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Abstract

Recent advances in pharmaceutical manufacturing for consistent supply of
medicines with the required physical properties has emphasised the need
for robust crystallisation processes which is a critical separation and
purification technique. Mechanical milling is employed post crystallisation
as an offline unit operation usually in a separate dry solids processing
facility for adjusting the particle size and shape attributes of crystalline
products for downstream processing. An emerging and increasingly applied
technology 1s high shear wet milling in crystalline slurries for inline size
and shape modification during particle formation. This potentially avoids
the need for multiple crystallisation trials and offline milling saving time,
costs and powder handling. Similarly, sonication is a powerful particle

engineering tool through immersing ultrasound probes directly in solution.

This PhD project is focused on the investigation and process integration of
wet milling and indirect ultrasound for enhancing crystallisation processes
and engineering particle attributes. The experimental study combined a
cooling and isothermal crystallisation (seeded & unseeded) process with
wet milling and indirect sonication. Results from the combined method
provides the ability to modify and selectively achieve a range of product
outcomes including particle sizes with tight spans, equant shapes and low

surface energies as well as increased nucleation rates.



High shear from wet milling is also implemented as a seeding protocol
configured to a mixed-suspension mixed-product removal continuous

crystalliser which proved to be an adequate seed generation strategy.

Deploying accurate quantitative analysis of size and shape attributes for
solid particles is further explored. A multi-sensor measurement approach
was employed using inline sensors, computational tools and offline
techniques. The performance of these tools were vigorously tested for
strengths and limitations which was proven to be beneficial for
characterising the breakage of crystalline materials as well as overall

process understanding and opportunities for process control.
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Chapter 1

Introduction



1. Introduction

Particle engineering of active pharmaceutical ingredients (API) is an
increasingly studied area of research & development (Ticehurst and
Marziano, 2015). During drug substance manufacturing, particle
formation typically originates from crystallisation which is a critical
multiphase unit operation for the purification and separation of APIs
(Jones, 2002). It is estimated over 90% of pharmaceuticals including
aerosols, capsules and tablets are isolated in their crystalline form

(Beckmann, 2013).

The key physical properties produced from crystallisation such as particle
size, shape, polymorphic form, enantiomer and purity all have considerable
influence on a drug product’s manufacturability, stability and performance
in patients (Leane et al., 2018). It is therefore imperative that these
properties are well defined and well controlled as they affect a drug’s
bioavailability, shelf-life and to effectively formulate the API into a
finished drug product (Cote and Sirota, 2010). Particle size is an important
performance related attribute which often requires tight control and
monitoring during drug development (Schorsch et al., 2012). However,
achieving control over the particle size is not necessarily achieved at the
point of API crystallisation and isolation. Often, a milling step is required
(Figure 1.1) to reduce and deliver small particle sizes for the manufacture
of solid oral dosage forms for APIs with low aqueous solubility or to

generate seed material for controlling crystallisation.
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Figure 1.1 Diagram showing view of an eccentric dry vibration mill (A)
and movements of working parts and balls in a planetary ball (B) which

are frequently used in the pharmaceutical industry (Balaz, 2008).

However, dry milled material poses several issues for instance, a large
number of fines, off-spec particle size distributions (PSD), agglomerated
particles and undesired solid state transformations such as polymorphic
change as a result of high energy input (Kougoulos et al., 2011). It has also
been shown that the cost of dry milling can be more than the entire drug

product formulation process (Variankaval et al., 2008).

In comparison, clearly therefore it is of interest to explore strategies that
avoid the need for dry milling. Mechanical manipulation using wet milling
has shown to be an appealing alternative for size control. If applied for
particle size reduction, wet milling eliminates the need for separate offline
dry milling and reduces the number of unit operations, costs and steps
required in the manufacturing process. Also, the incorporation of wet

milling with crystallisation allows for multipurpose functionality such as



particle size & shape manipulation, seed generation, accelerating the rate
of crystallisation kinetics, mixing, de-agglomeration and presents an
overall more flexible approach to particle engineering
(Burcham et al., 2009). Wet mills can also be operated as continuous
devices which 1is a highly promising feature in the continuous
manufacturing of pharmaceuticals (Badman and Trout, 2015, Chatterjee,
2012, Kleinebudde et al., 2017). As drug structures become larger, costlier
and more complex, crystallising directly to target requirements with strict
manufacturing specifications is challenging and demanding. Hence, using
particle engineering tools such as rotor-stator mixers (Burcham et al.,
2009), ultrasound (Price, 2017) and static mixers (Jiang et al., 2014) can
provide an additional means for crystallisation process control to achieve
desirable outcomes such as faster filtration and drying rates and improved

powder flow behaviour (Durak et al., 2018).

This thesis aims to investigate the impact of rotor-stator and indirect
ultrasound devices on crystallisation processes. They are used as particle
engineering tools for size reduction, shape control, accelerating the rate of
nucleation and continuous seed generation on chosen model compounds.
The advantages of process integration and multi-sensor analysis by
combining high shear wet milling during crystallisation and for breakage
on crystalline materials is studied (chapter 4 to 6). Furthermore, an
industrial case-study (chapter 7) applying an indirect ultrasound platform

is evaluated for control and tailoring of API particle attributes.



1.1. Milling

It is often convenient in industrial crystallisation to produce large crystals
for ease of filtration. However, small particle sizes (< 50 um) are preferred
for manufacturing of solid oral dose forms as they possess high surface
areas which improves inhalation and dissolution rates of poorly soluble
compounds (Burcham et al., 2009). Mechanical milling (dry) is used not
only for size reduction but also for problematic particle habits such as
high aspect ratio needles to improve filtration and handling of the powder
form and formulate (Variankaval et al., 2008). In theory, milling breaks up
particles along the longest axis, reducing needle length whilst preserving
width. A list of milling techniques commonly used in pharmaceutical

manufacturing is shown (Table 1.1).

Table 1.1 Comparison of achievable particle size ranges from different

milling technologies (Burcham et al., 2009).

Hammer Universal Jet Jet mills Media Toothed Colloid

mill & pin mill  mill  internal mills rotor- mill
classifier stator
State & Dry Dry Dry Dry Wet Wet Wet
size (um)
Very fine Yes Yes No Yes No Yes Yes
(50-150)
Super fine Yes Yes Yes Yes Yes Yes Yes
(10-50)
Ultra-fine No Yes Yes Yes Yes No Yes
(<10
Colloidal No No No Yes Yes No Yes
(<1)



1.1.1. Size Reduction during Milling

Particle size reduction is defined as the mechanical breakdown of solids
into smaller particles without changing their state of aggregation
(Bernotat and Schoénert, 2000). Many products undergo size reduction
processes such as foods, pigments, ceramics, sugar, flour and spices
(Bernotat and Schonert, 2000). For organic crystalline materials, the
extent of size reduction can depend on the equipment type, loading
conditions, milling residence time and intensity as well as the structural
and mechanical properties of the compound. Mechanical properties include
particle hardness, abrasiveness, toughness, brittleness, stress and
elasticity (Zhou and Qiu, 2010). Ultimately, the applied force through
impact, compression, shear or attrition influences size reduction

(Balaz, 2008).

In a crystal lattice comprised of a regular structure, molecular ions are
positioned and balanced through attractive and repulsive forces
determined by intermolecular forces (Born and Lande, 1981). This leads to
an arrangement in a crystal lattice of oppositely charged molecules in
equilibrium at a free energy minimum. When a form of mechanical stress
1s applied to the crystal, the original positioning and orientation of
molecules held in equilibrium positioning can change to new positions of
higher free energy (Balaz, 2008). At certain stress levels, thermodynamics
then compels the molecules to return to their original arrangement of

lowest free energy resulting in returning elastic forces which counter



balances the applied stress (Zhou and Qiu, 2010). Therefore the crystal

shape is recovered when the state of stress ceases.

