additional experimental analysis of 

crystallisation systems and physical data, or by combining different types models to cover the 

precision of specific areas such as computational fluid dynamics (CFD) (Bermingham et al., 

2007; Forgione et al., 2015). Dealing with impurities also remains a great challenge to 

crystallisation modelling, as the shape variation they generate through inhibition of non-

unidirectional growth and potential changes to agglomeration and breakage are difficult to 

characterise (Braatz, 2002). 

The ideal case for a model is to be derived solely from basic physical concepts, removing the 

need for prior experimentation. In real cases, there is always a minimum portion of a model 

that is empirical; so-called ‘first-principles’ models will often involve minor experimentation 

to aid in model formulation and parameter estimation, as opposed to a fully empirical model 

that requires a large quantity of rigorous experimental characterisation to function sufficiently 

(Miller and Rawlings, 1994).  

Empirical models used for crystallisation control operate using previous batch data, for which 

a large number of repeated experiments are required for the input of data to estimate model 

parameters. Forgione et al. (2015) investigated two forms of ‘batch-to-batch’ iterative models 

that use this approach, namely Iterative Learning Control (ILC) and Iterative Identification 

Control (IIC). Each have complementary advantages and disadvantages based on their potential 

performance quality. IIC has the potential to perform strongest, but widely varies due to its 

reliance on model assumptions for parameter estimation; performance could be improved by 



Chapter 2 – Literature Review 

 
 

 

28 
 

developing an algorithm that selects ILC or IIC between batches depending on which could 

most effectively utilise the previous batch’s outputs. 

ILC generates a new cooling profile by comparing the supersaturation to outputs from a 

previous batch, therefore updating the model to match the actual supersaturation more closely. 

External, real-time disturbances in properties such as temperature can easily have a negative 

impact on the performance of ILC since it is a form of feedforward control, although this can 

be reduced by incorporating elements of measurement-based PID control. Griffin et al. (2016) 

paired ATR-FTIR with chord length and particle count measurements from FBRM to develop 

a dynamic model for controlling the average crystal size and yield within set batch times. This 

was made achievable by limiting the dimensionality of the model, compromising between 

computational efficiency and the level of detail and accuracy that a PBM could capture. 

Aiming to reduce extensive experimental times, the first-principles approach to crystallisation 

modelling is focused around connecting material and energy balances to crystal population in 

order to optimise a given function. Additionally, parameter estimation can be shortened further 

using prior knowledge of the system being controlled, or by obtaining initial estimates during 

characterisation of the MSZW (Fujiwara et al., 2005). This approach to model design has been 

applied to crystals of varying morphology, such as in Miller and Rawlings’ (1994) study on 

plate-like naphthalene crystals grown from solution in toluene. First-principles experimental 

design and modelling was found to be effective in forming a confident representation of the 

crystallisation kinetics needed to find the optimal cooling conditions. 

2.4.3. Model predictive control (MPC) 

A stronger form of feedforward control that allows a PBM to be implemented is MPC, which 

involves the generation of control moves made to the manipulated variable that most efficiently 

reach and maintain a controlled variable set-point (Jha et al., 2017). MPC benefits from being 

able to handle complex, dynamic multiple input/output systems, making it superior over other 

forms of control for batch cooling crystallisation due to the change in nucleation and growth 

rates as the supersaturation varies (Kwon et al., 2015). That being said, most successful MPC 

applications for controlling crystal size have been shown for continuous processes rather than 

batch (Moldovány et al, 2005; Yang and Nagy, 2015; Tahir et al., 2017). Lacking measurement 

of process parameters besides temperature has previously limited MPC applications in 

crystallisation, however advancements in PAT have introduced new possibilities (Nagy et al., 

2008; Nagy and Braatz, 2012). Additionally, the objective function of the model, although 
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usually a specific CSD, could also be changed to crystal purity, morphology or bulk density, 

relating to performance properties such as filterability. 

One example through which MPC has achieved these objective functions is described by the 

lysozyme protein crystallisation by Shi et al. (2005). In their study, the number of fines in the 

final product needed to be reduced. An increase in the volume-averaged crystal size was 

achieved using a hybrid MPC process; to conserve stability, a bounded nonlinear controller 

could be switched to conserve stability. Although, these switches were done as infrequently as 

possible due to the bounded controller’s poorer overall performance. 

An effective real-time process monitoring and control approach, built using the software 

PharmaMV (Perceptive Engineering Ltd.), was demonstrated by Tahir et al. (2017) to control 

the median crystal size within a continuous oscillatory flow crystalliser. This technique 

benefitted from the steady-state nature of continuous processes where a constant set-point for 

the median size could be applied. However, this would need to be expanded upon for a batch 

crystallisation, given that the crystal size is expected to change constantly as it develops 

towards a certain end-point throughout the process. 

Most industries are undergoing a digital transformation, using technology in new ways to 

improve efficiency. For the fine chemical industry there exists the concept of Pharma 4.0, built 

on a foundation of digital maturity to develop resources, organisation and processes, 

information systems and the working culture (Romero-Torres, 2021). Regarding 

crystallisation, the use of technology has been studied thoroughly to provide more accurate 

process models. Szilágyi and Nagy (2016) showed how parallel GPUs running a high-

resolution finite volume technique improved calculation speed significantly, enough for real-

time resolution of a multi-dimensional PBM. Camacho Corzo et al. (2020) used CFD to 

investigate the hydrodynamics inside a batch crystalliser, suggesting that these simulations 

could be used to construct a compartmental model with which a morphological PBM (Ma and 

Roberts, 2018) could be integrated. 

Another recent advancement for MPC of crystallisation processes is the use of open-loop 

simulations with the PBM to train machine-learning control algorithms, such as in the study by 

Zheng et al. (2022). They demonstrated how a recurrent neural network (RNN) model trained 

using a semi-empirical PBM could improve the computational efficiency of MPC to achieve 

an optimal target product yield and crystal size. However, advanced control methods such as 

this have only been tested in-silico, noting particular difficulties that may arise when applying 
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these MPC methods on a real crystalliser, such as the accuracy of on-line measurements. A 

reinforced-learning approach to improve the control of temperature, supersaturation and crystal 

size trajectories was taken by Benyahia et al. (2021) for the batch cooling crystallisation of 

paracetamol in water. This control method showed a significant improvement over MPC for 

controlling the crystal size, however MPC performed similarly for both temperature and 

supersaturation, therefore remaining a relevant and applicable approach to crystallisation 

process control. 

2.5. Conclusions 

This literature review has summarised the fundamentals of crystallisation, implementation of 

the PBM for predicting crystal size, and recent model-based methods of controlling these 

processes. From this, the need for a robust MPC strategy for achieving precise control over the 

product CSD from a batch crystallisation process is evident. This work aims to outline a 

methodology that can be adopted by industry to optimise their crystallisation processes, as well 

as a review of how commercial tools perform in a continuously advancing digital age. 
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3. Materials and Instrumentation 

The solute-solvent system used in experiments and the compounds selected for screening of a 

suitable crystal growth rate inhibitor are described in this chapter. In addition, the experimental 

setups for batch crystallisation at different scales are described, along with the necessary PAT 

for in-situ measurements. The equipment used for seed crystal preparation and off-line analysis 

of the product crystals is described, along with instruments used for measurement of the solute-

solvent system’s key physical properties. Brief explanations of any standard experimental 

procedures have been provided. 

3.1. Materials 

An appropriate solute-solvent system was chosen that met certain criteria to reduce the 

complexity of the initial process model development. As well as having a good temperature 

dependence of solubility to ensure a high yield from large-scale crystallisation, the system was 

to have a crystal morphology resulting in equant growth in all directions, making it suitable for 

a 1D PBM. 

3.1.1. Hexamethylene tetramine (hexamine) and ethanol solvent 

The crystallisation system chosen for this study was hexamethylene tetramine (hexamine, 

purity >99%, Scientific Laboratory Supplies) crystallized from solution in pure ethanol (purity 

>99.8%, Sigma Aldrich). This material was used consistently throughout the experiments 

described in all following chapters. 

Hexamine is widely used in applications such as the treatment of urinary tract infections and 

the manufacture of fuel tablets that burn smokelessly (Miller, 2008). Hexamine was suitable 

for study due to its single growth form {110}, developing a rhombic dodecahedron morphology 

as determined through the Bravais-Friedel-Donner-Harker (BFDH) method (Docherty et al., 

1991), which has been shown in Figure 3.1. This is due to its highly symmetrical, body-centred 

cubic unit cell resulting in relatively equant growth in all directions, therefore being well 

represented by a 1D PBM (i.e., well represented by a sphere). 

Hexamine’s solubility in pure water increases as temperature decreases, making it an unsuitable 

solvent for batch cooling crystallisation. For this reason, pure ethanol was chosen instead to fit 

the more conventional solubility relationship, at the cost of a slightly reduced potential yield 

(Wang et al., 2008). Myerson et al. (1986) reported power law rate expressions for nucleation 

and growth of hexamine in various solvents; the data for crystallisation from ethanol is 

summarised in Table 3.1. 
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Figure 3.1. a) Predicted morphology of hexamine from the BFDH method, b) morphology as 

viewed along the [110] faces. 

Table 3.1. Solubility, nucleation rate and growth rate expressions for hexamine-ethanol 

crystallisation reported by Myerson et al. (1986). 

Solubility (g/g solution) 𝐶∗ = 1.373 × 10−2 + 5.729 × 10−4𝑇 + 6.707 × 10−6𝑇2 

Nucleation rate (#/s.m3 solvent) 𝐽 = (5.0 ± 2.0) × 1013∆𝐶2.6±0.9 

Growth rate (m/s) 𝐺 = 2.6 × 10−2∆𝐶1.95 

Although unspecified in their study, it was assumed that the nucleation expression would most 

closely represent secondary nucleation, given its determination via continuous crystallisation. 

Additionally, the lack of terms that account for agitation and slurry density suggested a poorly 

accurate description of the system’s behaviour. However, this was a reasonable starting point 

and posed an important challenge to the MPC strategy’s performance. If a good level of control 

could be maintained despite slight differences between the simulated and real crystallisation 

behaviour, it would be a useful tool for industrial applications that typically face unpredictable 

disturbances. 

Hexamine exhibits an interesting agglomeration mechanism that falls under the category of 

‘primary’ agglomeration described in section 2.1.6. Dendritic growth following from 

nucleation on the corners of hexamine’s morphology leads to clusters of around 6-7 crystals, 

which incorporate solvent inclusions into the structure upon further crystal growth. (Denbigh 

and White, 1966; Davey and Rütti, 1976; Gajjar et al., 2021) Figure 3.2 shows examples of 

both hexamine single crystals and agglomerates. Although this mechanism has been thoroughly 

understood through the molecular modelling work by Nguyen et al. (2023), the agglomeration 

rate has not yet been quantified sufficiently for application in a PBM. Therefore, this poses an 

interesting challenge to the performance of a control strategy when the agglomeration rate 

cannot easily be modelled. 
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Figure 3.2. Images of a) a single hexamine crystal and b) mixture of single crystals and 

agglomerated clusters of hexamine, both recrystallised from pure ethanol solution. 

3.1.2. Impurities for growth rate inhibition 

Based on the favourable functional group interactions in an alcohol solvent environment, 

compounds containing a carboxylic acid group have the potential to be strongly interactive 

with the amine functional group in hexamine (Hunter, 2004). For this reason, various 

compounds were selected for screening of a potential crystal growth rate inhibitor for the 

hexamine-ethanol crystallisation system. Investigating how the performance of a control 

strategy is affected by disturbances to the growth kinetics was considered vital for 

understanding its applicability to industrial crystallisation processes.  

Figure 3.3 shows the structural formulae of hexamine and the three growth rate inhibitors used 

in this work: citric acid (purity >99.5%, Sigma Aldrich), 4-aminobenzoic acid (purity >99%, 

Alfa Aesar) and adamantane-1-carboxylic acid (purity >99%, Alfa Aesar). Citric acid was 

selected due to having three carboxylic acid groups in its structure, which would enhance the 

strength of its interaction. 4-aminobenzoic acid, also referred to as para-aminobenzoic acid 

(PABA), was selected due to having good solubility in ethanol, which would ensure it remained 

in solution during hexamine crystallisation (Turner et al., 2016). Finally, adamantane-1-

carboxylic acid (A1CA) was selected due to its structural similarity to hexamine. 

 

Figure 3.3. Structural formulae of a) hexamine, b) citric acid, c) PABA and d) A1CA. 
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3.2. Experimental setup for batch crystallisation 

3.2.1. 500 ml jacketed crystalliser for characterisation 

 

Figure 3.4. Schematic of the 500 ml jacketed crystalliser setup used for characterisation of 

the hexamine-ethanol crystallisation system with associated in-situ measurement technology. 

Figure 3.4 shows a schematic of the experimental setup used to measure the MSZW and carry 

out seeded batch crystallisations in chapters 4 and 6.  

A Radleys 500 ml unbaffled jacketed glass crystallisation vessel with a dish-shaped bottom 

was clamped to a supporting frame alongside a Radleys RS50 Control Overhead Stirrer, fitted 

with a 40 mm diameter 4-blade pitched blade impeller. An agitation speed of 450 rpm was used 

in all batch experiments. The temperature within the vessel was controlled using a Huber 

Ministat 230 thermostatic bath (operated via in-house LabVIEW software) to circulate water 

through the jacket and monitored with a PTFE Pt-100 temperature probe connected to the 

Huber Ministat. An in-house built turbidimetric fibre-optic probe (Grön et al., 2003) was 

inserted into the vessel to measure the solution turbidity and determine the clear/cloud points 

during heating/cooling. A Mettler-Toledo Lasentec S400A FBRM probe was used to measure 

particle count, while an ATR-FTIR probe connected to an ABB MB3000 FTIR spectrometer 

was used to measure solution concentration. The method for calibration of the IR spectra to 

concentration is detailed in section 3.3. 

3.2.2. 500 ml jacketed crystalliser for MPC validation 

Figure 3.5 shows a schematic of the experimental setup used for the physical application and 

validation of the MPC strategy described in chapters 7 and 8. This setup was available at the 

CMAC Future Manufacturing Research Hub (University of Strathclyde), where the 

experiments outlined in these two chapters were carried out. 
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Figure 3.5. Schematic of the 500 ml jacketed crystalliser used for physical validation of the 

supersaturation and size MPC strategies with associated in-situ measurement technology. 

In order to keep the same hydrodynamic conditions, the same models of 500 ml jacketed 

crystalliser and impeller were implemented as detailed in section 3.2.1, with the same agitation 

speed of 450 rpm. The temperature was controlled using a Lauda PROLINE RP 855 

thermostatic bath, circulating water through the jacket. A Mettler-Toledo ParticleTrack G400 

FBRM probe was used to measure the square-weighted primary D50 of the suspended crystals, 

while an ATR-FTIR probe connected to a Mettler-Toledo ReactIR 15 FTIR spectrometer was 

used to measure solution concentration. The same procedure detailed in section 3.3 was 

followed for calibration of the IR spectra to concentration. During one of the batch 

crystallisations with size control described in chapter 8, a Mettler-Toledo ParticleView V819 

PVM probe was used to take images of the suspended crystals during the batch. The circulator, 

FTIR spectrometer and FBRM unit were connected to a PC running PharmaMV software, 

which calculated appropriate set-points to control the circulator temperature based on MPC 

strategies described in chapters 7 and 8 for supersaturation and size control respectively. 

3.2.3. 1.5 ml Crystal16 system 

In chapter 4, the MSZW was also measured using a Technobis Crystal16 system. This 

equipment holds sixteen 1.5 ml flat bottom vials, which can be programmed in groups of four 

to follow different temperature profiles. Agitation was provided using 7 mm diameter magnetic 

stirrers at 900 rpm. Temperature was controlled using a Julabo FL601 cooler to circulate water 

throughout the Crystal16 system. Transmittance through the solution was measured to 

determine the clear/cloud points during heating/cooling. 
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3.2.4. 100 ml AutoMATE system 

Figure 3.6 shows a schematic of the HEL AutoMATE parallel reactor setup, which was used 

for the impurity screening described in chapter 6.  

 

Figure 3.6. Schematic of the AutoMATE parallel 100 ml crystalliser setup used for impurity 

screening. 

This setup consisted of three 100 ml glass-lined crystallisers with overhead stirrers, each fitted 

with a 20 mm diameter 4-blade pitched blade glass impeller. An agitation speed of 750 rpm 

was used in all screening experiments. The crystallisers were housed within a platform that 

allowed the temperature of each vessel to be controlled independently, using water circulated 

via a Julabo F32 refrigerating/heating circulator and connected PC running the associated 

WinISO v2.3.135 software. 

3.3. ATR-FTIR calibration 

In order to determine the concentration in-situ during the crystallisation experiments described 

in chapters 4 and 6, the IR spectra of hexamine-ethanol solutions at varying temperatures and 

concentrations were measured using an ABB MB3000 FTIR spectrometer with in-situ ATR 

probe. A partial least squares (PLS) regression model was calibrated against the known solution 

concentrations within the accompanying software, HorizonMB. 