A stress-strain curve can be plotted (Figure 1.2) for assessing particle
behaviour under applied stress. Within Hooke’s law which depicts a linear
relationship between stress (o) and strain (¢), the deformation of a solid
body 1s reversible and is referred to as the elastic deformation region. The
elasticity of a material can be measured by Young’s modulus (£) through
tensile experiments where it is defined as the proportionality coefficient
between the tensile stress and strain (o= &£Y) (Zhou and Qiu, 2010). When
crystals of non-brittle nature are exposed to disruptive forces from high
energy milling, these forces can exceed the elastic region (elastic limit or
yield stress) and enter into an irreversible phase known as plastic
deformation (Figure 1.2). Fracturing of crystals occurs only then beyond
the plastic deformation phase which is marked as “Non-brittle fracture” as

shown in Figure 1.2.

For brittle materials of a fragile nature, no elastic deformation is displayed.
Fracturing of crystals occurs when the imposed stress exceeds the elastic
limit (Figure 1.2). Materials that fracture or break are attributed to the
energetics and the initial distribution and propagation of cracks
(Balaz, 2008). Several studies have outlined the theory of crack formation

and propagation in literature (Smekal, 1922, Rumpf, 1962).
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Figure 1.2 A stress-strain curve illustrating Hooke's law for materials
under applied stress from mechanical force. Hooke’s law states the force
needed to extend or compress a spring by some distance is proportional to

that distance (Zhou and Qiu, 2010).

Knowledge of breakage mechanisms and predicting the optimal energy
input required for size reduction processes is important. This may avoid
overmilled conditions of a final product thus avoiding detrimental effects
such as potential disruption to the crystallinity (Luciani et al., 2015). To
account for the energy input required from mechanical action, Kick,
Rittinger and Bond derived empirical laws from a differential equation
(Egn 1.1) which assumed the energy required to produce a change dL in a
particle of a size dimension L is a simple power function of L as shown

(Hukki, 1961):

dE/dL = KL" Egqn 1.1



Here, dE represents the differential energy required, dL is the change in a
typical dimension; L is the magnitude of a typical length dimension and K,
n are constants. The differential equation (Eqn 1.1) has been partially used
for different industrial milling processes (Hukki, 1961, Juhasz and
Opoczky, 1990). It has also been applied for describing the fracturing of

APIs through wet milling which is discussed later (Engstrom et al., 2013).

1.1.2. Wet Milling

Wet milling in a suspension medium is of great interest to the
pharmaceutical industry as it can eliminate the need for an isolated size
reduction processing step. This saves considerable time, cost, space and
chemical exposure encountered with traditional offline dry mills
(Kougoulos et al., 2011). They can be integrated as part of the
crystallisation-isolation sequence which allows for greater flexibility in
crystallisation process development and manipulating quality attributes
(Harter et al., 2013). The importance of wet milling should also result in no
yield loss, require no handling of the dry material and can be performed in
such a way that crystal form changes can be avoided. A common practice
is to directly wet mill (~ 1 — 2 hr) a crystallised suspension for imparting
particle size reduction (Figure 1.3), de-agglomeration or shape modification
(Cote and Sirota, 2010). An example of wet milling impacting on the type
2 diabetic drug metformin HCL is shown which demonstrates size

reduction and shape modification to the crystalline material (Figure 1.3).
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Figure 1.3 Images of metformin HCL particles which reduced from an
average size of 1647 um (start) to 71.50 um (1 hr) during wet milling. The

images were generated from own experimental work.

Wet mills are typically configured in a recycle-loop mode with the
crystallisation vessel or a subsequent vessel which involves continuous
recirculation of the suspension (Figure 1.4). This combined system has
received significant interest and ongoing efforts which are later discussed
and reviewed (section 1.4.1). The majority of wet mills can be operated in
both batch and continuous processing modes. They can also be configured
through a single-pass route which involves continuously passing the feed
solution / suspension through one or more mills (Figure 1.4). Amongst the
most commonly used wet mills for particle engineering of APIs are colloid
mills, media mills and toothed rotor-stator mills (Table 1.1) as well as

in situ homogenisers and ultrasound probes.
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1. Recycle-loop mode

Upstream — . Downstream
Crystallisation Isolation .
feed processing

Wet mill
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Figure 1.4 Processing routes for particle engineering of APIs through the

recycle-loop and single-pass wet milling modes.

1.1.3. Rotor-Stator Devices

In processing industries, rotor-stator mixers are used as process intensive
energy devices for accelerating homogenisation, dispersion, emulsification,
wet milling, dissolution and mixing (Calabrese et al., 2002). Many of these
devices consist of a high-speed rotor to a stator within the internal
framework (Figure 1.5) where tip speeds of 50 m /s are achieved
corresponding to high shear rates up to 100,000 s~1. This leads to local high
energy dissipation rates (1000 — 100 000 (W / kg or m2 / s3)) as the kinetic
energy generated by the rotor dissipates mainly inside the stator
(Atiemo-Obeng and Calabrese, 2004). The energy dissipation across
rotor-stator mixers have been reported to be up to three orders of
magnitude higher than conventional stirred tanks (0.1 — 100 (W / kg or
m?2/ s3)) (Zhang et al., 2012, Atiemo-Obeng and Calabrese, 2004). The key
factors and characteristics for rotor-stator mixers are high speed, high

shear and higher power as well as geometry.

11



(B)

Stator tooth

Tangential
shear gradient

;gﬁ\?\ } /x

] Rotor y

{;3) ‘) tooth | « > '
A

Random turbelence
three dimensions

Figure 1.5 Image of rotor-stator modules (A) and schematic illustrating
the hydrodynamics of a rotor-stator high shear mixing environment (B)

(Atiemo-Obeng and Calabrese, 2004).

Newer high-shear mixers consisting of toothed rotor-stator wet mill
(RSWM) devices are increasingly being employed for pharmaceutical
processing (Harter et al., 2013). They consist of a spinning rotor with a
fixed concentric stator with the number of teeth rotor rows (1 to 3) spread
across the inner and outer diameter of the rotor and stator pair with a
small gap in between (Figure 1.5). This gap can be changed across different

equipment configurations (coarse, medium, fine).

The reduction in particle size is reported to occur from extreme high shear
stresses (104 Pa) (Baldyga et al., 2008, Luciani et al., 2015) and turbulence
created between the alignment of the rotor and stator teeth during slurry
flow (Figure 1.5). The mixing regime within a rotor-stator has been

extensively analysed and modelled through computational fluid dynamics
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(CFD) for emulsification (solid-liquid & liquid-liquid) applications which
has shown the turbulence kinetic energy (m?/s?) to dissipate rapidly
(Atiemo-Obeng and Calabrese, 2004). However, there 1is limited
information on the flow patterns, energy dissipation and different stator
geometries during high shear wet milling of pharmaceutical molecules
(Zhang et al., 2012). Yang (Yang, 2011) investigated wet milling of sucrose
and mannitol using a Silverson L4R inline rotor-stator mixer. It was
concluded the turbulent flow in the high shear mixer was complicated
especially close to the mixing head and therefore the flow may not be
completely isotopic. Thus, a Reynolds Stress Model and large eddy
simulation through CFD is recommended to explain and describe the

turbulent flow (Yang, 2011).