For each concentration selected, the appropriate amount of hexamine was dissolved in 400 g 

of ethanol and heated to approximately 5 ºC above the saturation temperature. Once the 

hexamine had been fully dissolved, spectra were measured every minute, performing 16 scans 

in the range of 700-1600 cm-1 at a resolution of 4 cm-1. After holding the temperature for 10 

mins, the solution was rapidly cooled in steps of 2 ºC, holding at each temperature for 10 mins. 

This procedure continued until primary nucleation occurred, and any spectra measured at 

constant temperature before the point of nucleation were used in the calibration model. Table 

3.2 summarises the range of solution conditions of which IR spectra were measured. 
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Table 3.2. Solution temperatures and concentrations for which IR spectra were 

measured for the calibration model in HorizonMB software. 
Temperature (ºC) Concentration (g/g solvent) 

 0.050 0.045 0.040 0.037 0.034 0.030 0.025 

44 X       

42 X       

40 X X      

38 X X      

36  X X     

34  X X     

32   X X X   

30   X X X   

28    X X   

26    X X X  

24    X X X  

22     X X  

20      X X 

18      X X 

16      X X 

Figure 3.7 shows a typical FTIR spectra measured for a hexamine-ethanol solution. Two 

distinct peaks characteristic of hexamine were selected to calibrate the spectra against 

concentration. These were located between wavenumbers of approximately 1227-1246 cm-1 

and 993-1024 cm-1. 

 
Figure 3.7. Hexamine-ethanol FTIR spectra measured using the ABB MB3000 spectrometer 

at 36 ºC and 0.04 g/gsolvent. Highlighted peaks are those characteristic of hexamine selected 

for the calibration model. 

Of the total 320 measured spectra, 50 were excluded from the calibration model to be used for 

model validation. A second derivative transformation using a Savitzky-Golay filter with 17 

points of smoothing was applied to the spectra before calibration. The PLS model calculated 

after pre-processing the calibration spectra was applied to the 50 validation spectra. The model 
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predicted concentrations and actual values are compared in Figure 3.8, for which data on the 

ΔC and percentage error are summarised in Table 3.3. 

 

Figure 3.8. Actual vs. predicted concentrations for the PLS calibration model calculated in 

HorizonMB software. 

Table 3.3. Analysis of the PLS calibration model error. 

 Minimum Maximum Mean Standard Dev. 

|∆𝐶| (g/g solvent) 1.20 x10-5 1.88 x10-3 8.99 x10-4 5.00 x10-4 

Error (%) 0.04 5.54 2.36 1.45 

For the experiments described in chapters 7 and 8, a new concentration calibration model was 

developed within PharmaMV software due to the difference in instrumentation. New spectral 

measurements were recorded with the ReactIR system, following the same procedure and 

experimental conditions described above. A second derivative transformation using a Savitzky-

Golay filter with 10 points of smoothing was applied to the spectra before calibration. The 

calibration model was incorporated into the overall strategy as its own MPC block, which 

communicated the measured concentration to the supersaturation MPC block. 

3.4. Seed crystal preparation 

Multiple sets of hexamine seed crystals were prepared through different methods. 100 g of the 

raw hexamine from the supplier was sieved by hand through metallic sieves between 125-250 

µm, producing around 50 g of seeds with a volume mean size of 178.4 µm.  

A second batch of seeds was prepared through dry milling. 50 g of raw hexamine was put 

through a ball mill with 1 cm-3 yttrium stabilised zirconia milling media for 20 hours. This 

produced around 40 g of seeds with a volume mean size of 69.4 µm. 
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A further two batches of seeds were prepared through wet milling, using an IKA magic LAB 

mixing unit with ULTRA-TURRAX upper transport layer (UTL) dispersing module. For each 

batch, around 50g raw hexamine from the supplier was suspended in 500 ml of saturated 

ethanol solution and pumped continuously through the mill and attached hopper. Using a 

pipette, 10 ml samples were removed every 5 mins to check the progress of milling using a 

Malvern Mastersizer 3000, stopping the milling process once the desired size had been 

achieved. Using a fine-toothed rotor at a speed of 20000 rpm for 30 mins, approximately 30 g 

of seeds with a volume mean size of 68.9 µm were produced. Using a coarse-toothed rotor at 

8000 rpm for 20 mins produced approximately 50 g of seeds with a mean size of 112.2 µm. 

3.5. Product crystal analysis 

Hexamine product crystals from all batch crystallisations were removed and filtered under 

vacuum using a Buchner funnel. Images were collected using an Olympus BX51 fluorescence 

microscope, or through scanning electron microscopy (SEM) via a Hitachi TM3030Plus 

microscope. The number-based and volume-based CSDs of all seed and product crystal 

samples were measured using a Malvern Morphologi G3 at 5x magnification. 

3.6. Physical property measurement 

Various physical properties of the solid hexamine crystals and hexamine-ethanol solution were 

required for the parameterisation of the crystallisation process model in chapter 5. 

The densities of saturated hexamine-ethanol solutions were measured using an Anton Parr 

DMA 4500 M density meter. Saturated solutions were chosen to acquire a density profile that 

varied with both temperature and concentration; this enabled the most accurate representation 

of the dynamic solution conditions during cooling crystallisation. Hexamine was dissolved in 

ethanol to produce five solutions of around 3 ml, saturated at 10 ºC intervals between 10-50 ºC 

(0.0238-0.0603 g/g solvent. Glass vials containing the solutions were heated to their 

corresponding saturation temperatures using a water bath. Using a syringe, 1 ml of solution 

was inserted into the U-tube of the density meter and the sample density was recorded at a 

constant temperature. 

The specific heat capacity of hexamine was measured by differential scanning calorimetry 

(DSC) using a Mettler-Toledo DSC 3+ calorimeter. A method was applied within the 

associated software to automatically calculate the specific heat capacity based on calibrated 

heat flow measurements to both an empty aluminium crucible and a reference sample of 

sapphire (46.772 mg). A crucible containing solid hexamine (28.589 mg) was loaded into the 
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calorimeter alongside the two references. The temperature was held at the minimum operating 

value of 30 ºC for 10 min, then heated at 5 ºC/min up to 80 ºC, where the sample was then held 

at constant temperature for 10 min. Values for the specific heat capacity were averaged over 

three repetitions of this method. 

The measured profiles of both the hexamine-ethanol solution density and solid hexamine 

specific heat capacity with temperature are displayed in Figure 3.9. 

 

Figure 3.9. Measured profiles with temperature for a) hexamine-ethanol saturated solution 

density and b) solid hexamine specific heat capacity. 

3.7. Conclusions 

The raw materials and experimental equipment used in this study have been detailed. The 

solubility, nucleation rate and growth rate expressions for hexamine in pure ethanol solvent 

have been reported, which will be implemented into the process model in chapter 5. The 

measured solution density and specific heat capacity will also be implemented into the model. 

Methodologies for the calibration of hexamine-ethanol solution IR spectra to concentration, 

hexamine seed crystal preparation and physical property measurement have been outlined. 

Further experimental methods using the described crystallisation equipment will be outlined in 

the relevant chapters. 
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4. Metastable Zone Width Determination and Seeded Batch Crystallisation of the 

Hexamine-Ethanol Crystallisation System 

4.1. Introduction 

Prior to the development of a process model for the batch cooling crystallisation of hexamine 

from ethanol, a thorough understanding of the crystallisation behaviour through physical 

characterisation was required. Measuring the MSZW was important for the design of any 

seeded batch crystallisations, as the size of this region would inform of the ideal seeding 

temperatures and initial supersaturations. Following from this, seeded crystallisation 

experiments were designed and performed to cover a wide range of operating conditions, such 

that the process model predictions could be validated reasonably. In addition, the concentration 

time profiles measured during these experiments were used for the re-estimation of the 

crystallisation kinetic parameters, potentially improving the model for the crystal growth rate 

of hexamine. Analysis of the product crystals from batch crystallisations with different seeding 

conditions also provided further insight into the occurrence of other key mechanisms, such as 

secondary nucleation and agglomeration. 

4.2. Materials and methodology 

4.2.1. Methodology for MSZW determination 

The MSZW was first measured in the 500 ml jacketed crystalliser for characterisation. 

Following the polythermal method, the vessel temperature was cycled three times between 5-

50 ºC at a heating rate of 0.15 ºC/min and cooling rate of -0.3 ºC/min. Dissolution and 

crystallisation points were recorded where the turbidity probe measured 100% and < 90% 

transmittance respectively. The solution concentration was varied by dissolving enough 

hexamine into 400 g of ethanol to reach the solubility limit at 15, 25, 30 and 40 ˚C, calculated 

using the solubility expression in Table 3.1. 

MSZW data was also obtained using the Crystal16 system; the same temperature ramp 

procedure as previously described was applied to vials containing around 1.5 ml (1.18 g) of 

ethanol, with appropriate amounts of hexamine to reach similar saturation points as in the 500 

ml vessel. Tuning of the turbidity measurements (automatic adjustment of the brightness) was 

performed after the first heating step in all cases. 
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4.2.2. Methodology for seeded batch crystallisation 

Six seeded crystallisation experiments were performed in total, the conditions of which are 

summarised in Table 4.1. These were selected such that comparisons could be made between 

specific conditions through different pairs of experiments, including cooling rate (Runs A and 

D), seed type/size (Runs A and B), seeding temperature (Runs B and E), seed mass (Runs B 

and C) and seeding method (Runs C and F). The solution concentration was measured in-situ 

using the ATR-FTIR probe. Additionally, the particle count was monitored during Runs A, B 

and C using the FBRM probe. 

Table 4.1. Process conditions applied to each seeded linear cooling crystallisation run. 

  Run A Run B Run C Run D Run E Run F 

Seeding Temperature (˚C) 40 40 40 40 38 40 

Cooling Rate (˚C/min) 0.2 0.2 0.2 0.3 0.2 0.2 

Seed Type Sieved Milled Milled Sieved Milled Milled 

Seed Mean Size (µm) 178.4 69.4 69.4 178.4 69.4 69.4 

Seed Mass (g) 1 1 3 1 1 3 

Seeding Method 

1: Held at seeding temp. 

2: Seeded during cooling 

1 1 1 1 1 2 

At the beginning of each run, hexamine was added to 400 g of ethanol to make up an initial 

concentration of 0.0507 g/g solvent (saturation temperature of around 42 ˚C). The solution was 

heated to 50 ̊ C and held for 60 mins to ensure all material had dissolved. Two seeding methods 

were applied; most runs followed method 1, where the solution was rapidly cooled to the 

selected seeding temperature and dry solid seed crystals were added. The solution was then 

held at constant temperature for 30 mins to allow the system to equilibrate, before cooling at 

the selected linear cooling rate down to 7 ˚C. Run F alternatively followed seeding method 2, 

where the solution was cooled linearly from 50 ˚C and solids were added at the desired seeding 

temperature without a holding period. The expected yield from each batch was around 57 %. 

4.3. Results and discussion 

4.3.1. MSZW of the hexamine-ethanol crystallisation system 

At both the 1.5 ml and 500 ml scales, strong fluctuations were experienced in the transmittance 

(the turbidimetric probe output signal) during the initial heating step, improving significantly 

during dissolution of the recrystallised material in the second temperature cycle. This was a 

result of the high hygroscopicity of the raw hexamine feed, leading to the presence of clumps 

of material in the initial cycle. These caused disruptive readings when passing the turbidity 
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probe, as opposed to the much finer recrystallised material during the second and third cycles 

due to the abundance of nuclei formed. Hence, the dissolution temperatures reported were the 

averages calculated from only the second and third heating cycles, whereas the crystallisation 

temperatures were averaged between all three cooling cycles. 

The MSZW curves for each scale of crystalliser are plotted in Figure 4.1. Using the Crystal16 

resulted in a MSZW between 8-15 ºC, whereas in the 500 ml vessel a narrower 5-10 ºC range 

was observed. The relative supersaturations reached were approximately 0.30-0.61 in the 

Crystal16 and 0.10-0.25 in the 500 ml vessel. Both appeared to approach the solubility curve 

at higher temperatures.  

The Crystal16 was utilised to increase the speed at which the MSZW could be measured, given 

the number of experiments that could be run in parallel. However, due to the differences in the 

MSZW across different scales, it was decided that the MSZW measured in the 500 ml vessel 

would be much more accurate and useful for designing future experiments at the same scale. It 

was noted that the narrow MSZW at -0.3 ºC/min cooling rate may make seeding within these 

conditions difficult if primary nucleation was to be avoided, however the results of the seeded 

linear cooling batches later disproved this concern. 

 

Figure 4.1. Metastable zone for hexamine-ethanol system obtained from Crystal16 and 500ml 

vessel using cooling rate of -0.3 ºC/min, solubility from Myerson et al. (1986). 

Dissolution point measurements were generally in agreement with the solubility data from 

literature (see Table 3.1). The data point at 15 ºC saturation (0.0267 g/g solvent) showed the 

largest discrepancy, being measured at 12.9 ºC. Considering the operating range indicated by 

the MSZW measurements, seeding temperatures around 2-4 ˚C below saturation temperature 

and cooling rates close to -0.3 ˚C/min were chosen to ensure primary nucleation would be 

avoided during crystallisation experiments. 
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4.3.2. Seeded batch crystallisation analysis 

The temperature profiles of the crystallisation vessel and circulator during each of the seeded 

linear cooling crystallisations are shown in Figure 4.2. The concentration profiles measured by 

the ATR-FTIR probe are presented in Figure 4.3, alongside the relative supersaturation that 

was calculated using the saturation concentration. To improve the stability of the concentration 

measurements, the profiles shown in Figure 4.3 have been averaged over 5 data points 

(collected over 5 mins). For the three batches that included the FBRM probe (Runs A, B and 

C), the square-weighted particle counts of fine (< 100 µm) and coarse (> 300 µm) material are 

shown in Figure 4.4. The number-based and volume-based CSDs of the seed crystals and 

product crystals from each batch are shown alongside microscope images of each sample in 

Figures 4.5-4.12. Further numerical details of the volume-based product CSDs have been 

summarised in Table 4.2 alongside the mean supersaturation values, for comparison between 

batches. 

 

Figure 4.2. Measured temperature profiles during the seeded linear cooling crystallisations. 

a) Run A, b) Run B, c) Run C, d) Run D, e) Run E and f) Run F 
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Although there was a time lag between the vessel set-point and measured process temperatures 

during each batch, the correct cooling rates were still achieved during the main linear cooling 

segments. Each batch was held at the final temperature for slightly different times to allow 

supersaturation to fall to zero before removal of the product crystals. This remained 

consistently at 7 ˚C, meaning that the amount of hexamine that left solution in each batch 

remained the same. 

 

Figure 4.3. Measured concentration and supersaturation profiles during the seeded linear 

cooling crystallisations, starting from the point of seeding. a) Run A, b) Run B, c) Run C, d) 

Run D, e) Run E and f) Run F. 

 

Figure 4.4. Measured square-weighted particle counts during the seeded linear cooling 

crystallisations, starting from the point of seeding. a) Run A, b) Run B and c) Run C. 
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Figure 4.5. a) Number-based CSD, b) volume-based CSD and c) image of the sieved 

hexamine seed crystals. 

 

Figure 4.6. a) Number-based CSD, b) volume-based CSD and c) image of the dry milled 

hexamine seed crystals. 

 

Figure 4.7. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run A. 

 

Figure 4.8. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run B. 
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Figure 4.9. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run C. 

 

Figure 4.10. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run D. 

 

Figure 4.11. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run E. 

 

Figure 4.12. a) Number-based CSD, b) volume-based CSD and c) image of the hexamine 

product crystals from seeded linear cooling crystallisation Run F. 
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Table 4.2. Mean sizes and spans of volume-based product CSDs and supersaturations 

from each seeded linear cooling crystallisation run. 

  Run A Run B Run C Run D Run E Run F 

Volume Mean Size (µm) 407.7 207.4 157.8 478.5 214.4 160.3 

Span of Volume-Based CSD 0.74 0.69 0.86 0.48 0.68 0.80 

Mean Supersaturation 0.056 0.044 0.035 0.070 0.062 0.207 

In most runs there was no noticeable drop in concentration during the initial holding period 

after adding the seed crystals. This event was more prevalent in Run E, where a lower seeding 

temperature was chosen. The resulting mean crystal size in Run E was higher than that from 

Run B, for which all other conditions were identical. This suggested a predominance of crystal 

growth over secondary nucleation during the holding period for most experiments. As the 

growth rate may have been too slow to offset the amount of nucleation occurring at the 

beginning of Run B, the greater crystal population developed into a product with a smaller final 

mean size. 