1.1.4. Breakage Mechanisms

The exact mechanism for particle breakage within the rotor-stator
framework is yet to be concluded for crystalline materials. It has been
suggested that in addition to fluid forces through shearing,
particle-particle collisions and particle-wall (rotor-stator) collisions are
dominant mechanical processes (Engstrom et al., 2013). Rotor-stator wet
milling of crystalline suspensions has shown mass fracture and attrition
as the two governing mechanisms for particle size reduction (Figure 1.6)
(Hogg, 1999, Lee et al., 2004). Mass fracture is defined as the
fragmentation of the parent crystal which produces two or more child

particles of small sizes < 30 pm. This occurs during the early stages of wet
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milling as the total stress being exerted onto the particles immediately
exceeds the maximum elastic strain energy that the particles can store
without relaxing as displayed earlier from the stress-strain curve in Figure
1.2 (Lee et al., 2004). On the other hand, attrition is considered a
degradation mechanism arising from the mechanical stress exceeding the
critical energy at the local edges of particles where chipping can also occur

(Luciani et al., 2015).

4>

Fracture

- Attrition =

—+— Fragmentation = v TV

— Abrasion AT

Particle

L Chipping

Figure 1.6 Sketch of breakage mechanisms that can potentially occur
during various mechanical milling (dry & wet) and grinding processes of

organic materials (Austin et al., 1976).
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Population balance modelling (PBM) for estimation of breakage kinetics of
wet milled materials is increasingly being studied. Austin et al
(Austin et al., 1976) presented a model for quantifying the breakage rate
and breakage distribution function in various types of mills (mainly dry)
such as ball, vibration-ball, hammer, ball-race and shred-grinding
processes. Although the model was built for ceramic materials, the
breakage rate and distribution function was then adopted and
demonstrated by Luciani et al (Luciani et al., 2015) for organic molecules.
From the study, a mathematical model (first-order kinetics for breakage)
through population balance modelling was built for describing the
breakage of crystalline materials and the applicability of different scale-up
factors to predict the milling performance. The outcomes of the model
produced reasonable predictions with respect to the effect of changes in
rotational speed, generator configuration and variability in the initial feed
PSD (Luciani et al., 2015). Furthermore, Luciani (Luciani, 2018)
constructed a master curve which correlated the relative critical particle
size and relative cumulative energy imparted to particles for breakage
analysis and particle size prediction. Interestingly, the master curve was
shown to predict well for rotor-stator wet milling and other types of mill

such as media and ball milling (Figure 1.7).
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Figure 1.7 Normalised critical particle size vs normalised cumulative
energy for different mills / materials. The dashed line corresponds to the
master curve calculated for rotor-stator wet milling given by equation 12

in the reported source (Luciani, 2018).

The significance of different scale-up factors for predicting milling
performance is often calculated. This includes, tip speed (S,), shear rate

('Y) and shear frequency (f;) =s™1. Tip speed (S,) = m / s is calculated from:

S,=mnD,w Eqn 1.2

(D,) = m is the outer diameter of the rotor and (w) = s! is the angular
(rotation) speed of the rotor. The shear rate ('Y) = s™! can then be

calculated as a function of tip speed and rotor-stator gap thickness

(h) = m:

Eqn 1.3

16



To consider the different number of rotor-stator teeth used, the shear

frequency (f;) = s™! can be determined:

fs = N.N;w Eqn 1.4

Here, the number of teeth summed over all the rows on the rotor teeth
(N, = #) and over all the rows on the stator teeth (Ng = #) are included. The
shear frequency (f;) allows for different rotor-stator teeth pair
configurations to be compared on a normalised basis from lab scale to pilot
plant mill scale whereas using tip speed alone, information on the mill
configuration is lost. This was shown to provide essential process
understanding at lab-scale which resulted in rapid development of a robust
process that was successfully scaled to 40 kg batches in pilot plant

(Lo et al., 2012).

1.2. Crystallisation

Crystallisation has widespread use in healthcare products, electronic
devices, dyes, pigments, foodstuffs, fertilizers, bulk and fine chemicals and
medicines (Jones, 2002). Well-known products include salt, sugar,
diamond, sodium carbonate and zeolite crystals (Jones, 2002). In
pharmaceutical drug manufacturing, multiple crystallisation unit
operations are often required during chemical development as it is a
critical separation and purification technique resulting in a solid-liquid
mixture. Control of crystallisation with optimal properties is therefore

important to ensure the quality of the administered pharmaceutical drug.

17



A2

) "q N
— P nucleation @ + ] —> ;f?’/)}‘

=2
@

O3« @ growth/dissolution @ — 99§ breakage
15

S N solid form
@@ @Tb ostwald ripening @ — ﬂ] transformations

agglomeration

Figure 1.8 Various crystallisation mechanisms that can occur during

process development (Mazzotti et al., 2015).

However, a range of crystallisation mechanisms typically occur which can
have a considerable effect on downstream processing (Figure 1.8). For
example, a wide particle size distribution may cause slow filtration rates
and inefficient drying which can be a major bottleneck to the entire

manufacturing process development (Kim et al., 2005).

1.2.1. Crystallisation Mechanisms

Nucleation is a stochastic event which involves “birth” of small nuclei
followed by growth of these nuclei into larger crystals within a
supersaturated solution (Myerson, 2002). Nucleation occurs under the
influence of supersaturation to allow the system to reach equilibrium in
solution which requires a change of free energy and must precede an
activation barrier (Gibbs, 1928). For crystallisation process development,
determining the phase diagram is important as it outlines the solubility of
an API in a given solvent composition. The solubility of an API is the

maximum concentration that exists at equilibrium for a solid and liquid

18



phase for a given set of temperatures and pressures which is often

displayed as a solubility line or curve (Figure 1.9) (Jones, 2002).

To access the formation of crystals, a supersaturated phase must be
reached above the solubility curve (Figure 1.9). Supersaturation is defined
as the driving force for crystallisation and is given by the change in
chemical potential (Au). The chemical potential (Ap) describes the
difference between the liquid phase (1;) and the solid crystalline phase (u().
For a saturated solution which is in equilibrium with the solid solute, the
liquid phase (u;) and solid crystalline phase (u.) are equal and therefore
the chemical potential is zero. When the solution is supersaturated, the
chemical potential is expressed in terms of standard potential (uy) and the

standard activity (a) (Davey and Garside, 2006):

Apu= py+RTIna Eqn 1.5

Here, the gas constant (R) = 8.134 J mol! K-1 and temperature (T) = K are

included. Equation 1.5 is rearranged to:

}A?—l,; = In (%) =InS Han 1.6

Where the standard activity of the solution phase (a) and the standard
activity of the crystalline phase (a*) are included. The supersaturation is

the so called supersaturation ratio which is expressed as follows:

¢ Eqn 1.7
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Equation 1.7 includes the solution concentration (¢) and the equilibrium
solution concentration (c*) at a constant temperature and pressure. The
supersaturation 1s also commonly expressed as the relative
supersaturation (o) for an ideal solution whereby the activity 1is

independent of concentration and ¢ / ¢* = 1:

c—c* Eqn 1.8

A certain degree of supersaturation is required before spontaneous
nucleation occurs at an appreciable rate and is observed within a finite
time interval. The extent of this supersaturation is referred to as the
metastable zone limit (Barrett and Glennon, 2002). Hence, measuring the
metastable zone width (MSZW) from the solubility profile becomes
important as regions for nucleation-dominated and growth-dominated
crystallisation can be identified in the phase diagram (Figure 1.9).
Supersaturation generation can be achieved by different crystallisation
methods such as cooling (Brown and Ni, 2012), anti-solvent addition
(Svoboda et al., 2017), evaporative (Warzecha et al., 2017) and through
reactions (McGinty, 2017, Jiang and Ni, 2019). Cooling crystallisation is
the most commonly employed method in industrial crystallisation

(Myerson, 2002).
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Figure 1.9 Example of a solubility represented as a solid ‘black’ line and
metastable zone width shown as a dashed ‘grey’ line profile for

crystallisation process development (Jones, 2002).