The saturation point was reached most rapidly in Run C, where a larger mass of seed crystals 

was added than in Run B. Given the larger surface area available for crystal growth, the 

supersaturation remained low throughout the entire batch. At a higher seed loading, there was 

a reduced final mean crystal size, resulting from the same mass of solute being distributed 

around a larger number of particles. This is an important consideration for supersaturation 

control, as a larger seed mass would likely make it more difficult to maintain the 

supersaturation at a constant level. 

Another key factor that would affect process control is the cooling rate. Comparing Runs A 

and D, which only differed in cooling rate, it was observed that a lower maximum 

supersaturation was generated when cooling more slowly. This in turn implies that faster 

cooling rates will be required to maintain higher levels of constant supersaturation, which may 

be limited by the cooling power achievable through control of the jacket temperature. Given 

that only two cooling rates were tested, there was insufficient evidence to suggest a maximum 

feasible value for the supersaturation set-point. 

From the particle count measured during Runs A, B and C, it was found that each batch 

followed the same general trends. The total particle counts remained fairly constant over time, 

whereas there was a more obvious increase in the coarse counts and decrease in the fine 

material. This suggested that the crystallisation under these conditions was dominated by 

crystal growth, without any significant secondary nucleation occurring.  
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In Run F, a substantially larger supersaturation was generated in the absence of a holding period 

after seed addition (compared to Run C with equal cooling rate and seed mass). The decrease 

in measured concentration was accompanied by a similar rate of decrease in saturation over 

most of the duration. Even in this case, the minimal difference between the final CSD between 

Runs C and F suggested no significant increase in nucleation, despite the mean supersaturation 

of 0.207 falling within the upper bounds of the range predicted to lead to primary nucleation 

based on the narrow MSZW. 

Comparison between the images of the seed and product crystals in Figures 4.5-4.12 further 

supported the ‘growth only’ hypothesis. There was no obvious increase in the number of fine 

particles at the end of batches that used either the larger sieved or smaller milled seed crystals. 

A more significant difference observed was the increase in agglomeration when starting with 

the smaller seeds. This meant that agglomeration could only be neglected in the PBM for 

experiments involving larger seed crystals for the crystallisation behaviour accurately 

predicted. Hence, larger seed sizes were favourably used during the process control 

experiments described in later chapters, to ensure the MPC strategy performed strongly during 

the validation phase. 

4.4. Conclusions 

The MSZW of the hexamine crystallisation at a cooling rate of -0.3 ˚C/min has been reported 

for the 1.5 ml and 500 ml scale. The narrow operating range of 5-10 ̊ C in the 500 ml crystalliser 

was considered when selecting the operating conditions for seeded batch cooling 

crystallisations. The temperatures, concentrations and particle counts during seeded batch 

crystallisation experiments with a wide range of conditions were analysed alongside the 

measured CSDs and images of product crystals. Through determination of the effects of 

cooling rate, seed size/mass and seeding temperature/method on the key crystallisation 

mechanisms of nucleation and growth, a good understanding of the hexamine-ethanol system 

has been established. The seeded crystallisation experiments performed will be used for the 

validation of the process model parameterised in the following chapter, and the identification 

of experiments resulting in ‘growth-only’ conditions will be implemented to allow isolation 

and re-estimation of the growth rate kinetics. 
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5. Crystallisation Process Model Parameterisation with Re-estimation of Growth Rate 

Kinetics and Experimental Validation 

5.1. Introduction 

The aims of this chapter are: (1) to provide an outline of the procedure that was followed to 

build an appropriate flowsheet for batch cooling crystallisation in gPROMS 

FormulatedProducts software, (2) to summarise the necessary input data for the chosen 

crystallisation system and (3) to simulate a series of seeded batch crystallisations for validation 

of the model. The formulation of such a digital twin representing the hexamine-ethanol 

crystallisation was simplified here through the parameterisation of a 1D PBM in the gPROMS 

software platform. The accuracy of the model’s predictions of concentration and crystal size 

over time were validated against the measurements recorded for physical seeded 

crystallisations from chapter 4. The impact of approximating the initial seed CSD as a single 

lognormal peak instead of the directly measured CSD data was assessed, as this would 

potentially allow a reduction in computational complexity of the MPC strategy. 

The potential inaccuracy of the literature growth rate expression describing the hexamine-

ethanol crystallisation system was expected to result in some inaccuracy in the model’s 

predictions. To improve this, the parameter estimation feature in gPROMS was used to re-

estimate selected crystallisation kinetic parameters. It was demonstrated in chapter 4 that the 

majority of seeded batch crystallisations resulted in negligible secondary nucleation; therefore, 

only modifications to the growth rate expression have been considered. An assessment of the 

re-estimated parameters was made before deciding on the final state of the model to be carried 

forward for controller training. 

5.2. Materials and methodology 

5.2.1. Setup of the batch crystallisation flowsheet in gPROMS FormulatedProducts 

The mixed-suspension, mixed-product removal (MSMPR) crystalliser module in gPROMS 

FormulatedProducts v2.2.0 was used to create the digital twin of the hexamine-ethanol 

crystallisation system. Figure 5.1 shows the flowsheet for a batch cooling crystallisation 

process, built within the software to provide the structure for resolving a 1D PBM of the 

hexamine-ethanol system in a simulated 500 ml jacketed crystalliser. The software applies 

discretisation via the method of classes outlined in section 2.2.2 to solve the PBM and calculate 

the predicted volume CSD. Size distribution and composition (solute concentration) sensors 

were used to closely monitor the CSD and supersaturation respectively during the simulation. 



Chapter 5 – Crystallisation Process Model Parameterisation with Re-estimation of 

Growth Rate Kinetics and Experimental Validation 
 

 

51 
 

 
Figure 5.1. Flowsheet of a batch cooling crystallisation process in gPROMS 

FormulatedProducts software. 

Table 5.1. Input data for the ‘Global Specifications’ component of the flowsheet for 

hexamine-ethanol batch cooling crystallisation in gPROMS FormulatedProducts. 

Section/Property Input Source 

System information   

Components Hexamine, Ethanol - 

Liquid properties   

Molecular weights (kg/mol) Hexamine: 0.140186 

Ethanol: 0.04607 

- 

- 

Mass density coefficients 

a, b, c 

 

1172.3, -1.8681, 0.002 

 

Measured  

Mass specific heat coefficients 

Hexamine: a, b 

Ethanol: a, b, c, d 

 

-402.78, 6.1976 

6271.4, 93.036, -0.3528, 0.0005 

 

Measured 

(Miyazawa et al., 2012) 

Dynamic viscosity coefficients   

a, b, c, d 0.0733, -0.0006, 2x10-6, -2x10-9 (Kaye and Laby, 1995) 

Crystal properties   

Volumetric shape factor Equivalent to a sphere - 

Mass density (kg/m3) 1330 (Rohani and Bourne, 1990) 

Solubility   

Solubility calculated using Generic polynomial - 

Solubility coefficients 

a, b, c 

 

5.354x10-1, -4.13x10-3, 8.2x10-6 

 

(Myerson et al., 1986) 

Grid parameters   

Number of grid points 200 - 

Grid type Logarithmic - 

Minimum particle size (μm) 0.1 - 

Maximum particle size (μm) 1500 - 
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Table 5.1 summarises the most relevant input data for the ‘Global Specifications’ component, 

which contained information about the selected crystallisation system including the 

components’ molecular weights, physical properties, crystal shape factor and the solubility 

curve. It was assumed that the presence of hexamine would have a minimal impact on solution 

viscosity due to the low solute loading, therefore the viscosity of pure ethanol was applied to 

the model (Kaye and Laby, 1995). A logarithmic grid was chosen to ensure a fine resolution 

around the smaller particle sizes, which is a critical region of the CSD when considering 

nucleation. 

Table 5.2 summarises the input data for the ‘MSMPR Crystalliser’ component, which 

contained specifications of the geometry and operating conditions for the simulated 500 ml 

crystalliser, as well as the secondary nucleation and growth rate kinetic parameters. The kinetic 

parameters listed in Table 3.1 were incorporated into the model, using the nucleation rate 

expression as attrition-based secondary nucleation and selecting values for the rate 

constant/supersaturation order in the middle of the reported variance. The initial seed crystal 

mass and solution composition were also specified here; the values used were the same as in 

Runs A-E of the seeded crystallisation experiments described in chapter 4. The initial seed 

CSDs were input through two methods: the measured volume CSD from the Morphologi G3 

(see Figures 4.5b and 4.6b), or a lognormal peak that approximated the measured CSD. The 

lognormal peaks were calculated using the location parameters (D50) and standard deviations 

reported in Table 5.2. 

To simulate these experiments using the gPROMS process model, the measured temperature 

profiles were reconstructed in the ‘Temperature Controller’ component of the flowsheet. The 

piecewise linear profiles that were constructed to match each of the measured temperature 

profiles are summarised in Table 5.3.  

Simulations of each of the five seeded batches were run with a reporting time interval of 5 

seconds. Runs D and E were selected as cases for model validation, as the differences between 

their operating conditions (seed size, seeding temperature and cooling rate) provided the widest 

and most detailed overview of the model’s accuracy. Simulations of Runs D and E were also 

performed with secondary nucleation switched off, which provided evidence to support the 

decision not to re-estimate the kinetic parameters for this mechanism in the following section. 
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Table 5.2. Input data for the ‘MSMPR Crystalliser’ component of the flowsheet for 

hexamine-ethanol batch cooling crystallisation in gPROMS FormulatedProducts. 

Nucleation and growth kinetic parameters are provided from Myerson et al. (1986). 

Section/Property Input 

Equipment and operation      

Equipment volume (L) 0.5 

Liquid and solid outflow Batch operation 

Specific power output Calculated 

Impeller diameter (m) 0.04 

Impeller frequency (rpm) 450 

Impeller power number 1.3 

Impeller pumping number 0.8 

Energy balance      

Heat transfer Not considered (Adiabatic) 

Secondary nucleation (attrition)      

Secondary nucleation (attrition) Power law kinetics 

Driving force Absolute supersaturation 

Rate constant (ln(#/m3.s)) 31.543 

Supersaturation order 2.6 

Activation energy (J/mol) 0 

Specific power input order 0 

Minimum particle size (μm) 0 

Growth and dissolution      

Growth and dissolution Power law kinetics 

Driving force Absolute supersaturation 

Size dependent solubility Inactive 

Growth rate constant (m/s) 2.6x10-2 

Supersaturation order 1.95 

Activation energy (J/mol) 0 

Initial conditions Run A Run B Run C Run D Run E 

Mass (kg) 

Solid crystal phase 

Liquid phase 

 

0.001 

0.42028 

 

0.001 

0.42028 

 

0.003 

0.42028 

 

0.001 

0.42028 

 

0.001 

0.42028 

Temperature (˚C) 40 40 40 40 38 

Initial conditions: Liquid      

Mass fraction 

Ethanol 

Hexamine 

 

0.95175 

0.04825 

 

0.95175 

0.04825 

 

0.95175 

0.04825 

 

0.95175 

0.04825 

 

0.95175 

0.04825 

Initial conditions: Solid      

Specify CSD As a density distribution function 

Location parameter (μm) 199 58 58 199 58 

Standard deviation (μm) 40 30 30 40 30 
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5.2.2. Methodology for crystallisation kinetic parameter re-estimation 

After evaluating the performance of the literature model kinetics, the parameter estimation 

feature in gPROMS software was used to investigate whether a better fit to experimental data 

could be achieved. In addition to re-estimating the parameters for the power-law growth 

expression, implementation of the two-step growth expression was also tested. In total, three 

different methods of parameter estimation were employed: 

• Re-estimation of the rate constant kg for the power law growth expression, keeping the 

supersaturation order fixed 

• Re-estimation of the supersaturation order g for the power law growth expression, 

keeping the rate constant fixed 

• Estimation of the diffusivity correction factor α for the two-step growth expression 

(Equation 2.36), keeping the rate constant and supersaturation order fixed 

The parameter estimation method built into gPROMS follows the optimisation of a maximum 

likelihood function, solved using a non-linear sequential quadratic programming (SQP) 

algorithm (Gill et al., 2001). The objective function can be described as follows (Siemens-PSE 

Ltd., 2021): 

Table 5.3. Input data for the ‘Temperature Controller’ component of the flowsheet for 

hexamine-ethanol batch cooling crystallisation in gPROMS FormulatedProducts. 

 Interval 1 Interval 2 Interval 3 

Run A 

Duration (min) 

Final Temperature (˚C) 

 

32 

40 

 

165 

7 

 

2 

7 

Run B 

Duration (min) 

Final Temperature (˚C) 

 

32 

40 

 

165 

7.1 

 

2 

7 

Run C 

Duration (min) 

Final Temperature (˚C) 

 

32 

40 

 

165 

7.1 

 

2 

7 

Run D 

Duration (min) 

Final Temperature (˚C) 

 

33 

40 

 

107.3 

7.8 

 

8 

7 

Run E 

Duration (min) 

Final Temperature (˚C) 

 

35 

38 

 

102.7 

7.2 

 

7 

7 
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(5.1) 

This overall function consists of a constant term, variance term and residual term. For a fixed 

number of experiments and variance model, the constant and variance terms remain fixed 

during the parameter estimation. Therefore, only the contribution from the residual term is 

minimised for each of the measured variables included in the optimisation problem: 

𝛷 = min
𝜃

{∑∑ ∑ [
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2
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𝑘=1

𝑁𝑉𝑖
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𝑁𝐸

𝑖=1

} 

 

(5.2) 

Each parameter estimation strategy was applied using the experimental data from seeded Runs 

A, B and C. After inputting the temperature profiles for each performed experiment, the 

software aimed to modify the selected parameters until a good fit was made between the 

measured concentration profiles and the predicted profiles constructed by the process model. 

The variance model for concentration in each case was a constant variance of 0.0005 g/g 

solution, which was chosen based on the precision error of the ATR-FTIR calibration model. 

As only the initial and final CSDs had been measured, there was insufficient data to also include 

a size-related property as an additional optimisation objective. Once acceptable parameters had 

been determined by the estimation algorithm, the concentration profiles and final CSDs from 

the unused Runs D and E were used as validation data. 

5.3. Results and discussion 

5.3.1. Process model validation using seeded batch crystallisations 

Figure 5.2 shows a comparison between the predicted and measured volume-based CSDs, 

concentration profiles and supersaturation profiles for seeded Runs D and E. When the seed 

CSD was defined using the measured distribution, the gPROMS process model underpredicted 

the final crystal size in both cases. Improvements were observed when specifying the seeds as 

a lognormal peak, which had a more significant effect on Run D due to the elimination of the 

fine material tail in the distribution. The predicted volume mean crystal size increased from 

216 µm to 393 µm for Run D, and 99 µm to 113 µm for Run E. 

An improved agreement with the measured concentration profile during the batch was also 

achieved using the lognormal CSD, most significantly for Run D. Once again considering the 

elimination of the fines, this would reduce the available surface area of the seed crystals and 

therefore slow the growth rate, hence resulting in higher supersaturations throughout the batch. 
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Figure 5.2. Comparison of CSDs, concentration and supersaturation profiles predicted by 

gPROMS with measured data. Simulations starting with either the measured seed CSD or a 

representative lognormal peak. Results correspond to seeded linear cooling a,b,c) Run D and 

d,e,f) Run E. 

Predictions of the rate at which supersaturation declined during the isothermal holding period 

were more accurate for Run D than Run E; the measured supersaturation in the latter case was 

consumed more slowly than the model prediction. This could have been due to the use of milled 

seed crystals with a more uneven shape than the assumed spherical particles in the gPROMS 

model. The growth rate in reality may have been slowed due to poor attachment of solute 

molecules to the uneven surfaces, leading to a slower rate of decrease in supersaturation than 

expected. 

Given that the absence of an agglomeration mechanism in the PBM could be the larger cause 

of poor crystal size predictions, this alone was not enough to suggest the crystallisation kinetic 

parameters of Myerson et al. (1986) applied in the gPROMS model were not entirely accurate. 

However, both cases showed a significant underprediction of the level of supersaturation 

experienced during the linear cooling section. A potential reason for this could be the 

inaccuracy of the secondary nucleation kinetics, which would result in the supersaturation 

being consumed faster than in reality if the predicted rates were too high. 

After performing simulations of Runs D and E with secondary nucleation switched off, it was 

found that this mechanism actually made little contribution to the predicted CSDs in both cases. 

The final volume mean size predicted was 400 µm for Run D (previously 393 µm), and 119 

µm for Run E (previously 113 µm). For both cases, this increase was still not enough to bring 

the predicted sizes high enough to match the measured values. Therefore, it was decided that 
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there would be benefit only in re-estimating the growth rate kinetic parameter prior to training 

predictive controllers using the digital twin. 

5.3.2. Re-estimation of growth rate kinetic parameters 

Figure 5.3 shows a comparison between the concentration predictions for Runs D and E 

obtained through re-estimation of various growth rate parameters. An evaluation of the 

percentage error for each parameter estimation method is shown in Figure 5.4 for both runs. 

The predicted volume mean sizes of the product crystals for each case are listed in Table 5.4. 

For both of the selected validation cases, transitioning from a power law to two-step growth 

expression proved to weaken the model’s prediction of both concentration (3-4 % increase in 

mean error) and crystal size. 

 

Figure 5.3. Predicted concentration fit to measured data from a) Run D and b) Run E for 

gPROMS simulations using re-estimated growth rate parameters. 

 

Figure 5.4. Percentage error in predicted vs measured concentration data from a) Run D and 

b) Run E for gPROMS simulations using re-estimated growth rate parameters. 
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Table 5.4. Predicted volume mean crystal size of product from gPROMS simulations 

using re-estimated growth rate parameters. 

 Volume Mean Size (µm) 

 Run D Run E 

Measured 478.5 214.4 

Initial gPROMS prediction (power-law growth rate, 

kg = 2.60, g = 1.95) 

393.0 113.0 

Power-law growth rate, estimated kg = 0.0018 181.4 121.7 

Power-law growth rate, estimated g = 2.297 75.6 121.8 

Two-step growth rate, estimated α = 5.093 152.7 83.4 

The re-estimated supersaturation order g led to a closer fit to the measured data in both 

concentration (1.2 % decrease in mean error) and size for Run E. However, this improvement 

was not reflected for Run D; there was a 1.9 % increase in concentration error and significant 

underprediction of the final mean crystal size, which was around five times smaller than the 

already underpredicted original value. Despite the re-estimated rate constant kg leading to an 

improved concentration fit for both validation cases (1.3-2.1 % decrease in mean error), a 

similarly poor prediction of the crystal size was observed for Run D. 

Given that the crystal size was only measured at the start and end of the batches, the parameter 

estimation could not fit to this parameter due to the lack of data points. Therefore, a heavy 

weight was placed on fitting the concentration to the measured profiles that were provided, 

neglecting the effect on the final crystal size reached. As these results suggested unreliability 

as to whether the new growth rate parameters would improve the model predictions depending 

on the operating conditions, the re-estimated parameters were rejected and the original model 

parameters were retained. 

5.4. Conclusions 

A digital twin for the batch cooling crystallisation of the hexamine-ethanol system was created 

in gPROMS FormulatedProducts software, using measured physical property data alongside 

solubility and nucleation/growth rate kinetic parameters from literature. Two of the seeded 

batch crystallisations presented in the previous chapter were simulated to compare the process 

model’s predictions of concentration and crystal size to experimentally measured values.  

It was found that the model parameterised using the nucleation and growth kinetics from 

literature underpredicted the maximum level of supersaturation reached during both batches. 
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Additionally, the mean crystal size of the product was also often underpredicted. This was 

likely due to the lack of an expression for agglomeration included in the process model, which 

would be difficult to introduce given the complexity of the nucleation-related agglomeration 

mechanism that hexamine exhibits (described in section 3.1.1). 

The implementation of lognormal peaks for the initial seed crystal CSDs showed improvement 

in both concentration and size predictions, particularly in the case where the original measured 

seed CSD contained excessive fine material. Re-estimation of the growth rate kinetics using 

the concentration profiles measured during three other batch experiments was able to decrease 

the mean supersaturation error by 1.3-2.1 %. However, this came with the drawback of 

worsening the predictions of the final crystal size. 

Training the MPC strategy using this digital twin may provide certain limitations based on the 

slight mismatch between predictions and experimental results. For example, given the 

underprediction of the supersaturation, attempting to control this property at levels beyond the 

maximum predicted by the model may have a negative impact on controller performance. This 

was taken into consideration when selecting the conditions for the assessment of the MPC 

strategy for both supersaturation and crystal size. 
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6. Growth Rate Inhibitor Screening and Effects on the Hexamine-Ethanol 

Crystallisation System 

6.1. Introduction 

If the performance of the MPC strategy was tested solely on a pure solute-solvent system, there 

would not be major relevance towards industrial crystallisation systems that typically face 

impurities in their raw material feeds. These are typically biproducts from synthesis that 

interact with the crystallising material, thereby altering the growth rate kinetics even when 

present at very low levels. Industrial crystallisation control must therefore be robust and ideally 

adaptable to the effects of various impurities. 

In this chapter, three potential impurities have been screened via seeded crystallisation at the 

100 ml scale, in order to select an additive that significantly disturbed the crystallisation 

kinetics of the hexamine-ethanol system. The selected impurity was further tested during 

seeded crystallisation experiments in the 500 ml jacketed crystalliser, as it was important to 

assess the effects on the change in solution concentration and crystal size at this scale, where 

the MPC strategy would later be validated. Impurities can also alter the thermodynamics and 

therefore equilibrium solubility of a crystallisation system. Therefore, the dissolution 

temperatures of varying hexamine concentrations were measured with the selected impurity 

present to confirm whether the solubility expression used in the gPROMS model would remain 

accurate.  

The results of this study would influence the selection of impurity concentrations to be 

implemented during validation of the supersaturation MPC strategy, assessing its ability to 

adapt to the disturbances introduced by the impurities. 

6.2. Materials and methodology 

6.2.1. Methodology for impurity screening 

The effects of the three potential growth inhibitors (citric acid, PABA, A1CA) were tested 

using the 100 ml AutoMATE system. The rationale for selecting these impurities is outlined in 

section 3.1.2. In each crystalliser, hexamine was added to 80 g of ethanol to make up an initial 

concentration of 0.0507 g/g solvent (saturation temperature of around 42 ˚C). A control 

experiment without any impurity was first run in each of the three crystallisers, to account for 

potential differences in heat transfer or agitation between each vessel. Further experiments 

were performed where a given impurity was dissolved in each crystalliser to reach a certain 
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weight percentage with respect to the amount of hexamine dissolved. In each case, impurity 

concentrations of 2, 4 and 6 wt% were implemented in crystallisers 1, 2 and 3 respectively. 

Each solution was heated to 50 ˚C and held for 60 mins to dissolve all solid material before 

rapidly cooling to a seeding temperature of 40 ˚C. After adding 0.2 g of the sieved hexamine 

seed crystals (mean size of 178.4 μm), the solution was held at constant temperature for 30 

mins before cooling at -0.2 ˚C/min down to 7 ˚C. The product crystals were filtered and dried 

before imaging and measurement of the CSD, to assess the effects of the impurity on the 

crystallisation kinetics. 

6.2.2. Methodology for seeded batch crystallisation with selected impurity 

The impurity selected after screening was introduced into seeded batch crystallisations using 

the 500 ml jacketed crystalliser setup for characterisation. The same initial hexamine 

concentration and temperature profile from the screening experiments were implemented, 

maintaining the same seed loading by using 1 g of the sieved seeds. Batch crystallisations were 

carried out with impurity concentrations of 0.25, 0.50, 0.75 and 2 wt%. The selection of these 

concentrations was based on the results presented in section 6.3.2. SEM images were taken of 

the product crystals using a Hitachi TM3030Plus microscope. 

6.3. Results and discussion 

6.3.1. Selection of impurity from screening results 

The volume-based CSDs of the seed and product crystals from each impurity screening 

experiment are shown in Figure 6.1, where the results have been grouped depending on which 

of the three crystallisers was utilised. Numerical details of the volume-based product CSDs are 

summarised in Table 6.1 for further comparison between the effects of each impurity. Images 

of the product crystals from each screening experiment are presented in Figures 6.2-6.5. 

 

Figure 6.1. Volume-based CSD of the hexamine product crystals from impurity screening. a) 

Crystalliser 1 (2 wt% impurity), b) Crystalliser 2 (4 wt% impurity) and c) Crystalliser 3 (6 

wt% impurity). 
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Table 6.1. Mean sizes and spans of volume-based product CSDs from each impurity 

screening batch. 

  Pure Hexamine Citric Acid PABA A1CA 

Volume Mean Size (µm) 

Crystalliser 1 (2 wt% impurity) 

Crystalliser 2 (4 wt% impurity) 

Crystalliser 3 (6 wt% impurity) 

 

474.9 

464.3 

488.4 

 

448.1 

282.5 

288.1 

 

472.3 

464.6 

516.3 

 

472.1 

482.1 

188.0 

Span of Volume-Based CSD 

Crystalliser 1 (2 wt% impurity) 

Crystalliser 2 (4 wt% impurity) 

Crystalliser 3 (6 wt% impurity) 

 

0.477 

0.607 

0.404 

 

0.491 

0.811 

0.935 

 

0.475 

0.454 

0.412 

 

0.402 

0.439 

1.132 

 

Figure 6.2. Images of hexamine product crystals from impurity screening batches containing 

pure hexamine in a) Crystalliser 1, b) Crystalliser 2 and c) Crystalliser 3. 

 

Figure 6.3. Images of hexamine product crystals from impurity screening batches containing 

a) 2 wt%, b) 4 wt% and c) 6 wt% citric acid. 

 

Figure 6.4. Images of hexamine product crystals from impurity screening batches containing 

a) 2 wt%, b) 4 wt% and c) 6 wt% PABA. 
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Figure 6.5. Images of hexamine product crystals from impurity screening batches containing 

a) 2 wt%, b) 4 wt% and c) 6 wt% A1CA. 

It was obvious that PABA had little to no effect on the crystallisation of hexamine from ethanol. 

Images showed no clear difference between the size and shape of the mostly single prismatic 

crystals, even at the highest impurity concentration. Additionally, the measured mean sizes 

from batches containing PABA were almost identical to those with pure hexamine, following 

the same trend of having the smallest mean size in crystalliser 2 and the largest in crystalliser 

3. This did at least confirm that there were slight physical differences between each crystalliser, 

which was taken into consideration while comparing other experiments. 

Addition of A1CA also resulted in little change in the product CSD at impurity concentrations 

of 2 and 4 wt%. However, the latter produced crystals with a mean size around 20 μm larger 

than the pure hexamine batch in crystalliser 2, where the size was expected to be slightly lower 

than the other crystallisers. There is the possibility that due to the chemical structural similarity 

of A1CA to hexamine, some of the impurity was incorporated into the crystal structure and 

added to the overall growth of the crystals. 

At a concentration of 6 wt%, A1CA had a much more drastic effect on the crystallisation 

behaviour, leading to a final CSD that was similar to that of the original seed material. From 

the large population of small, fragmented crystals observed in Figure 6.5c, it could be inferred 

that this was a result of a heightened secondary nucleation rate, likely a result of the increased 

supersaturation generated by the inhibition of crystal growth. Alternatively, given the close 

similarity to the original seed CSD, the growth rate may have been completely inhibited and 

the solution prevented from desaturating entirely. However, this is unlikely since the relative 

supersaturation that would be generated (around 1.32) would be far beyond the metastable limit 

measured in chapter 4 (maximum of 0.61 at the 1.5 ml scale). This would result in large 

amounts of primary nucleation that would form a noticeable peak in the smaller size ranges of 

the product CSD, which was not observed in the measured data. In a typical industrial process, 

impurities are able to disturb the crystallisation kinetics at lower concentrations than these. 
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Therefore, A1CA was rejected as it was deemed unrepresentative of an industrial crystallisation 

system. 

The most effective growth inhibitor of the three impurities was citric acid, which generally 

showed a consistent trend of decreasing mean size and broadening span of the product CSD 

with increasing concentration. The mechanism of primary nucleation likely came into play, 

where the supersaturation increase from the inhibition of growth was large enough to exceed 

the metastable limit. Images provided clear evidence to support this, as they showed an 

increasing population of small, agglomerated crystals as the amount of citric acid increased. At 

a concentration of 6 wt%, what appeared to be larger crystals were theorised to also be 

agglomerates, supported by the rounded shape and darkening of these particles compared to 

the normally translucent, prismatic crystals produced without impurities. 

Even at a concentration as low as 2 wt% citric acid, the CSD in Figure 6.1a showed the 

formation of a secondary peak of finer crystals at around 150 μm, which became much more 

prevalent at 4 wt% and eventually merged with the main peak at the highest concentration. 

This suggested that there could be a region somewhere below 2 wt% where citric acid would 

inhibit the growth rate of hexamine without causing uncontrollable nucleation, which made it 

a suitable choice for investigation at a larger scale. Alternatively, the similarity of the shape 

and size range of this smaller peak to the original seed CSD could imply that it was simply an 

indicator of seeds that had been completely restricted from growing due to interaction with 

citric acid. 

6.3.2. Effect of citric acid on crystal growth rate during 500 ml seeded batch crystallisation 

Figure 6.6 summarises the results of the seeded batch crystallisation performed in the 500 ml 

jacketed crystalliser at an impurity concentration of 2 wt% citric acid, including measurements 

of the concentration during the batch via the attached ATR-FTIR probe. 

Concentration measurements revealed that the generation of smaller particles with citric acid 

present in the system was due to primary nucleation. In this case, nucleation began to occur 

after around 55 mins into the linear cooling period, where the measured concentration started 

to rapidly increase. Rather than decreasing as expected, significant fouling of hexamine around 

the ATR probe resulted in a falsely higher concentration, as the build-up of solids would have 

increased the intensity of the IR peaks characteristic to hexamine. 
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Figure 6.6. Overview of the 500 ml seeded batch crystallisation with 2 wt% citric acid. a) 

Measured concentration and supersaturation profiles starting from the point of seeding, b) 

volume-based CSD and c) image of the hexamine product crystals. 

Other differences resulting from scale-up of the process included a more pronounced secondary 

peak in the product CSD at around 200 μm. Images of the product crystals appeared more 

similar to those from screening experiments at greater impurity concentrations. The SEM 

images of the product crystals shown in Figure 6.7 provide further evidence that smaller 

nucleated crystals were present in the system, which agglomerated into clusters around the size 

of 150-200 µm (i.e. the location of the secondary peak in the CSD). 

As this suggested that the effect of citric acid may be intensified by the increased scale, 

concentrations between 0.25-0.75 wt% were investigated to attempt avoiding the issues caused 

by primary nucleation. Additionally, these lower concentrations were also considered to be 

more representative of typical raw material feeds, making the model system more relevant to 

industrial applications. The concentration profiles measured during seeded batch 

crystallisations with 0.25, 0.50 and 0.75 wt% citric acid and calculated relative supersaturation 

profiles are shown in Figure 6.8, compared with those measured during a batch without 

impurities. 



Chapter 6 – Growth Rate Inhibitor Screening and Effects on the Hexamine-Ethanol 

Crystallisation System 
 

 

66 
 

  

Figure 6.7. SEM images of hexamine product crystals from the 500 ml seeded batch 

crystallisation with 2 wt% citric acid. 

 

Figure 6.8. Measured a) concentration and b) supersaturation profiles during the 500 ml 

seeded batch crystallisations with 0.25-0.75 wt% citric acid, starting from the point of 

seeding. 

Within this range of impurity concentrations, a more subtle effect on the crystallisation of 

hexamine was observed. No significant change was observed at 0.25 wt% citric acid, but at 

0.50 wt% there was a noticeable increase in the maximum supersaturation achieved throughout 

the batch. It was inferred that this was due to inhibition of the crystal growth rate, as slower 

consumption of the dissolved hexamine lead to overall higher concentrations while the solution 

was cooled. 

The continued increase in supersaturation during the batch with 0.75 wt% citric acid initially 

implied that some degree of fouling from nucleation on the probe may have occurred once 

again. However, the measured concentration did not behave in the same way as the batch with 

2 wt% impurity (Figure 6.6a). Instead, it decreased at a reduced rate before appearing to level 

off at a high solution concentration of around 0.035 g/g solvent. To alleviate concerns that the 

addition of citric acid may have altered the solubility of hexamine in ethanol, dissolution 
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temperatures were measured for varying concentrations of hexamine with the impurity present. 

The results of this investigation are presented in Figure 6.9, which shows the measured 

solubility in a solution of 0.000375 g/g solvent of citric acid in ethanol (the same concentration 

as the experiments at 0.75 wt% citric acid). 

 

Figure 6.9. Measured solubility of hexamine in ethanol with 0.000375 g/g solvent citric acid, 

compared to pure hexamine solubility from Myerson et al. (1986). 

There was no significant deviation from the solubility of hexamine in pure ethanol solution 

used throughout this study, therefore the hypothesis that this concentration of citric acid had 

changed the solubility limit was rejected. It was instead theorised that the rate of crystal growth 

had been slowed so significantly that, given enough time at the final temperature, the 

supersaturation would still have eventually been consumed. 

6.3.3. Effect of citric acid on hexamine product crystal structure 

The volume-based CSDs of the seed and product crystals from each batch are shown in Figure 

6.10, with further numerical details of the CSDs summarised in Table 6.2 for comparison 

between batches. Images of the product crystals from each batch are presented in Figure 6.11. 