1.2.1.1. Primary Nucleation

Nucleation can be divided into two-types; primary and secondary
nucleation where primary is classified as homogeneous or heterogeneous
nucleation. Homogeneous nucleation occurs without the presence of any
surfaces, whereas heterogeneous nucleation is induced through the
presence of non-crystalline surfaces which provides adsorption for solute
molecules and reduces the free energy barrier for nucleation

(Erdemir et al., 2009).

A number of theories (classical, non-classical, two-step) have described the
origins of homogenous nucleation (Vekilov, 2010). The classical nucleation

theory (CNT) involves the clustering and aggregation of molecules or ions
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to a critical size (nuclei) with an associated total free energy difference (AG)
for its formation and growth (Figure 1.10). Typically, the critical nuclei are
well below the detection limit and therefore in accordance with the CNT

theory, a nucleus is a particle with a size:
d/dL (AG) =0 Egn 1.9

Above the critical nucleus size, the total free energy difference (AG) is
defined between a small solid solute particle and the solute in solution
which includes the sum of free energy required to create a surface excess
free energy (AG;) and the volume excess free energy (AGy)

(Davey and Garside, 2006, Mullin, 1997):

AG = AG, + AG; Eqn 1.10

The summation involves the free energy of volume (AGy) outweighing the
free energy of the surface (AG,) of the cluster. This corresponds to the
critical free energy difference, AG.;; and associated nucleus radius (r;)
showing the minimum size a cluster must achieve to remain stable and
grow which leads to a decrease in free energy (Figure 1.10). Hence, clusters
of sizes less than the associated nucleus radius (7)) will dissolve. Evidently,
from the free energy diagram (Figure 1.10), it is assumed from the CNT
theory that at constant temperature and supersaturation, a decrease in

concentration is minimal upon formation of the critical nucleus.
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Figure 1.10 Free energy diagram for nucleation (Erdemir et al., 2009).

However, both the height of the barrier and the AG,,;; value decrease with
increasing supersaturation with the barrier eventually becoming small
enough for nucleation to become spontaneous (Davey and Garside, 2006).
The rate of nucleation, J, i.e., the number of nuclei can be expressed in the

form of the Arrhenius reaction equation:
J = Aexp(— AG/kT) Eqgn 1.11

Where the number of nuclei formed per unit time per unit volume
(J) = # | s.m?3, rate constant (A) = # / s.m?3 Boltzmann constant

(k) = 1.3805 x 1023 J / K and temperature (T) = K are expressed.
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Figure 1.11 Classification system for primary and secondary nucleation

mechanisms (Jones, 2002).

1.2.1.2. Secondary Nucleation

Secondary nucleation occurs in the presence of crystals and usually results
from the introduction of ‘seed’ crystals in the supersaturated solution
(Agrawal and Paterson, 2015). Widely debated in literature, a variety of
secondary nucleation mechanisms can occur (Figure 1.11). These range
from contact with other crystals or crystalliser parts, shear from fluid flow
/ turbulence or crystal-impeller impact, fracture due to crystal-crystal or
crystal-wall impact, attrition from fluid flow, crystal-crystal, crystal-
impeller and crystal-wall impact (Davey and Garside, 2006). These
mechanisms can have a considerable impact on the rate of secondary

nucleation kinetics and the obtained crystal size and size distribution. To
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describe the overall rate process of secondary nucleation, equation 1.12 can

be used (Davey and Garside, 2006):
B = k,M.N¥AcP Eqgn 1.12

Where the secondary nucleation rate (B), stirrer speed (N) = a.u,
concentration of crystals in solution (M;), specified function of the vessel
geometry (k,), supersaturation (c) and exponents (J, k and b) are
parameters determined by the particular assumptions of the model
(Davey and Garside, 2006). In crystallisation process development,
applying a secondary nucleation mechanistic model is important as it can
assist in the estimation of nucleation rates from small scale experiments
to commercial scale plants (Garside and Davey, 1980, Briuglia et al., 2018,

Steendam et al., 2018).

1.2.1.3. Crystal Growth

The growth crystals of visible size occurs after nucleation which determines
the final particle size, shape and purity. Several theories have outlined
crystal growth mechanisms which have focused on the propagation of steps
on the crystal surface either by two-dimensional nucleation or by the screw
dislocation of the BCF theory (Myerson, 2002). However, the majority of
industrial crystallisations and mass transfer processes correlate data to

the diffusion-reaction layer model.
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Figure 1.12 Crystallisation driving forces during crystal growth
(Mullin, 1997). C, C;, C* represent the bulk, crystal-liquid interface and
equilibrium solubility. The stagnant film is often denoted as § which

indicates the degree of thickness.

This is a simple model which outlines the diffusion of solute from the
crystal-liquid interface through a stagnant film which is then incorporated
into the crystal leading to a concentration decrease at the crystal-liquid
interface (Figure 1.12). Detailed descriptions of the diffusion-reaction layer
model from the works of Noyes and Whitney (1897), Nernst (1964),
Berthoud (1912) and Valeton (1924) is reported (Mullin, 1997). As a crystal
is comprised of various faces, these faces can possess individual growth
rates leading to particles of different morphologies such as spherical,

needles and platelets. Typically, crystal growth can be expressed as a
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linear growth rate (G) = m / s where L is the characteristic dimension that
1s Increasing:

_ dL Eqn 1.13

G = —
dt

Equation 1.13 can be extended to include the overall driving force and

temperature effects:

G Eqgn 1.14
RT

G=Aexp( )(5—1)9

Where, the constant (4), activation energy (E;) = kJ / mol and order of
growth (g) are included. The crystallisation kinetics of nucleation and
growth can then be correlated with supersaturation using empirical

expressions of the form:

B = k,Ac? Eqn 1.15

G = kyAcY Eqn 1.16

Here, nucleation rate constant (k;,) = m /s, nucleation order (b) and growth
rate constant (k;) = m /s are shown. Determination of crystal growth rates

can then be used to inform crystallisation process development.
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1.2.1.3.1. Estimation of Growth Rates

Measuring crystal growth rates have relied on growth of a single seed
crystal where direct measurement of the change in mass or size of a crystal
(or crystals) at a fixed temperature and supersaturation is obtained.
Several repeats at different temperatures and supersaturations can then
determine kinetic parameters by fitting to a power law model (Myerson,
2002). Various single crystal growth measurements and procedures are

known (Botsaris and Denk Jr, 1970, Clontz et al., 1972).

In crystallisation processes where many crystals are growing in bulk
suspension, crystal growth rates can be estimated from batch isothermal
experiments. The rate of desupersaturation along with the initial mass and
size of the seed and final product crystals is used to estimate growth rates
which is widely implemented for process design and modelling purposes
(Mitchell et al., 2011, Garside, 1982, Qiu and Rasmuson, 1994, Vetter et
al., 2013, Myerson and Ginde, 2002, Pérez-Calvo et al., 2016, Vetter et al.,

2011).