There was no particular trend in the final crystal size with increasing concentration of citric 

acid, however each of the batches with the impurity present produced crystals with an overall 

larger mean size than the pure hexamine batch. Although the similarity of the CSDs provided 

little evidence to support a theory for this, images of the crystals showed a more noticeable 

variation between each sample. With increasing concentration of citric acid, the shape of the 

crystals appeared more rounded than prismatic, which matched observations during the 

screening experiments. 
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Figure 6.10. Volume-based CSDs of the hexamine product crystals from the 500 ml seeded 

batch crystallisations with no impurity and 0.25-0.75 wt% citric acid. 

Table 6.2. Mean sizes and spans of volume-based product CSDs from the 500 ml seeded 

batch crystallisations with no impurity and 0.25-0.75 wt% citric acid. 

  Pure Hexamine 0.25 wt% 

Citric Acid 

0.50 wt% 

Citric Acid 

0.75 wt% 

Citric Acid 

Volume Mean Size (µm) 519.9 548.3 533.0 538.9 

Span of Volume-Based CSD 0.492 0.515 0.482 0.424 

 

Figure 6.11. Images of hexamine product crystals from 500 ml seeded batch crystallisations 

with a) no impurity, b) 0.25 wt% citric acid, c) 0.50 wt% citric acid and d) 0.75 wt% citric 

acid. 
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The reason for the increase in mean crystal size could have been the more even distribution of 

hexamine around each particle, caused by the reduced growth rate. Considering the 

agglomeration mechanism exhibited by hexamine, the spaces formed between the central 

crystal and the nuclei that form surrounding it would have been filled more gradually by 

additional material, hence the alteration of the crystal shape. Further evidence of this can be 

seen in the close-up images of individual product crystals shown in Figure 6.12. A reduced 

number of solvent inclusions was apparent in the structure of hexamine crystals produced with 

increasing impurity concentrations. This suggests a disruption to the agglomeration mechanism 

that would normally lead to the trapping of solvent in the gaps between crystals, which has 

been influenced by the change in growth rate kinetics. 

 

Figure 6.12. Images of individual hexamine product crystals from 500 ml seeded batch 

crystallisations with a,b) no impurity, c,d) 0.50 wt% citric acid and e,f) 0.75 wt% citric acid. 
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6.4. Conclusions 

Seeded batch crystallisations were performed at the 100 ml scale to investigate the effects of 

citric acid, PABA and A1CA on the crystallisation kinetics of the hexamine-ethanol system, 

starting with impurity concentrations between 2-6 wt%. PABA was observed to have little to 

no effect on hexamine’s crystallisation behaviour. Addition of A1CA at lower concentrations 

also had little effect, however at 6 wt% there was a significant increase in nucleation leading 

to a product CSD close to that of the original seed crystals. Citric acid was selected as the most 

suitable growth inhibitor due to the clear trends shown between impurity concentration and 

product CSD. Given that even 2 wt% citric acid was enough to reduce the growth rate such that 

supersaturation exceeded the boundary for primary nucleation, the impurity concentration 

could also be reduced to more industrially relevant levels. 

At the 500 ml scale, the primary nucleation induced by addition of 2 wt% citric acid resulted 

in fouling of hexamine around the ATR probe used to measure solution concentration. To avoid 

this, lower impurity concentrations between 0.25-0.75 w% were employed, where a more 

subtle increase in supersaturation was observed due to the reduced crystal growth rate. It was 

confirmed through dissolution experiments that the solubility of hexamine in ethanol was 

unaffected by the presence of citric acid up to 0.75 wt%. 

A potential influence over the agglomeration mechanism exhibited by hexamine was observed 

with increasing concentration of citric acid. The slower growth rate was hypothesised to fill 

spaces between agglomerated crystals more evenly, leading to rounded particles with a reduced 

amount of solvent inclusions. Overall, the effects of citric acid on both growth rate and 

agglomeration pose an interesting challenge to the MPC strategy. Specifically, the performance 

of the controllers that have been trained using a process model that does not directly incorporate 

these impurity effects needs to be assessed, which will speak for the adaptability of the strategy 

to disturbances typical of industrial crystallisation processes. 
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7. Supersaturation MPC Development and Performance with Varying Supersaturation 

Set-Point, Seeding Conditions and Growth Kinetics 

7.1. Introduction 

The validated process model representing the hexamine-ethanol crystallisation system was 

coupled with PharmaMV software, to develop a suitable MPC strategy for supersaturation 

control during a batch cooling crystallisation. Additionally, selection of citric acid as an 

effective growth inhibitor allowed the crystallisation kinetics to be modified during physical 

crystallisation experiments. This was important for testing the performance of the MPC 

strategy not only to represent an industrially relevant system, but also to investigate how 

accurate the model’s kinetic parameters needed to be. 

This chapter outlines the training of a series of model predictive controllers in PharmaMV 

using the gPROMS crystallisation process model that was parameterised in chapter 5. The 

developed MPC strategy maintains the requested supersaturation set-point through 

manipulation of the vessel temperature profile over time. The supersaturation control strategy 

was tested in-silico using the digital twin of a 500 ml jacketed crystalliser to simulate 

measurements of temperature and solution concentration. After carrying out these tests for a 

range of supersaturation set-points, each of these simulations were validated by using the MPC 

strategy to control the circulator in a physical 500 ml crystallisation setup. For further 

assessment of the performance of the physical supersaturation MPC strategy, additional 

batches were performed with varying seed crystal masses/sizes and amounts of citric acid 

impurity. Through analysis of the mean value and standard deviation of the supersaturation 

during these experiments, the accuracy and precision of the MPC strategy over a wide range 

of operating conditions was established. 

7.2. Materials and methodology 

7.2.1. CrystalMV template for supersaturation MPC in PharmaMV 

The process control software PharmaMV v8.1.1445 was used as the platform for development 

of the MPC strategy. The software had the capability to perform real-time control of specific 

parameters during a physical crystallisation by taking measurements with appropriate in situ 

PAT. Prior to this, in-silico simulation using the digital twin in gPROMS was utilised to test 

the MPC strategy’s performance, as well as to investigate the range of operating conditions 

that would be feasible for real processes. 
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Most information in the PharmaMV real-time control software is treated as either an actuation 

signal (sent from PharmaMV to external software/equipment) or a measured signal (calculated 

by PharmaMV or measured from external source). For example, the temperature set-point 

value communicated to a heater/chiller would be an actuation signal, whereas a measurement 

of the current bath temperature would be recorded as a measured signal. A typical MPC ‘block’ 

within PharmaMV involves a statistical relationship being calculated between an actuation 

signal and one or more measured signals.  

The resulting changes in the controlled variables are calibrated to an auto-regressive with 

exogenous input (ARX) model structure using the recursive least squares (RLS) method 

(Shamekh et al., 2008). The objective function to be optimised for MPC is shown in Equation 

7.1 (Clarke et al., 1987): 

𝐽 = ⁡∑𝛼𝑗 (𝑦𝑟 (𝑘 +
𝑗

𝑘
) − 𝑦̂(𝑘 + 𝑗/𝑘))

2
𝑝

𝑗=1

+∑𝛽𝑗∆𝑢(𝑘 + 𝑗 − 1/𝑘)2
𝑚

𝑗=1

 

 

(7.1) 

where J is the objective function to be minimised, k is the sampling instant, p is the prediction 

horizon, m is the control horizon, yr is the set-point reference, ŷ is the estimated future output, 

αj and βj are weighting parameters for the controlled and manipulated variables respectively, 

and Δu is the control move (i.e. the incremental change in the manipulated variable to be 

calculated by the MPC algorithm). 

The objective function is designed to track the set-point reference trajectory over a specified 

length of time – the prediction horizon p – and determine the optimal value for the control 

move Δu that will minimise the set-point error. Within the MPC blocks in PharmaMV, 

empirical tuning parameters can be manipulated either before or during a control run, to refine 

the stability of these control moves. For example, if changes in the cooling rate were too large 

and resulted in repeated over/undershooting of the supersaturation, the ‘move weight’ could be 

increased to limit changes to the cooling profile and keep the supersaturation level steady. 

The MPC strategy described in this chapter was built upon an existing template provided by 

Perceptive Engineering Ltd., labelled ‘CrystalMV’. This template consisted of two MPC 

blocks, connected as shown in Figure 7.1 such that the specified supersaturation set-point 

would lead to manipulation of the circulator temperature. The supersaturation MPC block 

compared the current supersaturation to the specified set-point, providing an output of the 

cooling rate required to approach the set-point value. The optimal cooling rate was calculated 
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based on a PLS model built into the MPC block; the procedure for training these models is 

described in section 7.2.2. 

 

Figure 7.1. Block diagram of the CrystalMV supersaturation control structure in PharmaMV. 

The cooling rate was used alongside the measured vessel temperature to construct a 

temperature set-point profile (calculated via a Python script) that was the input for the 

temperature MPC block. This second block represented the heat transfer between the 

crystallisation vessel and jacket, giving an output of the necessary circulator temperature 

needed to achieve the correct cooling profile within the vessel. 

The temperature and supersaturation MPC blocks made decisions to update their associated 

manipulated variables every 15 seconds and 60 seconds respectively. The reason for choosing 

a longer time interval for the supersaturation controller was that this block benefited from 

having more data available to determine each control move, helping to improve the stability. 

7.2.2. Training of temperature and supersaturation MPC blocks 

Each MPC block was trained through pseudo-random binary sequence (PRBS) testing, where 

the corresponding manipulated variable for each controller was varied between set limits to 

measure the response of the controlled variables. Initially, both MPC blocks were trained using 

the gPROMS process model to simulate the measurements of temperature and concentration 
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during a hexamine-ethanol batch crystallisation. The initial conditions for the simulation were 

similar to those of seeded Run A described in chapter 4 (500 ml vessel, 40 ˚C seeding 

temperature, 1 g of seeds with mean size of 178.4 μm). Only the growth rate model was 

activated; nucleation was deactivated due to experimental observations of little to no 

nucleation. The seed CSD was specified using the lognormal peak parameters (199 µm location 

parameter, 40 µm standard deviation). 

For the temperature MPC block, the circulator temperature was stepped between 5-50 ºC, 

which covered the full range of temperatures expected during the batch crystallisation 

experiments. For the supersaturation MPC block, a cooling ramp was run using the trained 

temperature controller, starting from 40 ºC. This generated a change in supersaturation that was 

measured and calibrated to by stepping the cooling rate between -0.1 and -1.5 ºC/min. Although 

this maximum cooling rate was higher than what would be feasible in physical experiments, 

generating a training data set with larger changes in supersaturation ensured the MPC block 

could cover a broad range of operating conditions. 

To ensure good controller performance during physical control experiments, the temperature 

MPC block had to be re-trained with measurements from the 500 ml jacketed crystalliser for 

MPC validation (see section 3.2.2) to capture more realistic heat transfer dynamics. The 

crystalliser was filled with around 500 ml of water initially held at 20 ˚C and agitated at 450 

rpm, stepping the circulator temperature between 15-25 ˚C. 

7.2.3. Methodology for in-silico supersaturation MPC 

For the in-silico testing of the supersaturation MPC strategy, the gPROMS process model was 

connected with PharmaMV to provide the necessary temperature, concentration and other 

process measurement data, as described by the diagram in Figure 7.2. A batch crystallisation 

simulation in gPROMS and data sampling in PharmaMV were run simultaneously, where the 

latter received signals for the current temperature and supersaturation (calculated from solution 

concentration and solubility data) within the vessel. The two MPC blocks functioned as 

described in section 7.2.1, providing an output of the circulator temperature set-point that was 

fed back to the temperature controller within the gPROMS model flowsheet. Data was 

transferred through this loop every 5 seconds, stopping the simulation automatically when a 

set end temperature was reached. 
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Figure 7.2. Data flow within the gPROMS/PharmaMV digital twin during a supersaturation 

control simulation. 

To test the fully trained digital twin, examples of batch crystallisations with supersaturation 

control were simulated. Table 7.1 summarises the process conditions applied in these 

simulations, where the only variation between them was the chosen supersaturation set-point 

between a range of 0.012-0.036. The parameters describing the seed CSD were selected based 

on those produced by wet milling for physical validation (mean size of 112.2 μm). During each 

simulation, the temperature was held at the initial value for 30 mins before switching on both 

of the MPC blocks, which turned off automatically when the vessel temperature reached 5 ˚C. 

Only the growth rate model was activated in gPROMS for these simulations. 

Table 7.1. Process conditions applied to the gPROMS/PharmaMV digital twin for in-

silico supersaturation MPC performance testing. 

Crystalliser volume (ml) 500 

D50 of seed CSD (µm) 110 

Standard deviation of seed CSD (µm) 25 

Initial seed mass (g) 1 

Initial temperature (ºC) 40 

End temperature (ºC) 5 

Supersaturation set-point 0.012, 0.024, 0.036 

 

7.2.4. Methodology for physical validation of supersaturation MPC 

The supersaturation control strategy developed in PharmaMV was implemented at the CMAC 

Future Manufacturing Research Hub using the 500 ml jacketed crystalliser for MPC validation, 

described in section 3.2.2. Compared to the crystallisation setup at the University of Leeds 
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utilised in chapters 4 and 6, this setup had been adjusted to allow for automated operation of 

the circulator through communication with the PharmaMV software platform. Figure 7.3 

illustrates how the MPC data flow schematic in Figure 7.2 was adapted for the physical 

crystallisation setup. It should be noted that FBRM and PVM data were not collected for the 

experiments described in this chapter, hence only the ATR-FTIR probe has been shown. 

 

Figure 7.3. Data flow within the MPC strategy during a physical batch cooling 

crystallisation with supersaturation control. 

A concentration calibration model was developed within PharmaMV software using new 

spectral measurements with the ReactIR system, following the same procedure and 

experimental conditions described in section 3.3. A second derivative transformation using a 

Savitzky-Golay filter with 10 points of smoothing was applied to the spectra before calibration. 

The calibration model was incorporated into the overall strategy as its own block, which 

communicated the measured concentration to the supersaturation MPC block. 

Table 7.2 summarises the differences between the process conditions of each physical 

supersaturation control experiment. These experiments were grouped to investigate the 

performance of the MPC strategy with varying supersaturation set-point (Batches A-C), 

seeding conditions (Batches B and D-F) and impurity concentration (Batches B and G-I). 

At the beginning of each physical control experiment, hexamine was added to 400 g of ethanol 

to make up an initial concentration of 0.0507 g/g solvent (saturated at 42 ˚C). For experiments 

with the impurity present, citric acid was also added at this stage to make up the chosen 

concentration in wt%. The solution was heated to 50 ˚C and held for 60 mins to ensure all 
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material had dissolved. The solution was then cooled at the maximum rate achievable by the 

circulator (-0.6 ˚C/min) down to 40 ˚C, where the chosen amount of dry seed crystals were 

added. Following this, the crystalliser was held at constant temperature for 30 mins to allow 

the system to equilibrate, after which the temperature and supersaturation MPC blocks in 

PharmaMV were switched on. Once the final temperature of 5 ˚C was reached, the product 

crystals were removed and filtered under vacuum for analysis. 

Table 7.2. Process conditions for the physical supersaturation MPC validation 

experiments. 

Batch Supersaturation 

Set-Point 

Seed Mass (g) Seed Mean Size 

(μm) 

Impurity 

Concentration (wt%) 

A 0.012 1 112.2 0 

B 0.024 1 112.2 0 

C 0.036 1 112.2 0 

D 0.024 3 112.2 0 

E 0.024 1 68.9 0 

F 0.024 3 68.9 0 

G 0.024 1 112.2 0.25 

H 0.024 1 112.2 0.50 

I 0.024 1 112.2 0.75 

 

7.3. Results and discussion 

7.3.1. Data generated for training MPC blocks 

Figure 7.4 shows the results of the PRBS tests for both MPC blocks. Throughout this chapter, 

temperatures are specified either as process values (PV) for measurements of the current 

circulator or vessel temperatures (in this case, simulated by gPROMS) or set-points (SP) for 

the values determined by the controllers in PharmaMV. 

The minimum cooling rate of -0.1 ˚C/min was low enough to induce a drop in supersaturation; 

the model predicted that the consumption of supersaturation due to crystal growth was 

dominant over its generation through lowering the solubility limit. This resulted in a clear trend 

of increasing/decreasing supersaturation at high/low cooling rates that could be used to 

reasonably train the MPC block. It is important to note that a given change in cooling rate may 

not always induce the same response in supersaturation. This would likely be due to variation 

in the total crystal surface area available for growth resulting from changes in the number of 

particles, such as by secondary nucleation or agglomeration. Hence, the cooling rate was cycled 
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between the upper and lower limits multiple times in order for the MPC block to capture an 

average and therefore more generalised response for the crystallisation system. 

 

Figure 7.4. PRBS test procedure and controlled variable response predicted by the gPROMS 

process model for training a) temperature MPC block and b) supersaturation MPC block. 

At the faster cooling rate, it was often the length of the step that determined the highest 

supersaturation that could be achieved before the supersaturation trajectory levelled off. 

However, comparing the relatively constant supersaturations at around 8 and 23 minutes in 

Figure 7.4b, the maximum supersaturation noticeably dropped from 0.08 to 0.07. This was 

likely due to the growth and subsequent increase in surface area available of the suspended 

crystals, resulting in a faster consumption of hexamine from solution and therefore limiting the 

maximum supersaturation the longer the batch continued. It was hypothesised that this would 

be reflected during supersaturation control experiments, where a faster cooling rate would be 

requested by the MPC block as the process continued, in order to keep the supersaturation at 

the desired set-point. 

As heat transfer between the jacket fluid and the vessel contents was not considered in the 

gPROMS model, there was an instantaneous response between the circulator SP and vessel PV 

temperatures. It is important to note that this consequently affected the response of the 

supersaturation to changes in the cooling rate. Very fast alterations were made to the 

supersaturation trajectory given the immediate changes in cooling rate, which would not be 

feasible in a real crystallisation process. 

The results of the PRBS test for re-training the temperature MPC block for physical 

experiments are shown in Figure 7.5. This new training procedure was able to capture not only 

the real heat transfer between the circulator and vessel, but also the internal temperature control 

within the circulator. The circulator bath temperature was found to overshoot the set-point 

when large, rapid changes in this value were made, which took around 4-6 minutes to correct. 

Fortunately, this was only the worst-case scenario when operating at cooling rates of around -
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2.5 ˚C/min, which was much greater and unfeasible cooling rate for real crystallisation 

experiments. In fact, given that the maximum cooling rate achieved in the vessel appeared to 

be around -0.6 ˚C/min, the controller was limited to cooling rates below this value to prevent 

the circulator from struggling to keep up with its set-point profile. 

 

Figure 7.5. PRBS test procedure and controlled variable response measured using the 500 ml 

jacketed crystalliser for re-training the temperature MPC block. 

7.3.2. Performance of in-silico supersaturation MPC 

The cooling and supersaturation profiles resulting from the in-silico supersaturation control 

simulations at three different supersaturation set-points are presented in Figure 7.6. In each 

case, the supersaturation decreased as expected during the initial 30 min holding period, where 

the seeds crystals were left to grow. The increase in supersaturation at the beginning of cooling 

would typically result in an offshoot above the set-point, which the MPC strategy was able to 

correct by manipulating the cooling rate. The circulator set-point temperature and the measured 

circulator and vessel temperatures always overlapped, therefore only a single temperature 

profile has been plotted in Figure 7.6. This is due to the gPROMS process model assuming 

almost instantaneous heat transfer dynamics (i.e. no time delay between change in circulator 

and response in vessel temperatures), which were captured during training of the MPC block. 

For the lowest set-point of 0.012, the simulation was ended early; although the level of control 

was very good after the initial offshoot, the low cooling rates chosen by the controller were 

anticipated to lead to a long batch time. This would likely be considered ineffective from an 

industrial productivity viewpoint. Experiments were completed in a more reasonable time for 

the remaining set-points, due to the overall higher cooling rates required to maintain high 

supersaturations. There was a noticeable increase in the instability of control as the set-point 
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increased, caused by the more drastic changes made to the cooling rate by the supersaturation 

MPC block. 

 

Figure 7.6. Temperature, cooling (ramp) rate, concentration and supersaturation profiles 

generated during in-silico supersaturation MPC, for supersaturation set-points of a,b) 0.012, 

c,d) 0.024 and e,f) 0.036. 

The tuning weights within the MPC block could be adjusted to reduce these unstable 

fluctuations in supersaturation by preventing large changes in the cooling rate set-point. 

However, a variable tuning would have to be applied to dampen these responses only when the 

measured supersaturation is close to the set-point. Otherwise, the MPC strategy would take too 

long to bring the supersaturation up to the set-point in the early stages of the crystallisation 

process. 
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7.3.3. Comparison of in-silico and physical supersaturation MPC with varying 

supersaturation set-point 

 

Figure 7.7. Temperature, cooling rate, concentration and supersaturation profiles measured 

during physical supersaturation MPC experiments, for supersaturation set-points of (a,b) 

0.012, (c,d) 0.024 and (e,f) 0.036. 

Table 7.3. Mean and standard deviation of supersaturation and average cooling rates 

during in-silico simulations and physical validation experiments for supersaturation 

control at varying supersaturation set-points. 

 Supersaturation Mean Supersaturation Std. Dev. Average Cooling Rate 

(˚C/min) 

Supersaturation 

Set-Point 

In-Silico Experimental In-Silico Experimental In-Silico Experimental 

0.012 0.0121 0.0137 4.79 x10-4 2.03 x10-3 0.04 0.16 

0.024 0.0239 0.0227 4.76 x10-4 3.15 x10-3 0.13 0.31 

0.036 0.0359 0.0300 8.05 x10-4 4.00 x10-3 0.29 0.44 

The cooling and supersaturation profiles resulting from physical supersaturation control 

experiments performed at different supersaturation set-points are presented in Figure 7.7. To 

assess the performance of the MPC strategy, the means and standard deviations of the measured 
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supersaturation profiles have been calculated and listed in Table 7.3, alongside those calculated 

from the in-silico simulated profiles for the same conditions. The average cooling rates 

throughout each batch are also included in this table. 

Generally, it was observed that higher cooling rates were required to reach and maintain a given 

supersaturation set-point when compared with simulations; for example, at a supersaturation 

set-point of 0.012, the cooling rate was approximately four times higher. This resulted in the 

final temperature of 5 ºC being reached in a much shorter time than in the simulation. Higher 

cooling rates often led to more unstable control, given the work required by the circulator to 

respond to its frequently changing temperature set-point. This may have been a contributing 

factor towards the noticeable increase in instability of the supersaturation from simulations to 

physical experiments, as reflected by the standard deviations being an order of magnitude 

higher. The trend of increasing instability at higher supersaturation set-points matched that 

observed in simulations. 

Considering potential factors related to the software, the heat transfer dynamics captured by 

the training data provided to each MPC block may have been the cause of instability. The 

temperature MPC block could be adjusted to match the dynamics achievable by the circulator 

and jacketed vessel quite easily. However, the gPROMS model-trained supersaturation MPC 

block was still operating under the assumption of perfect temperature control. This meant that 

the MPC strategy would expect an immediate change in supersaturation upon choosing a new 

cooling rate, which was not feasible to achieve in the physical experimental setup. Tuning of 

the control parameters of the supersaturation MPC block could not fully eliminate this issue, 

which could instead be resolved by re-training the controllers using a more accurate heat 

transfer model.  

The mean supersaturation values were much further from the set-points for the physical 

experiments, as expected when considering the disturbances caused by imperfect temperature 

control and concentration measurement accuracy and precision. With a supersaturation set-

point of 0.012, this was the only case where the mean value exceeded the set-point. With the 

concentration declining very gradually due to slower growth rates at low supersaturations, it is 

likely that the system was more sensitive to increases in supersaturation when the cooling rate 

was set too high. 

The opposite effect could explain why the mean supersaturation fell short of the higher set-

points of 0.024 and 0.036; in these cases, the system appeared to be more sensitive to a drop in 
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supersaturation should the cooling rate be insufficient. For the highest set-point, the MPC 

strategy struggled to bring the supersaturation up to this value for most of the batch. This 

suggested that a supersaturation of 0.036 may have been above the limit achievable by the 

cooling rates allowed by the MPC strategy. These cooling limits could not be increased without 

creating a large temperature differential between the vessel and circulator temperatures, which 

would have made precise control over the cooling rate difficult to maintain. 

7.3.4. Performance of physical supersaturation MPC with varied seeding 

The cooling and supersaturation profiles resulting from physical supersaturation control 

experiments performed using different seed masses and sizes are presented in Figure 7.8. Table 

7.4 summarises the average cooling rates for each batch experiment, alongside the means and 

standard deviations of the measured supersaturation profiles. The results from Batch B (1 g of 

112.2 μm seeds) are included for comparison. 

 

Figure 7.8. Temperature, cooling rate, concentration and supersaturation profiles measured 

during physical supersaturation MPC, for batches seeded with (a,b) 3 g of 112.2 μm seeds, 

(c,d) 1 g of 68.9 μm seeds and (e,f) 3 g of 68.9 μm seeds. 
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Table 7.4. Mean and standard deviation of supersaturation and average cooling rates 

during physical supersaturation control experiments at varying seeding conditions. 

Seeding Conditions Supersaturation 

Mean 

Supersaturation 

Std. Dev. 

Average Cooling 

Rate (˚C/min) 

1 g of 112.2 μm 

seeds 

0.0227 3.15 x10-3 0.31 

3 g of 112.2 μm 

seeds 

0.0266 3.75 x10-3 0.42 

1 g of 68.9 μm seeds 0.0224 2.59 x10-3 0.32 

3 g of 68.9 μm seeds 0.0212 2.44 x10-3 0.35 

When introducing a larger mass of the 112.2 μm seeds, the MPC strategy seemed to 

overcompensate for the increased rate of desupersaturation, resulting from the increased 

surface area of the seeds. The average cooling rate selected by the supersaturation MPC block 

was the second fastest between all nine of the batch experiments presented in this chapter. In 

doing so, the mean supersaturation was raised higher than that observed in the batch with a 

smaller mass of seeds, as the controller failed to make the decision to lower the cooling rate 

enough for supersaturation to be consumed by the system. 

Interestingly, this excessive cooling rate was not observed when using smaller seeds instead of 

increasing the seed mass, despite this also leading to an increase in available surface area. There 

was overall no difference between the experiments starting with 1 g of each seed size, with the 

mean and standard deviation of the measured supersaturation only slightly lowered when 

decreasing the seed size 112.2 µm to 68.9 µm. A reason for this could be the increased amount 

of agglomeration when starting with smaller seeds, which was also observed in the seeded 

experiments in chapter 4. The uneven surfaces of agglomerates may have altered the true 

crystal growth rate for single crystals, keeping it at a similar level to the batch with a larger 

seed size despite the difference in surface area should the suspended crystals had a more even, 

prismatic shape. However, images of the product crystals from this set of validation 

experiments, shown in Figure 7.9, suggested that the degree of agglomeration between Batches 

D and E was similar. 
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Figure 7.9. Images of hexamine product crystals from physical supersaturation MPC batches 

seeded with a) 1 g of 112.2 μm seeds, b) 3 g of 112.2 μm seeds, c) 1 g of 68.9 μm seeds and d) 

3 g of 68.9 μm seeds. 

It was only through the combination of both a larger seed mass and smaller seed size that the 

resulting supersaturation profile behaved in a more expected way based on the change in crystal 

surface area. In this case, the mean supersaturation was the lowest between all batches with a 

set-point of 0.024, which was likely due to the MPC strategy struggling to compensate for the 

increased consumption of solute compared to the simulations it was trained on. Despite this, 

the cooling rate was steadier than previous batches, leading to an improvement in the overall 

precision of control. 

Overall, the stability of supersaturation control during each of these batches was better than the 

worst case observed at the highest supersaturation set-point (Batch C). Therefore, it can be said 

that the MPC strategy was able to handle variations in the seeding conditions well, even when 

operating outside of the training range of crystallisation behaviour. 

7.3.5. Performance of physical supersaturation MPC with varying impurity concentration 

The cooling and supersaturation profiles resulting from physical supersaturation control 

experiments performed with different concentrations of citric acid impurity are presented in 
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Figure 7.10, with Table 7.5 summarising the means and standard deviations of the measured 

supersaturation profiles. The results from Batch B (no impurity) are included in the table for 

comparison. Note that for Batches H and I (Figure 7.10c-f), profiles have been shown only for 

the period that the MPC blocks were switched on. 

 

Figure 7.10. Temperature, cooling rate, concentration and supersaturation profiles measured 

during physical supersaturation MPC, for citric acid impurity concentrations of (a,b) 0.25 

wt%, (c,d) 0.50 wt% and (e,f) 0.75 wt%. 

Table 7.5. Mean and standard deviation of supersaturation and average cooling rates 

during physical supersaturation control experiments at varying citric acid impurity 

concentrations. 

Impurity 

Concentration (wt%) 

Supersaturation 

Mean 

Supersaturation 

Std. Dev. 

Average Cooling 

Rate (˚C/min) 

0 0.0227 3.15 x10-3 0.31 

0.25 0.0246 3.53 x10-3 0.29 

0.50 0.0250 1.91 x10-3 0.07 

0.75 0.0280 3.23 x10-3 0.03 
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The most noticeable change caused by the introduction of impurities was the extension of the 

batch time with increasing concentrations of citric acid. As much slower cooling rates were 

required to maintain the same level of supersaturation, the controlled cooling that typically 

took around 2 hours for the pure system extended beyond 6 hours with 0.50 wt% citric acid, 

and 21 hours with 0.75 wt%. In the latter case, even a cooling rate close to the minimum 

allowed by the supersaturation MPC block (-0.01 ˚C/min) was insufficient to prevent the 

supersaturation from climbing towards the end of the batch. 

There was a general trend of increasing mean supersaturation with increasing impurity 

concentration. This was due to the heightened sensitivity of supersaturation generation when 

cooling too quickly, which declined more slowly when the cooling rate was lowered due to the 

inhibition of the crystal growth rate. Interestingly, the combination of this sensitivity and the 

low cooling rates below -0.1 ˚C/min gave very stable control during the batch with 0.50 wt% 

citric acid. With the supersaturation MPC block making very small adjustments to the cooling 

rate at each decision point, the standard deviation of the measured supersaturation was found 

to be the lowest out of all nine batches. 

There was a minimal difference of 0.2 ˚C/min in the average cooling rate between the batches 

with pure hexamine and 0.25 wt% citric acid. However, there was greater instability in control 

of the supersaturation due to large moves being made in the cooling rate for the batch with 

impurities, especially when the MPC blocks had just been activated.  

The particularly large overshoot of supersaturation shown at around 45 mins in Figure 7.10b 

was an issue resulting from problems with the internal control of the circulator. During the 

initial cooling to approach the supersaturation set-point from zero, the circulator bath was 

cooled much lower than the set-point requested by the temperature MPC block, creating a large 

disturbance in the temperature control that required heating of the bath to correct. This in turn 

impacted the vessel temperature, preventing it from accurately following the set-point profile 

calculated by the MPC strategy and resulting in a persistently poor stability of control 

throughout the rest of the batch. This highlighted the importance of ensuring the heat transfer 

dynamics of the crystallisation equipment remain similar to when it is used to train the 

temperature MPC block. 

7.4. Conclusions 

An MPC strategy for controlling the supersaturation during a batch cooling crystallisation was 

developed using the CrystalMV control structure in PharmaMV software. Using the gPROMS 
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process model of the hexamine-ethanol crystallisation system, simulated temperature and 

concentration data were used to train the MPC blocks within the structure to capture the 

crystallisation kinetics. The temperature MPC block was retrained using measurements from a 

physical 500 ml crystalliser and associated PAT tools in order to capture the real heat transfer 

dynamics between the circulator and vessel contents. 

The digital twin of a 500 ml jacketed crystalliser was used to perform in-silico simulations of 

batch crystallisations with controlled supersaturation, at levels ranging between 0.012-0.036 

relative supersaturation. After a small overshoot during the initial approach from zero up to the 

set-point, the MPC strategy performed excellently at controlling the supersaturation, although 

this was expected given the minimal disturbances in the simulation. Control stability was found 

to decrease at higher supersaturation set-points, resulting from the larger moves made to the 

cooling rate when faster cooling was required to prevent supersaturation from declining. 

Performance of the MPC strategy during physical validation on a real 500 ml jacketed 

crystalliser was not as strong as in in-silico simulations, with respect to the mean 

supersaturations achieved. However, stability of the controlled supersaturation remained good 

with standard deviations between 2-4 x10-3 compared to the in-silico range of 4-8 x10-4. A 

clearer trend of decreasing stability with increasing supersaturation set-point was observed. 

The MPC strategy struggled to achieve the highest set-point of 0.036, likely due to the faster 

growth rates at higher supersaturations leading to a high cooling demand to compete with the 

consumption of hexamine from the solution. 

The increase in surface area resulting from an increased mass of seeds was found to have a 

stronger impact on supersaturation control than that resulting from a decrease in the mean 

crystal size. In fact, although the mean supersaturation achieved using smaller seed crystals fell 

further below the set-point, the overall stability of control was much improved due to the 

smaller changes in cooling rate made by the supersaturation MPC block. It was hypothesised 

that given the greater amount of agglomeration typically occurring with finer seed material, the 

uneven surfaces of the crystals slowed down the growth rate compared to what one would 

expect. However, image analysis of the product crystals suggested that there was a similar 

degree of agglomeration between both the cases with an increased mass and decreased mean 

size. In the case where the surface area had been altered the most (both larger seed mass and 

smaller seed size), the mean supersaturation was noticeably the lowest between all batches with 
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a set-point of 0.024. This is because the MPC strategy struggled to cool fast enough to keep up 

with the heightened consumption of solute. 