1.2.1.4. Materials Balance

The reactors used in crystallisation processes usually include batch stirred
reactors, continuous stirred tank (CSTR) or plug flow reactors (PFR).
Calculating the material balance for an individual reactant or product is

essential for process understanding (Figure 1.13).
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Figure 1.13 A typical material balance used for chemical reactors.

In batch processing, there is no addition or removal of products during the
reaction (Figure 1.14, (A)). Therefore, terms 2 and 3 will equal zero and
when operating at steady-state, term 1 is zero. For a CSTR, the process has
a continuous supply of feed material whilst products are continually being
removed (Figure 1.14, (B)). Likewise to batch which assumes perfect
mixing, there are no concentration or temperature gradients within the
reactor. A plug flow reactor is a type of tubular reactor whereby feed
material 1s continuously supplied to the reactor and products are
continually removed (Figure 1.14, (C)). The velocity profile in a plug flow
reactor is uniform over any cross-section normal to the direction of the fluid
motion thus in a plug flow crystalliser, the assumption is that there is

perfect radial mixing but no axial mixing.
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Figure 1.14 Sketch of a batch reactor (A), continuous stirred tank reactor

(B) and a plug flow reactor (C) which are used for crystallisation processes.
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1.2.1.4.1. The Population Balance

Knowledge of crystallisation mechanisms (Figure 1.8) along with the three
conservation laws (mass, energy and crystal population) can generate
population balance models (Mersmann, 2001). PBMs are important as they
can establish clear and quantitative relationships between variables and
characterise key components of a crystallisation process such as nucleation
and growth rates (Randolph and Larson, 1988, Randolph and Larson,
1962). They are particularly useful for batch and continuous crystallisers
for modelling of PSDs. However, in the case of a continuous crystalliser,
PBMs with only growth and nucleation terms yields an analytical
expression for the PSD (Randolph and Larson, 1962). Consider the
equation for a well-mixed mixed-suspension mixed-product removal

(MSMPR) crystalliser:

. L Eqn 1.17
n = nexp(— E)

Where the population density (n’) at L = 0 (i.e., the nuclei), linear crystal
growth rate (G) and the residence time in the crystalliser (r) is shown
(Tung et al., 2009). Plotting In n versus L will then result in a straight line
with slope (1/Gt) (Figure 1.15, (B)). As the growth rate can now be
determined, the intercept n” is converted to the nucleation rate (B° = n’G)

which can possess other variants. However, a few assumptions are made.
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Figure 1.15 Schematic of an MSMPR crystalliser with a volume V (m3) fed
with solution at a volumetric rate @ (m3/s) (A). Upon nucleation and
growth, the population density of particles n(L) are represented which have
the same crystal size distribution as in the product stream (A). Equation
1.17 is graphically presented in the semi-logarithmic form which predicts
the number density to decay exponentially with size at a rate determined
by the growth rate and the mean residence time (B)

(Davey and Garside, 2006).

For instance; the process is assumed to be at steady state, no presence of
crystals in the initial feed stream, all crystals are of the same shape and
characterised by a chosen linear dimension L, no attrition occurs and
crystal growth rate is independent of the crystal size. These assumptions
may not be fulfilled for many organic molecular crystallisations as has been
reported in detail elsewhere (Randolph and Larson, 1988, Tung et al.,
2009). Recent efforts have also attempted to describe particle shape
evolution in MSMPR crystallisers using morphological population balance

models (Ramkrishna and Singh, 2014).
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1.2.2. Seeding Crystallisation

A well-controlled crystallisation process can be achieved through the
addition of seed crystals of the desired crystal form. The ideal seeding
conditions (in terms of supersaturation, temperature, agitation) would be
to minimise both primary and secondary nucleation whilst conserving the
number of crystals during crystal growth within the MSZW (Mullin, 1997).
This helps to ensure consistent product attributes (size, shape, form) and
process efficiency. To promote the growth of large uniform crystal sizes, a
range of seeding parameters should be controlled. These include varying
the initial seed size distribution, mass loading (1 — 10 %), form, addition
point and addition rate which can all have a considerable effect on the
crystallisation trajectory and final product quality (Aamir et al., 2010,

Beckmann, 2000).

The generation of seeds is usually sourced through dry milling of the raw
supplied material (vendor) or recrystallised material. Milled seeds can then
be divided into different particle size fractions through a sieve shaker. For
cooling crystallisation, small seed sizes < 10 ym are preferred as this
provides high surface areas (typically > 5 m2/ g) for early stages of growth
and targeting a uniform particle size distribution (Ward et al., 2006, Brown
et al., 2018). It 1s recommended to prepare and charge seeds to the reactor
as a slurry suspension rather than dry seed handling and addition

(Cote and Sirota, 2010).
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Figure 1.16 In situ particle images during a crystallisation showing the
impact of seed input (A & C) on the product output (B & D) for
acetaminophen. A cooling crystallisation was implemented for both

experiments. The images were generated from own experimental work.

For instance, consider the impact of seed preparation and addition on the
crystallisation of acetaminophen (Figure 1.16). Here, agglomerated seeds
prepared through dry milling and sieving and dry addition (Figure 1.16,
(A)) crystallised to agglomerated product crystals (Figure 1.16, (B)).
Alternatively, seeds generated and added as a slurry suspension through
wet milling (Figure 1.16, (C)), crystallised to large uniform and well-faceted
product crystals (D). During a cooling crystallisation process, the cooling
rate is a key parameter to consider when designing the crystallisation
(Figure 1.17). To deliver an optimal process for growth, implementing
supersaturation control through a determined concentration-temperature
profile is the ideal strategy as this can avoid any undesired and

uncontrolled nucleation or fouling events (Figure 1.17, (C — D)).
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Figure 1.17 Seeding and cooling profiles for a cooling crystallisation
(Jones, 2002). Solid ‘black’ lines represent the solubility and MSZW
(annotated) as a ‘grey’ dashed line (A - B). Rapid cooling without seeding
supersedes the MSZW boundary leading to uncontrolled primary
nucleation (A) whereas seed addition at different and higher temperatures
(STi-3) followed by a slow cooling profile leads to controlled crystallisation
(B). The impact of controlled cooling versus natural cooling can also effect

supersaturation generation and consumption (C — D).

There is also considerable work being done on model-based and direct
design approaches for cooling crystallisation such as direct-nucleation
control (DNC) controlled by process analytical technology which has been
applied to unseeded crystallisations (Abu Bakar et al., 2009, Saleemi et al.,

2012, Nagy and Braatz, 2012).
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1.2.3. Continuous Manufacturing of Pharmaceuticals

There 1is increased interest in continuous manufacturing for
pharmaceuticals as it can present numerous advantages over traditional
batch manufacturing methods. These include better product quality,
reduced variability, processing times and cost and increased process
flexibility (Badman and Trout, 2015, Kleinebudde et al., 2017). The drive
for continuous processing has placed great emphasis on leading industry
manufacturers and research institutes for creating and exploring more
modular processing environments. For example, continuous-flow
technologies and single-use systems provides substantial inventory
reduction and supply chain benefits as the demand for small-molecule
manufacturing increases (Kuehn, 2018). A study by Grand View Research
expects small-molecule APIs to account for the largest share of the

pharmaceutical market, rising to $239.8 billion by 2025 (Challener, 2018).