Increasing concentrations of citric acid impurity, known to inhibit the growth of hexamine, 

resulted in an increase in the mean supersaturation and extension of the overall batch time. This 

was due to the significantly lower cooling rates required to maintain the desired supersaturation 

set-point, as well as the heightened sensitivity of the system towards raising the supersaturation 

when the cooling rate was too high. During a few experiments but most noticeably the batch 

with 0.25 wt% citric acid present, the stability of control in the early stages of cooling was 

found to be negatively impacted by the internal control of the circulator. 

Considering the overall performance of the supersaturation MPC strategy, it appeared able to 

respond well to disturbances caused by varying both the seeding conditions and growth rate 

kinetics. This supports the potential implementation of the MPC strategy at pilot scale, in order 

to more closely relate to an industrial crystallisation system. However, it is important to 

highlight a few additional adjustments or steps that would improve its performance. Regarding 

the equipment, it is vital that the heat transfer achievable by the circulator is adequate to reach 

the desired cooling rates, and that the internal PI control of the circulator during operation 

matches the behaviour during controller training. Regarding the control software, further tuning 

of the MPC blocks would likely improve the stability of control by restricting unnecessarily 

large changes in the cooling rate set-point, which should vary depending on the vicinity of the 

current supersaturation to the set-point value. Should these suggestions be taken into 

consideration, this MPC strategy would be able to control more complex, industrially relevant 

crystallisation systems with a good degree of accuracy. 
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8. Crystal Size End-Point Control Development and Performance with Varying Size 

Set-Point 

8.1. Introduction 

The MPC strategy for constant supersaturation control outlined in chapter 7 can be applied to 

achieve more complex control objectives functions once appropriate adjustments are made. 

Primarily, the product crystal size distribution is a desirable objective function due to its 

relationship with efficiency of downstream operations (e.g. filtration) and the performance 

properties of many fine chemicals (e.g. dissolution rate). The supersaturation control 

methodology involved selection of a single set-point value for the full duration of the batch 

cooling crystallisation process. However, this approach would not be viable for control of the 

crystal size given its dynamic nature, constantly changing throughout the batch with the 

potential to follow different routes towards a given product CSD. 

In this chapter, a second type of controller known as a batch EPC block was added to the MPC 

structure described in chapter 7. The EPC block was trained to capture the effect of 

supersaturation on the D50 of the number-based CSD, using simulated data from the digital 

twin. The controller could then generate a supersaturation profile that would result in the 

desired D50 end-point being reached at a specified final temperature. Similarly to the procedure 

for the supersaturation MPC strategy, the crystal size EPC strategy was first tested in-silico 

using the digital twin of a 500 ml jacketed crystalliser to simulate the required measured 

properties. Simulated control batches for a range of crystal size end-points were validated using 

a physical 500 ml crystallisation setup at CMAC before an assessment was made of the EPC 

strategy’s performance, based on the accuracy of the product crystal size. 

8.2. Materials and methodology 

8.2.1. Batch end-point control (EPC) 

The EPC strategy was developed using features available in PharmaMV v8.1.1445 control 

software. In contrast to the MPC block, measurements of the controlled variables associated 

with an EPC block are not required during a controlled batch process. Rather than operating 

based on the difference between measured and set-point values, it is instead trained to operate 

within a fixed window of conditions. Starting from an average trajectory of the manipulated 

variable, the EPC block adjusts this profile depending on where the desired end-point falls 

within the range of achievable end-points it has been provided with. In addition to outputting 

a new set-point for the manipulated variable at each decision point, the block also updates its 
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prediction of the expected end-point, which approaches the set-point value as the batch 

progresses. 

In the case of the crystal size EPC block, the manipulated variable used as the controller output 

was the supersaturation set-point, which would be used as the input for the supersaturation 

MPC block. As precise control over the full product CSD would be a difficult challenge, the 

control objective was simplified to be a target D50 of the number-based CSD. Should strong 

performance of the EPC strategy be observed, other controlled variables could be introduced 

in the objective function alongside this (e.g. D10, D90 and span of the CSD) to increase the 

precision of the final CSD.  

The EPC block required a fixed number of decision points to be specified for its operation. 

Given that control of the CSD would implicitly require different cooling rates between batches 

to achieve the desired nucleation and growth rates, it was highly unlikely each batch would 

consist of the same number of fixed time intervals. To resolve this, each batch crystallisation 

was run between the same temperature range (40 to 5 ˚C) such that a fixed number of 

temperature intervals of 0.5 ˚C could be used as decision points for the controller to update the 

supersaturation set-point. The EPC block would only move to the next decision point if the 

associated measurement was an increasing value. Therefore, the inverse of the measured vessel 

temperature was used as a measured signal for this purpose. 

Given that the EPC block could only operate within a set window of experimental conditions, 

it was important to consider the limitations of the controller. The seed CSD would need to 

match closely to the one used during controller training. Otherwise, the variation in surface 

area would impact the growth of the overall mass of suspended solids, and therefore alter the 

relationship between supersaturation and the evolution of the D50 over time. For this reason, 

only one particular seed CSD was implemented throughout the simulations and validation 

experiments presented in this chapter. 

8.2.2. Training of crystal size EPC block 

The crystal size EPC block was trained using the gPROMS process model to simulate a series 

of seeded hexamine-ethanol batch crystallisations. The initial conditions for the training 

simulations are summarised in Table 8.1, which were identical to those applied during the in-

silico testing of the supersaturation MPC strategy in Table 7.1. As before, the parameters 

describing the seed CSD were selected based on those produced by wet milling (mean size of 
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112.2 μm). Both the secondary nucleation and growth models were activated in gPROMS for 

all simulations outlined in this chapter. 

Table 8.1. Process conditions applied to the gPROMS/PharmaMV digital twin for 

crystal size EPC training and performance testing. 

Crystalliser volume (ml) 500 

Volume D50 of seed CSD (µm) 110 

Standard deviation of seed CSD (µm) 25 

Initial seed mass (g) 1 

Initial temperature (ºC) 40 

End temperature (ºC) 5 

Measurements of the number-based D50 were required from the process model to generate the 

training data. However, the solution of the PBM in gPROMS involves calculations related to 

the volume-based CSD. Therefore, a conversion between the volume-based and number-based 

distributions was required, which was applied using custom calculations within the batch 

crystallisation flowsheet in gPROMS software. These calculations were based on the 

assumption that particles within a particular size class were spherical, with a diameter equal to 

the midpoint of that particular size class. The full calculations for this conversion have been 

outlined in Appendix A. 

Six seeded linear cooling crystallisations were simulated using the digital twin. At the start of 

each simulation, the solution was held at 40 ˚C for 30 mins before cooling at the chosen linear 

cooling rate down to 5 ˚C. Cooling rates between 0.2-0.7 ˚C were applied in 0.1 ˚C intervals; 

this range was selected as not to exceed the maximum achievable cooling power of the 

circulator available in the laboratory for the physical validation experiments. 

8.2.3. Methodology for in-silico crystal size EPC 

After incorporating the trained EPC block into the existing MPC strategy, the digital twin was 

used to perform in-silico testing of the crystal size controller. The gPROMS process model 

provided simulated measurements of temperature, concentration and number-based D50, as 

described by the diagram in Figure 8.1 that shows the adaptations made to the data flow 

structure from Figure 7.2.  

During a controlled batch crystallisation simulation, both MPC blocks and the crystal size EPC 

block were activated simultaneously as soon as cooling began. The EPC block initially 

followed the average supersaturation trajectory calculated from the mean of the six training 
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profiles. In order to give the controller time to develop a projected D50 end-point and prevent 

communication issues between gPROMS and PharmaMV, this trajectory was followed for two 

decision points (i.e. 1 ˚C temperature drop) before the EPC block was allowed to make 

adjustments to reach the requested size set-point. As in supersaturation control experiments, 

the temperature and supersaturation MPC blocks continued to update their output signals at 

time intervals of 15 and 60 seconds respectively. Data was transferred through this loop every 

5 seconds, stopping the simulation automatically at the set end temperature of 5 ˚C. 

 

Figure 8.1. Data flow within the gPROMS/PharmaMV digital twin during a crystal size 

control simulation. 

To test the adapted control strategy, three batch crystallisations were simulated with control of 

the final crystal size. The initial conditions listed in Table 8.1 for the training simulations were 

also applied to these batches. In each case, the temperature was held at the initial value for 30 

mins before switching on all control blocks, which turned off automatically when the vessel 

temperature reached 5 ˚C. Set-points of 140, 150 and 160 μm were chosen for the D50 end-

point, which were based on the smallest and largest sizes resulting from the training batches 

(see section 8.3.1). 

8.2.4. Methodology for physical validation of crystal size EPC 

The crystal size control strategy developed in PharmaMV was implemented into the 500 ml 

jacketed crystalliser for validation at CMAC, which was also used previously for validation of 

the supersaturation MPC strategy. Figure 8.2 illustrates how the data flow schematic in Figure 

8.1 was adapted for the physical crystallisation setup. 
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Figure 8.2. Data flow within the MPC strategy during a physical batch cooling 

crystallisation with crystal size control. 

The FBRM probe was included in these experiments to monitor the number D50. Measurements 

were taken under the assumption that, for the relatively evenly shaped hexamine crystals, the 

CLD was approximately equivalent to the CSD without additional processing of the measured 

data. The PVM probe was also used to capture images of the suspended crystals during the 

batch experiments, however data from this probe was not transferred to PharmaMV and used 

in the control strategy. 

At the beginning of each physical control run, hexamine was added to 400 g of ethanol to make 

up an initial concentration of 0.0507 g/g solvent. The solution was heated to 50 ˚C and held for 

60 mins to ensure all material had dissolved. The solution was then cooled at the maximum 

rate achievable by the circulator (-0.6 ˚C/min) down to 40 ̊ C, where 1 g of the dry seed crystals 

were added. Following this, the crystalliser was held at constant temperature for 30 mins to 

allow the system to equilibrate, after which the MPC and EPC blocks in PharmaMV were 

switched on. Once the final temperature of 5 ˚C had been reached, the product crystals were 

removed and filtered under vacuum for analysis. 

Each of the three in-silico simulations were replicated using the physical crystallisation setup, 

using set-points of 140, 150 and 160 μm for the number D50 end-point. Two additional 

experiments were carried out to assess the control strategy’s ability to follow a prescribed 

supersaturation profile, which would allow good repeatability between batches. The average 

supersaturation trajectory was replaced with the training profiles for the 0.7 and 0.2 ˚C/min 
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linear cooling batches, which were expected to result in D50 end-points around 140 and 160 μm 

respectively. To prevent the EPC block from making adjustments to the supersaturation 

trajectory, the ‘maximum move’ value (the maximum change allowed from the programmed 

supersaturation profile at each decision point) was set to 0. 

8.3. Results and discussion 

8.3.1. Data generated for training crystal size EPC block 

Figure 8.3 shows the supersaturation and number-based D50 profiles resulting from gPROMS 

simulations used to train the crystal size EPC block. Faster cooling rates were consistently 

found to lead to higher supersaturations for the whole duration of the batch, as expected. The 

more important relationship observed was that higher supersaturations were generating a 

smaller crystal size. Overall, the final D50 values fell between a range of around 140-162 μm. 

 

Figure 8.3. a) Supersaturation and b) number-based D50 profiles generated using the digital 

twin for training of the crystal size EPC block. 

It was clear from this relationship that nucleation was the key mechanism in driving a change 

in the final crystal size. Given that a secondary nucleation expression was active in the 

gPROMS process model, it was predicted that higher supersaturations would result in greater 

nucleation rates, hence a smaller overall crystal size. As nucleation has been observed to be 

practically negligible during many of the experiments outlined in previous chapters, it was 

hypothesised that the EPC strategy may struggle to reach sizes towards the lower end of the 

predicted range when implemented into the physical crystallisation setup. 

It was predicted by the process model that the peak supersaturation levels at the start of each 

batch would range between approximately 0.03-0.06. Although the cooling rates chosen should 

fall within the feasible operating range of the physical circulator, the system had previously 

struggled to reach a supersaturation of 0.036 (see Figure 7.7f). This suggested that attempting 

to follow a supersaturation profile to achieve the smaller size set-points could pose a difficult 

challenge for the EPC strategy. 
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8.3.2. Performance of in-silico crystal size EPC 

 

Figure 8.4. a) Temperature and cooling (ramp) rate, b) supersaturation and c) number D50 

profiles generated during in-silico crystal size EPC, for product D50 set-points of 140, 150 

and 160 μm. 
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Table 8.2. Predicted vs. achieved D50 of the product number-based CSD resulting from 

in-silico crystal size EPC simulations. 

D50 Set-Point (μm) Predicted End D50 (μm) Achieved End D50 (μm) 

140 145.1 149.3 

150 151.2 152.1 

160 155.8 154.6 

The cooling, supersaturation and number-based D50 profiles resulting from the in-silico crystal 

size control simulations at three different size set-points are presented in Figure 8.4. The final 

D50 values predicted by the EPC block and achieved at the end of the simulated batches have 

been summarised in Table 8.2 for comparison. 

The predicted end-points presented as dashed lines in Figure 8.4c show how the crystal size 

EPC block typically operates. At the start of each batch, the expected final D50 was always a 

value of 152.9 μm, based on the average supersaturation trajectory programmed into the control 

block. If this value was higher than the set-point, the controller made adjustments to its 

programmed supersaturation trajectory to have the predicted end-point approach this value, i.e. 

the supersaturation would be increased. Conversely, if the prediction was lower than the set-

point value, supersaturation would be decreased. It should be noted that these predictions were 

ultimately based on the supersaturation profile constructed by the EPC block, ignoring the 

actual progression of the D50 during the batch. 

The range of predicted sizes was considerably narrower than that suggested by the training 

data, with the EPC block expecting to only achieve sizes between 145-156 μm when following 

its adjusted supersaturation profiles. The final crystal sizes simulated by the process model had 

an even narrower range between 149.3-154.6 μm, with the worst case being around 9 μm away 

from the desired set-point. Comparison between the supersaturation profiles in Figure 8.4b 

suggested that there was little deviation from the initial average trajectory, significant changes 

only occurring after around 2500 s: 26-33 out of a total 70 decision points into the batch.  

Given that the initial peak in supersaturation remained at a similar level for all three batches, it 

is likely a key step in the crystallisation process for governing the final crystal size that was 

missed. For example, since the relative supersaturation had not been raised to around 0.06 as 

was experienced during the 0.7 ˚C/min linear cooling, there was a reduced nucleation rate and 

therefore smaller population of crystals that continued to grow throughout that training batch, 

resulting in a larger final size than expected. It was therefore implied that the EPC block needed 
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to be less restrictive of its changes made to the original supersaturation trajectory at each 

decision point. 

The EPC strategy performed well at controlling to the set-point of 150 μm, which was already 

close to the predicted value from the average supersaturation trajectory. When only having to 

make minimal changes to this profile, the final crystal size achieved was just 2 μm from the 

intended value. This result showed that following the optimal supersaturation profile precisely 

would lead to accurate control of the crystal size. 

8.3.3. Performance of physical crystal size EPC 

The cooling, supersaturation and number-based D50 profiles resulting from physical crystal size 

control experiments performed at different size set-points are presented in Figure 8.5. The final 

D50 values predicted by the EPC block and measured at the end of the batches have been 

summarised in Table 8.3 for comparison. 

The cooling profiles measured during the physical experiments showed even less variation than 

those generated during the in-silico simulations, once again a result of the similarity between 

each calculated supersaturation profile. This was particularly evident in the case of the smallest 

D50 set-point of 140 μm; the supersaturation followed an almost identical profile to that of the 

batch with a set-point of 150 μm, despite the supersaturation set-point requested to the 

supersaturation MPC block being evidently higher after 2200 s. As was hypothesised based on 

the results of supersaturation control experiments in section 7.3.3, the control strategy failed to 

increase the supersaturation above a limit of approximately 0.036. Especially since this value 

was requested later into the batch, where consumption of hexamine from solution occurred at 

a faster rate due to the increase in available surface area from the initial seed material. As a 

result, the final crystal size was over 20 μm above the desired end-point, despite the crystal 

size EPC block predicting a size within 5 μm of the set-point. 

Table 8.3. Predicted vs. achieved D50 of the product number-based CSD resulting from 

physical crystal size EPC experiments. 

D50 Set-Point (μm) Predicted End D50 (μm) Achieved End D50 (μm) 

140 144.5 162.7 

150 151.0 165.0 

160 157.0 159.4 

 



Chapter 8 – Crystal Size End-Point Control Development and Performance with 

Varying Size Set-Point 
 

 

99 
 

 

Figure 8.5. a) Vessel temperature and cooling (ramp) rate, b) supersaturation and c) number 

D50 profiles measured during physical crystal size EPC, for product D50 set-points of 140, 

150 and 160 μm. 
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Although the EPC strategy had achieved good control around a set-point of 150 μm in the in-

silico simulations (section 8.3.2), this was instead exceeded for the corresponding physical 

experiment by 15 μm. Overall, the final D50 values measured at the end of every batch were 

very similar at around 162±3 μm. As nucleation was identified as the main driving mechanism 

for crystal size control, this suggested that the lack of secondary nucleation occurring in the 

physical hexamine-ethanol crystallisation system may have prevented any precise control over 

the final crystal size. If crystal growth was the only mechanism occurring during these 

experiments, as with many of the seeded batch crystallisations described in chapter 4, then the 

same final crystal size would inevitably be reached given that each experiment started with the 

same solution concentration, seed mass and seed CSD. 

Figure 8.6, which shows PVM images taken at various stages throughout the batch with a set-

point of 140 μm, provides further evidence to support this. During the holding period after 

addition of the seeds, the relatively small agglomerated particles remained fairly unchanged 

for the full 30 mins (Figures 8.6a and b). As the batch progressed into the controlled cooling 

period, the particles most consistently observed were either large single crystals with 

hexamine’s expected cubic morphology (Figures 8.6e and f), or agglomerates made up of a few 

of these larger crystals (Figure 8.6d). No evidence of any significant secondary nucleation was 

observed, despite the in-silico simulations predicting that the nucleation rate should have been 

the highest out of all three batches. 

 

Figure 8.6. PVM images of hexamine crystals during physical crystal size EPC for a D50 set-

point of 140 μm. a) 5 mins after seeding, b) 30 mins after seeding, c) 28 mins into controlled 

cooling, d) 40 mins into controlled cooling, e) 53 mins into controlled cooling and f) 66 mins 

into controlled cooling. 
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Figure 8.7. a) Vessel temperature and cooling (ramp) rate, b) supersaturation and c) number 

D50 profiles measured during physical crystal size EPC, following fixed supersaturation 

profiles expected to achieve D50 set-points of 140 μm and 160 μm. 
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Table 8.4. Predicted vs. achieved D50 of the product number-based CSD resulting from 

physical crystal size EPC experiments, following fixed supersaturation profiles. 

D50 Set-Point (μm) Predicted End D50 (μm) Achieved End D50 (μm) 

140 (Fixed Supersaturation) 144.0 160.2 

160 (Fixed Supersaturation) 165.0 166.5 

The cooling, supersaturation and number-based D50 profiles resulting from physical crystal size 

control experiments following prescribed supersaturation trajectories are presented in Figure 

8.7. The final D50 values predicted by the EPC block and measured at the end of the batches 

have been summarised in Table 8.4 for comparison. 

Given that fixed supersaturation profiles were being followed, the predicted D50 remained 

constant throughout both batches, as shown by the dashed lines in Figure 8.7c. In contrast to 

the previous set of experiments, two distinctly different cooling and supersaturation profiles 

were generated via the approach of using fixed set-point trajectories within the crystal size EPC 

block. Some difficulty was still observed where higher supersaturations were required, but 

there was noticeable improvement over the previously poor manipulation of the supersaturation 

set-point by the EPC block. 

Unfortunately, despite the final D50 achieved for the higher set-point falling close to the EPC 

block’s prediction, the one measured at the end of the batch with a smaller D50 set-point was 

once again exceeded by over 15 μm. The implication of this when combined with the results 

of the previous three batches is that the hexamine-ethanol crystallisation system was unsuitable 

for assessing the performance of the crystal size EPC strategy. The major reason for this was 

the mismatch between the crystallisation behaviour predicted by the literature nucleation 

kinetics and the behaviour observed in this study. 

Considering the trend in the D50 end-points achieved during in-silico simulations, although the 

accuracy stood to be improved, the EPC block was at least able to increase/decrease the crystal 

size in relation to its initial prediction. It is therefore believed that if an accurate gPROMS 

process model can be developed for a crystallisation system with more significant secondary 

nucleation present, that the crystal size EPC strategy may exhibit stronger performance. 

8.4. Conclusions 

A model-trained system for controlling the crystal size at the end-point of a batch cooling 

crystallisation was implemented into the existing MPC strategy. Using the gPROMS model of 

the hexamine-ethanol crystallisation system, the supersaturation and number-based D50 of the 
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CSD were simulated for a series of linear cooling crystallisations and applied to train an EPC 

block within PharmaMV software. 

The digital twin of a 500 ml jacketed crystalliser was used to perform in-silico simulations of 

batch crystallisations, controlling the crystal size to achieve D50 end-points between 140-160 

μm. The crystal size EPC strategy only achieved sizes of 149.3-154.6 μm when asked to control 

to these extremes. The controller displayed the ability to manipulate the supersaturation profile 

appropriately in the second half of the batch. However, its tendency to follow the average 

supersaturation trajectory closely in the early stages meant that a key step in the crystallisation 

process was missed, being the degree of secondary nucleation required to generate the 

necessary population of crystals. 

Performance of the EPC strategy was poorer during physical validation on a real 500 ml 

jacketed crystalliser, where the D50 in each batch tended towards similar values of around 

162±3 μm. This was an especially large error for the lowest set-point of 140 μm, where the 

supersaturation MPC portion of the control strategy failed to increase the supersaturation 

beyond 0.036 for the majority of the batch time. PVM images taken during this experiment 

confirmed that there was negligible secondary nucleation occurring in the system, which may 

have been due to the low supersaturation. However, when the crystal size EPC block was forced 

to follow a fixed supersaturation profile that was expected to reach a D50 end-point of 144 μm, 

this size was still exceeded by over 15 μm. 

It was determined that the mismatch between the amount of secondary nucleation between the 

gPROMS process model and real crystallisation behaviour made the hexamine-ethanol 

crystallisation system unsuitable for assessing the performance of the crystal size EPC strategy. 

Without generation of new particles during the batch, a ‘growth-only’ crystallisation process 

would always result in the same product crystal size. A different crystallisation system with 

more prevalent secondary nucleation and available, accurate rate kinetics describing this could 

be investigated to assess the capability of this control methodology further. Alternatively, a 

way of inducing nucleation of hexamine, such as increased agitation for secondary nucleation 

or operating beyond the metastable zone for primary nucleation, could allow continued 

investigation of this crystallisation system. 
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9. Conclusions and Future Work 

9.1. Conclusions 

This thesis outlines the methodology for development of MPC strategies for supersaturation 

and crystal size control during batch cooling crystallisation, with its performance assessed and 

validated by both in-silico simulation and physical experimentation. 

The hexamine-ethanol solute-solvent system was characterised through a series of cooling 

crystallisations in a 500 ml crystalliser with various process conditions. Despite having a 

narrow MSZW, little to no nucleation occurred throughout most of the seeded crystallisation 

experiments carried out in this study. Only the mechanisms of crystal growth and 

agglomeration were initially deemed important for the purposes of modelling the crystallisation 

process, the significance of the latter lessened when using a sufficiently large seed size. 

Experiments were designed such that the cooling rate, seed mass/size and seeding temperature 

could be varied across a small number of experiments. This minimised the time required to 

gather sufficient solution concentration and CSD measurements to support the development of 

a crystallisation process model that could be applied across a wide range of operating 

conditions. 

Using measured physical property data for the hexamine-ethanol system alongside solubility 

and crystal growth/nucleation rate kinetic parameters from literature, a 1D PBM was 

parameterised in gPROMS FormulatedProducts software that acted as a digital twin of the 

batch cooling crystallisation process. Comparing the results of simulated seeded 

crystallisations to those from identical physical experiments, the model was found to slightly 

underpredict the evolution of supersaturation over time. This error was reduced by re-

estimating the growth rate kinetics using experimental data from ‘growth-only’ crystallisations. 

However, this came at the cost of worsening predictions of the product crystal size, leading to 

the re-estimated kinetics being rejected. This was attributed to the large difference in number 

of data points gathered between solution concentration and CSD over time, which forced the 

fitting of kinetic parameters to focus too strongly on the former.  

Out of the three compounds tested for their suitability as a crystal growth rate inhibitor, only 

citric acid with its many interactive functional groups (carboxylic acid) showed significant 

changes to the growth rate kinetics of the hexamine-ethanol system. Concentrations above 2 

wt% inhibited crystal growth to the extent that high enough supersaturations were reached to 

exceed the MSZW. This resulted in excessive primary nucleation that not only led to 
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unpredictable agglomeration of the fines that were generated, but also fouling around the ATR-

FTIR probe that prevented in-situ concentration measurement. Lowering the impurity 

concentration resolved these problems, introducing a new effect that was theorised to reduce 

the presence of solvent inclusions as agglomerates grew more slowly towards the expected 

single crystal morphology. It was noted that impurity effects such as these should ideally be 

quantified for process modelling of more complex industrial crystallisation systems, which can 

often include a variety of impurities. 

Simulated temperature and concentration data from the gPROMS process model was used to 

train the MPC structure in PharmaMV. Although the supersaturation controller was unchanged 

between in-silico simulations and physical experimentation, the temperature MPC block 

needed re-training with measurements from a real 500 ml crystallisation setup in order to 

accurately capture the heat transfer dynamics. The power of the available heater/chiller used to 

drive the cooling rate was a source of various challenges; the maximum achievable cooling rate 

(~0.6 ˚C/min) put limitations on the supersaturations that could be reached and controlled 

steadily (σ ~ 0.036). Changes to the system that resulted in supersaturation being consumed 

faster, such as increasing the seed surface area through higher loadings/smaller sizes, increased 

the demand on the heater/chiller and led to poorer control of the supersaturation level. 

Conversely, factors that slowed the consumption of supersaturation, such as impurities 

reducing the crystal growth rate, led to a more stable supersaturation due to the lower cooling 

rates required to maintain a given supersaturation level. Overall, the supersaturation MPC 

strategy responded well to these disturbances to the crystallisation behaviour, maintaining a 

similar level of stability regardless of the conditions (standard deviations of supersaturation 

between 2-4 x10-3). It was noted that some minor tuning of the MPC blocks within PharamMV 

software could improve stability, by restricting the size of changes to the cooling rate set-point 

depending on the current supersaturation level. 

To train an EPC block that could manipulate the supersaturation profile and achieve a target 

D50 of the product CSD, further in-silico simulations were performed using the gPROMS 

process model to generate the required supersaturation and number-based D50 data. It was 

deduced that the control strategy must vary the amount of nucleation occurring during the 

cooling crystallisation process to achieve a different product CSD. Therefore, the literature 

secondary nucleation kinetics for the hexamine-ethanol system were included in the gPROMS 

process model when training the EPC block.  
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Simulations using the digital twin predicted that, within a feasible cooling rate range of 0.2-0.7 

˚C/min, the D50 of the product CSD could be manipulated within a range of 144-165 µm. In-

silico tests of the crystal size EPC strategy struggled to achieve target D50 values at the extremes 

of this range, on account of its tendency to follow the starting supersaturation trajectory too 

closely. However, it was demonstrated that the EPC strategy still had the capability to vary the 

final D50 within the range of 149-155 µm. 

There was an even smaller variation in the final D50 achieved at the end of physical batch 

cooling crystallisation experiments (162±3 μm), even when the EPC block was implemented 

to follow two distinct supersaturation profiles where the digital twin predicted a much larger 

difference in size (144 and 165 μm). This was a consequence of the secondary nucleation being 

negligible in all controlled crystallisation experiments, which did not match the nucleation rate 

kinetics implemented in the gPROMS process model. This suggested that, without altering the 

experimental conditions to induce secondary nucleation in some way, the hexamine-ethanol 

system was not suitable for adequately testing the performance of the crystal size control 

strategy. 

Ultimately, the answer to the research question posed in section 1.2 is as such: for an MPC 

strategy built using commercial tools to accurately predict and control the CSD, there is an 

essential requirement to train the predictive controllers using a model that captures the real 

nucleation behaviour of the solute-solvent system as accurately as possible. One of the greatest 

challenges to batch crystallisation MPC identified in this work is the demand on the circulator. 

This would be particularly challenging at larger scales, where heat transfer is slower and there 

would be a much greater power requirement to minimise time lag within the control system. 

9.2. Future work 

The MPC strategy shows promise for a single-component crystallisation system; the 

complexity of real industrial crystallisation systems, however, needs to be accounted for before 

implementing the same strategy at a larger scale. The simple 1D PBM that incorporated only 

crystal growth and nucleation could be adjusted/improved in the following ways: 

• For modelling of accurate crystal size and shape evolution over time for crystals with 

non-equant growth rates (e.g. needles), a 2D or morphological PBM would be preferred 

over the 1D PBM. 
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• Heat transfer and fluid dynamics that are more representative of the conditions 

experiences in a real crystalliser could be introduced, through means such as CFD 

modelling. 

For the performance of the crystal size control strategy to be fully assessed using the hexamine-

ethanol crystallisation system as the focus of study, a means of altering the particle count during 

the batch crystallisation process must be determined. Working within the metastable zone 

where crystal growth is the only mechanism would require a variation in the seed CSD to 

change that of the final product. As the EPC strategy offers no means of predicting the required 

seed CSD for a particular end-point target, this would not be a reliable method of controlling 

crystal size. 

Inducing nucleation in the system would be another possible route. Increasing the agitation rate 

or altering the agitator geometry could increase the generation of nuclei by introducing more 

energy into the system. Alternatively, if the cooling power of the chiller could be increased to 

raise the maximum achievable cooling rate, the supersaturation could be pushed beyond the 

MSZW to induce primary nucleation, though this would pose a challenge to control reliably.  

If another solute-solvent system is to be studied instead, it should ideally meet the following 

criteria: 

• The crystallisation system should have known secondary nucleation rate kinetics, 

which have been quantified in a way that is applicable to process modelling. 

• The secondary nucleation kinetics should have a significant and easily measurable 

variation with supersaturation, at levels of supersaturation that require realistically 

achievable cooling rates during batch cooling crystallisation experiments. 

Machine learning is a growing area of technology that could support the advancement of the 

crystallisation MPC strategy. One limitation imposed by PharmaMV software is the inability 

of its controllers to adapt to disturbances to the nucleation and growth kinetics during control 

operations, instead requiring the controllers to be re-trained while offline. A suggested 

adaptation to the strategy would be to prepare multiple predictive controllers, each trained 

using data from simulated crystallisations with a range of kinetic parameters. Measurements of 

the rate of change of supersaturation could then be used by a machine learning algorithm to 

determine the best model parameters to use at any given time, and switch to an alternate 

controller accordingly to maintain better stability of the supersaturation. 
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Appendix A – Conversion of Volume-Based to Number-Based CSD in gPROMS 

FormulatedProducts 

The following custom variables were created in the ‘gPROMS language’ tab of the batch 

crystallisation flowsheet built in gPROMS FormulatedProducts software, which relate to 

properties of the number-based size distribution: 

[87] particles_per_bin AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[88] mass_per_bin AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[89] vol_per_bin AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[90] vol_per_particle AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[91] area_per_bin AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[92] area_per_particle AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[93] total_surface_area  AS no_type 

[94] length_per_bin AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[95] total_number_particles AS no_type 
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[96] cumulative_number_dist AS 

ARRAY(PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts) OF 

no_type 

[116] FOR i:=1 TO 

PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts DO 

[117] mass_per_bin(i) = 

PSD_sensor.PSD_sensor_block.PSD_analysis.mass_dist(i) * 

PSD_sensor.PSD_sensor_block.PSD_analysis.total_mass ; #[kg] = 

[kg/kg] * [kg]  

[120] vol_per_bin(i) = mass_per_bin(i) / 

PSD_sensor.PSD_sensor_block.PSD_analysis.density_solid(1,i); # 

[m^3] = [kg] / [kg/m^3] 

[123] vol_per_particle(i) = 

(PSD_sensor.PSD_sensor_block.particle_bin_mid_point(i)*(1E-

6))^3 * PSD_sensor.PSD_sensor_block.PSD_analysis.shape_fac_vol 

; # [m^3] = [m^3] * [-] 

[126] particles_per_bin(i) = vol_per_bin(i) / 

vol_per_particle(i) ; # [#] = [m^3] / [m^3] 

[129] area_per_particle(i) = 

(PSD_sensor.PSD_sensor_block.particle_bin_mid_point(i)*(1E-

6))^2 * 

PSD_sensor.PSD_sensor_block.sensor_information.shape_fac_area(

'Hexamine crystal') ; # [m^2] = [m^2] * [-] 

[132] area_per_bin(i) = particles_per_bin(i) * 

area_per_particle(i) ; # [m^2] = [#] * [m]^2] 

[135] length_per_bin(i) = 

PSD_sensor.PSD_sensor_block.particle_bin_mid_point(i) ; # [μm] 

= [μm] 

[138] END 
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[140] total_surface_area = SIGMA(area_per_bin()) ; # [m^2] = 

[m^2] 

[143] total_number_particles = SIGMA(particles_per_bin()) ; # 

[#] = [#]  

[146] FOR i:=1 TO 

PSD_sensor.PSD_sensor_block.PSD_analysis.no_grid_pts DO 

[147] cumulative_number_dist(i) = 

SIGMA(particles_per_bin(1:i)) / total_number_particles ; 

[149] END
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