Small-volume continuous manufacturing for delivering APIs on-demand
and end-to-end integration of all unit operations from drug substance to
drug product offers the biggest benefits, flexibility and cost effectiveness
for regulatory agencies (Cole et al., 2017, Mascia et al., 2013, Srai et al.,
2015). Eli Lilly demonstrated small-volume continuous manufacturing for
API production using eight continuous unit operations including
extractors, evaporators, crystallisers and filters during drug substance

manufacturing (Cole et al., 2017).
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Figure 1.18 Batch manufacturing involves discrete and separate steps in
which production stops between steps, so samples can be tested for quality
offline. Pharmaceuticals made using continuous manufacturing are moved
nonstop within a single facility, eliminating hold times between steps.

(Kuehn, 2018).

The multistep continuous-flow CGMP process produced 24 kilograms
(3 kg per day) of the cancer drug prexasertib monolactate which was
suitable for use in human clinical trials (Cole et al., 2017). Recently, the
U.S. Food and Drug Administration (FDA) approved Orkambi (lumacaftor
/ ivacaftor), which is a new cystic fibrosis drug using continuous drug
product manufacturing methods, specifically direct compression at Vertex
pharmaceuticals (Nasr et al., 2017). In 2016, the U.S. FDA also approved
Janssen Pharmaceuticals, Inc., switch in the production method from
batch to continuous drug product manufacturing for the existing product,
Prezidarunasta (Nasr et al., 2017). So although the portfolio of produced

drugs through continuous manufacturing methods is still relatively small,
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these examples represent a significant step in integrating continuous

manufacturing into commercial pharmaceutical production.

The interest in continuous manufacturing has also led to the establishment
of research initiatives between academia and industry. These include the
Novartis-MIT Center (U.S), EPSRC Future Manufacturing Research Hub
in Continuous Manufacturing and Advanced Crystallisation (CMAC, U.K)

and Center for Structured Organic Particulate Systems (C-SOPS, U.S).

1.2.3.1. Continuous Crystallisation

As part of this change, there is a need to design and implement continuous
unit operations. Continuous crystallisation is therefore of interest and has
been demonstrated across a range of processing technologies, compounds
and reactor types such as single and multiple-stage continuous stirred
reactors (Wood et al., 2019, Baxendale et al., 2015). Other crystallisation
reactors for continuous processing include oscillatory baffled reactors
(Lawton et al., 2009, McGlone et al., 2015, Briggs et al., 2015), segmented
flow (Robertson et al., 2016, Jiang et al., 2014) and static mixers

(Baxendale et al., 2015).

Key advantages of continuous crystallisation over batch include reduced
process start-up and time to reach steady-state (Powell et al., 2015), high
yields and purity (Quon et al., 2012, Wong et al., 2012), enhanced control
of the physical properties of the crystalline product (Alvarez et al., 2011,

Vetter et al., 2014) and scale-up or scale-out which can be achieved with
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less effort and risk (Zhao et al., 2014). However, there are certain points
which should be taken into consideration when selecting conditions for
continuous crystallisation in particular when complex phenomena such as
secondary nucleation, attrition, fouling, encrustation or agglomeration can
significantly complicate the process as well as equipment design

(Brown et al., 2017).

Figure 1.19 Images of continuous crystallisation platforms; moving baffle
oscillatory baffled crystalliser (A) and a mixed-suspension mixed-product

removal crystalliser (B).
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1.3. Particle Attributes

In particle manufacturing, tracking and controlling physical attributes of
the constituent particles is necessary for drug product development and
process understanding (Ticehurst and Marziano, 2015). Particle attributes
including size, shape and surface areas that are impacted by crystallisation
can show impact on manufacturability, oral bioavailability and dosage
forms (Leane et al., 2018). The demand for tight particle attribute control
become increasingly important when low-solubility compounds are
required for drug formulators as particle size can be used to improve API
dissolution in the gut (Variankaval et al., 2008). As mechanical milling
processes such as high shear wet milling are frequently being employed,
establishing the influence of process-induced disorder to changes in API

attributes is important which is summarised in Figure 1.20.

Changes in API Particle
Attributes during Drug
Product Processing

Size Difference Shape Difference Surface Difference
Inefficient De- Fracture/ Phase Coating with

Agglomeration

agglomeration Attrition Transformation Excipients

Figure 1.20 Establishing key attribute relationships undergoing particle

engineering processes (Ticehurst and Marziano, 2015).
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1.3.1. Particle Size and Size Distribution

Particle size is an important attribute monitored in pharmaceutical
manufacturing and is critical to an API’s processing behaviour during
downstream unit operations (Bauer, 2009). For example, small particle
sizes driven by bioavailability considerations are in conflict with desired
physical attributes for good flow properties and other linked parameters
such as segregation, compactability and surface adhesion. These outcomes
can all have an influence on the selection criteria for downstream
processing either through direct compression, roller compaction, wet
granulation or other technologies for conversion of the powder to a tablet

core / filled capsule (Leane et al., 2015, Leane et al., 2018).

When interpreting the particle size distribution, it is ultimately the shape
of the individual particles which defines the interpretation as particles are
usually discretised and measured according to a certain length, width or
circle equivalent diameter (Bauer, 2009). As particles are 3-dimensional
objects, 1t 1is difficult to solely rely upon a single dimension for
characterising particle size (Schorsch et al., 2014). Terms such as
“equivalent spheres” or “circle equivalent diameter” are used to describe

the particle size (Bauer, 2009, Malvern, 2012).

Bulk samples produced from unit operations such as crystallisation and
milling can contain distributions of many particle sizes and shapes
(rods, needles, plates, cubes, flakes etc.,) therefore the use of statistical

means (mode, median and mean) for analysis becomes necessary.
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Figure 1.21 Measurement of particle size and size distribution with
statistical analysis (Malvern, 2012). D50 is a commonly used notation as it
represents the median above the diameter where half of the particle

population lies below.

Often quoted, the volume moment mean D [4, 3] reflects the size of those
particles which constitute the bulk of the sample volume whereas the
surface area moment D [3, 2] 1s most sensitive to the presence of fine
particles in the size distribution (Malvern, 2012). The particle size
distribution width is also quantified by D10, D50 and D90 on the x-axis as

shown from a cumulative curve (Figure 1.21).

1.3.2. Particle Shape

Spherical and compact particle shapes are largely favoured to long needles
(high aspect ratio) for improving downstream processing such as filtration
rates (Ottoboni et al., 2019). In crystallisation, the obtained particle shape
1s linked to the symmetry of the internal crystal structure and packing of

a solid in a unit cell (Mullin, 1997). It is therefore important to understand
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the intermolecular interaction framework comprising a particulate
material. The crystal shape can then be predicted using well established
methods based on crystal structure such as Bravais-Friedel-Donnay-
Harker (BFDH) (Davey and Garside, 2006). However, as crystallisation is
a relatively complex phenomena, there are several external factors
including supersaturation, temperature, solvent selection, additive or

1mpurity concentration which may contribute to the actual shape produced.

1.3.3. Particle Surfaces

Whilst careful selection of crystallisation parameters and operating
policies can be used to generate well-faceted crystals of the desired size and
shape, pharmaceutical crystals are anisotropic in  nature
(Shah et al., 2015). This can be attributed to the low symmetry of the
molecular packing and the growth mechanisms (screw dislocations, kinks,
disorder, steps, impurities etc.,) as well as impact from high energy

Intensive unit operations.

Characterisation and measurement of surface properties such as surface
areas, energies and heterogeneity is important in order to understand how
surface chemistry and performance is affected by unit operations such as
mechanical milling (Figure 1.22) (R Williams, 2015). Ho (Ho et al., 2012)
investigated surface characterisation techniques (IGC-SEA & DIA),
particle shape and attachment energy predictions as essential tools for
understanding and explaining the underlying fracture behaviour of

crystalline solids.
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Figure 1.22 Surface images obtained from an SEM microscope displaying
raw acetaminophen as supplied by vendor (A) and recrystallised & wet
milled material (B). The images were generated from own experimental

work.

Additional studies have shown differences in surface energies of milled
pharmaceutical powders such as salbutamol-sulphate, dI-propranolol
hydrochloride and a-lactose monohydrate to influence powder flowability

and blending performance (Ticehurst and Marziano, 2015).

1.3.4. Particle Characterisation Techniques

There are several techniques for particle size measurements. These can
include the use of a sieve of a known pore size allowing certain size
fractions to be obtained and indirect techniques as they measure particles
passing through detectors of various kinds; X-ray diffraction, light
scattering, X-ray absorption, laser diffraction and image analysis
(Bauer, 2009, Malvern, 2012, Schorsch et al., 2014). Particle shape is
usually analysed by image analysis such as microscopy and scanning

electron microscope (SEM) whereas atomic force microscopy (AFM),
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contact angle and inverse gas chromatography (1GC-SEA) are used for

surface property analysis (R Williams, 2015).

Offline measurements are widely used and relied upon for analysing
product attributes. This involves manual sampling with analysis in a
centralised laboratory. Alternative measurement modes such as At-line,
True on-line and inline methods are increasingly being used (Table 1.2).
Process analytical technology (PAT) is appealing and beneficial as it can be
used inline for real-time analysis during a crystallisation process and thus
potentially mitigate the need for offline analysis and sampling (Bakeev,
2010, Wu et al., 2014). The application of PAT has also led to detecting the
onset of wvarious crystallisation phenomena such as polymorphic
transformations (Simone et al., 2014b) and improving the purity and
particle size distribution (Simone et al., 2015). As such, common PAT tools

include ATR-FTIR, FBRM and PVM which is described in section 3.2.1.

Table 1.2 Different measurement modes employed for crystallisation

process development.

Measurement Mode Definition
Off-line Manual sampling with analysis in a centralised laboratory
At-line Manual sampling with analysis next to process
True on-line Some of the sample passes through the analyser
In-line No sampling, PAT probe inserted into reactor or pipe
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1.4. Particle Engineering: Wet Milling Applications

Process intensification is applied to continuous manufacturing of
pharmaceuticals and is defined as any chemical engineering development
that leads to a substantially smaller, cleaner, safer and more energy
efficient technology (Stankiewicz and Moulijn, 2000). A key driver for the
adoption of wet milling is the opportunity to combine multiple unit

operations into a single intensified process.

Stirred- Stirred- Stirred-
tank tank tank
\_/Wet mill Wet mill

Figure 1.23 Sketch of intensified process configurations combining
wet milling with stirred-tank reactors. An immersion (in situ) wet mill
mode inserted through the top of the stirred-tank (A); single-pass mode
which involves feeding the suspension from the stirred-tank directly
through the wet mill once (B); recycle-loop mode whereby the suspension
is recycled multiple-times through the wet mill and back into the
stirred-tank (C). The majority of wet mills are all based on a rotor-stator
principle. Temperature (T) and PAT probes are usually inserted for process

monitoring (Luciani et al., 2015, Acevedo et al., 2017).
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The development of these approaches are then utilised to perform various
particle engineering tasks such as inline size and shape modification
therefore reducing the number of unit operations (i.e., dry mills) required

in pharmaceutical manufacturing.

1.4.1. Recycle-Loop Mode

The recycle-loop wet mill mode is a relatively easy to use process with broad
applicability in particle engineering (Figure 1.23). This section will review
current wet milling trends for scale-up, size reduction, shape

manipulation, seed generation and polymorph control.

1.4.1.1. Scale-up

Kamahara et al., (Kamahara et al., 2007) employed a semi-batch
crystallisation process coupled with a rotor-stator wet mill to overcome
uncontrolled local mixing and scalability issues encountered in a
stirred-tank crystalliser. The aim was to generate and control fine particles
through controlled secondary nucleation from high shear wet milling
(160 & 600 W / kg) during crystallisation. The process was successfully
scaled-up from 1 L to 1000 L pilot scale production by keeping the rotor tip
speed (m / s) constant. Engstrom et al., (Engstrom et al., 2013) offered an
improved scaling approach by introducing an energy dissipation rate (E¥)
model for predicting particle size against energy input in wet milling across

process conditions and scales (lab and pilot plant).
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Figure 1.24 Comparison of particle size (FBRM) to normalised energy
dissipation rate (£%) on a logarithmic scale for the investigated API (A)
(Engstrom et al., 2013). The data points plotted include experiments from
all milling conditions tested for each module (coarse, medium, fine) as well
as multiple data points along each particle size reduction curve (A). Image
of particles after batch cooling crystallisation (top) followed by wet milling
of the slurry at 20 — 25°C (bottom) displays particle size reduction.

The model expands on tip speed (m / s) and shear frequency (fsr)
(as described in section 1.1.3) as the number of slurry recycles, teeth
configuration (coarse, medium, fine) and slurry residence time are
included. Overall, the improved approach correlated API particle size to
energy input (1 - 32.3 (a.u)) as shown (Figure 1.24). Scaling-up of API size
reduction using a Quadro Ytron rotor-stator wet mill has also been

reported elsewhere (Harter et al., 2013).

1.4.1.2. Size Reduction
Isothermal wet milling of crystalline suspensions is usually employed

post-crystallisation for reducing and normalising the particle size
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distribution. An earlier study by Kougoulos et al., (Kougoulos et al., 2011)
compared the 1impact of conventional cooling crystallisation,
sonocrystallisation, hammer milling and wet milling on the content
uniformity and stability of mannitol. The optimisation of high shear wet
milling (Silverson) imparted sufficient size reduction for the desired target
PSD of 50 and 130 gm (Dv50) to produce an acceptable drug product

formulation and performance.

Liu et al., (Liu et al., 2012) investigated wet milling of ibuprofen which
observed size reduction from 70 to 33 um (Dy50) whilst simultaneously
altering the particle shape from needles to hexagonal crystals.
Surprisingly, the powder flow function coefficient (FFC) which is used as
an index for flow assessment showed wet milled product to be between 2
and 4 which falls into the cohesive powder range (Rahman, 2009) and was
similar to commercial ibuprofen. Different lactose mass content (%)
comprising of lactose I (FFC 3.1 = cohesive flow) and lactose II (FFC
14 = easy flow) were then used as binary mixtures with milled and
commercial ibuprofen to increase the FFC (Figure 1.25). However, it was
concluded as a result of isothermal wet milling the smaller particle size
and possible change to surface morphology reduced powder flowability.
Readers are also referred to the follow-up study by Liu et al,
(Liu et al., 2013) whereby the complex relationship between ibuprofen
particle properties (size and shape) on particle compressibility

(vield stress) and compactability (tablet tensile strength) is demonstrated.
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Figure 1.25 Flow function of binary mixtures versus lactose I & II content.
Lactose I content had a similar particle size to high shear wet milled
ibuprofen (A). Lactose II content of a larger particle size than Lactose I

content (B) (Liu et al., 2012).

1.4.1.3. Shape Manipulation

During size reduction, particles are likely to undergo shape alteration
when long aspect ratio crystals (i.e., needle-like) serve as the starting
material. A promising approach to shape modification is by combining the
number of recycle-passes through a wet mill with subsequent temperature
cycling. Wilson et al., (Wilson et al., 2018) investigated this strategy as a
practical means for tuning the length and width of an API. The
experimental methodology is detailed in Figure 1.26 which produced more
equant particle shapes. As a result, this greatly improved the powder
handling properties including bulk density (0.37 g / ml), FFC
(2.3 to 5.3) and overall powder processing as demonstrated by roller

compaction (Wilson et al., 2018).
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Figure 1.26 Schematic showing the proposed crystal size and shape
manipulation mechanism (Wilson et al.,, 2018). Step 1: Material was
crystallised by cooling from a saturated solution in the presence of seed to
produce needle-like particles, step 2: Temperature cycling of crystallised
starting material from step 1 which increases needle length and width
whilst reducing the fine particle fraction, step 3: Wet milling (recycle-loop
mode) which results in a decrease in needle length primarily and finally
step 4: Additional temperature cycling which increases needle length and
width whilst reducing the fine particle fraction (generated from wet
milling). A milling speed of 16000 rpm was selected which reduced the
particle length from 58.4 to 27.7 um (Dy50).

Shape modification of f L-glutamic acid (needle-like) has also been
performed through a novel 3-stage cycling process consisting of
crystallisation, milling and dissolution stages (Salvatori and Mazzotti,
2018). To identify the optimal conditions required in each stage for equant
product shapes, an extensive experimental campaign along with process
simulations (previously published (Salvatori and Mazzotti, 2017)) was
conducted. It was found, employing a large number of temperature cycles

> 4, selecting mild milling conditions from 5000 to 12000 rpm and ensuring
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40% mass dissolution was in fact, enough to dissolve the fines whilst
constricting nucleation. These were concluded as the required operating

conditions for consistently producing a compact particle morphology.

1.4.1.4. Seed Generation

Rotor-stator wet milling can be used as a continuous seed generation device
which 1s beneficial for crystallisation processes. Yang et al,,
(Yang et al., 2015) applied the wet mill as a downstream nucleation device
for continuous crystallisation of acetaminophen. Analysis of start-up, yield
index and size distribution (CLD) on an MSMPRC was investigated
(Figure 1.27). It was shown, the mill operated as a continuous size
reduction tool due to controlled secondary nucleation and breakage
mechanisms when compared to the reference MSMPRC experiment

(without wet milling) as seen in Figure 1.27, (B).

The practical ease of incorporating the recycle-loop mode was further
demonstrated on a 3-stage MSMPR for a seeded cooling crystallisation of
acetaminophen (Brown et al., 2018). The number of continuously generated
seeds allowed for the crystallisable product mass to be targeted and
optimised via an integrated flowsheet product in gCRYSTAL 4.2.0 where

secondary nucleation kinetics were modelled explicitly.
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Figure 1.27 Process temperature, real-time FBRM total counts and
square weighted mean chord length (SWMCL) in the MSMPRC. Profile
trends for the continuous crystallisation without wet milling coupled which
achieved a SWMCL of 71 zm is shown (A). The effect of wet milling coupled
via the downstream recycle-loop mode with continuous crystallisation
which achieved a smaller SWMCL of 55 um is also shown (B). Both
experiments consisted of a startup duration of 6 residence times

(Yang et al., 2015).
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1.4.1.5. Polymorphic Control

An emerging area of interest is in the application of high shear for aiding
in the separation of conglomerate forming chiral molecules (Kéllges and
Vetter, 2017, Kollges and Vetter, 2018) as well as polymorphic control and
selection (Koéllges and Vetter, 2019, Li et al., 2019). Kollges and Vetter
(Kollges and Vetter, 2019) demonstrated the impact of wet milling on the
polymorphic composition of L-glutamic acid (LGA) during continuous
crystallisation (Figure 1.28). The influence of wet milling produced the
stable S polymorph of LGA at operating conditions (feed concentration,
crystalliser temperature and residence time) when compared to the
metastable a polymorph which formed without wet milling (Figure 1.29).
It was concluded, mild milling conditions (3000 rpm) induced sufficient
crystal breakage on LGA leading to increased surface area and thus

provided the ability to steer towards the stable polymorph (Figure 1.29).

A follow-up publication on predicting the polymorphic outcome of
LGA in the presence of wet milling has also been reported (Li et al., 2019).
By deploying a similar continuous crystallisation process (Figure 1.28), the
desired operating spaces for the single-stage MSMPR was identified which
allowed the right polymorph to be reliably obtained in addition to the
required size, solute recovery and productivity. This was achieved from
parametric analysis through constructing a dimensionless population
balance equation, details of which are explicitly outlined in the article

(Li et al., 2019).
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Figure 1.29 Profile trends showing solution concentration and mass
fraction of the S polymorph for experiments conducted at a residence time
7 =2 h (Kéllges and Vetter, 2019): (left) startup of 4sand 8sat an=20 g kg-
L (right) startup of 12pand 16sat an= 30 g kg'l. The results of the a-seeded
are drawn in red and those of the f—seeded in blue. Solution concentrations
without and with milling are drawn as open circles (o) and filled circles (o).
The mass fractions of the  polymorph are given on the right vertical axis
and are drawn for without and with milling as open triangle s (A) and solid

triangles (A). Lines have been drawn to guide the eye.

54



1.4.1.6. Summary

Clearly, implementing wet milling for particle engineering has found
widespread use and interest in several areas. A summary of the reviewed
applications from the recycle-loop mode is shown (Figure 1.30). Whilst
numerous overlaps can be drawn between each of the applications, the
diagram merely looks to show the common trends in crystallisation process

development when utilising wet milling via the recycle-loop mode.

Lab-scale
Scale-up n
Pilot-scale
Size Post-
Reduction Crystallisation
Seed High-Shear Growth during
Generation Nucleator Crystallisation
Recycle-Loop
Mode
Temperature Needles &
S_hape_ Cycling during Rods to Equant
Manlpulat|on Crystallisation Shapes
control 9 Polymorph
Seeds
Conglomerate Enantiopure
Separation Chiral Crystals

Figure 1.30 The diagram provides an overview on the current
(scale-up & size reduction) and emerging (seed generation, shape
manipulation, polymorph control and conglomerate separation) areas of

interest via wet milling in pharmaceutical manufacturing.
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1.4.2. Ultrasound for Particle Engineering

Ultrasound technology is a common particle engineering tool and is used
for inducing nucleation at low supersaturations and manipulating the
particle size and shape (Sander et al., 2014). Ultrasound transmission in a
liquid solution occurs through acoustic cavitation via sound waves. During
propagation, these sound waves exert alternating phases of compression
and rarefaction (expansion) (Figure 1.31). The intensity of these phases is
related to the amplitude of the wave expressed in microns of displacement
of the vibrations at the source of the sound which is proportional to the

power delivered (Price, 2017).

This gives rise to bubbles during rarefaction which shrink during the
compression phase and then expand again during subsequent rarefaction
phases (stable cavitation). As the amplitude of the sound waves increase,
the pressure reduction during the rarefaction phase becomes large enough
to allow bubbles of solvent vapour to form in solution (Price, 2017).
Ultimately, the cavitation effect gives rise to the formation, growth and
implosive collapse of bubbles in liquid (Figure 1.31). As a result, intense
local heating (~5000 K), high pressures (~1000 atm) and large heating &
cooling rates (> 109K/ s) are generated (Mason et al., 2005, Suslick, 1990).
This rapid cooling generates a highly localised supersaturation which
triggers nucleation and has been shown for roxithromycin (Guo et al., 2005)
p-Aminobenzoic acid (Gracin et al., 2005), lactose (Siddique et al., 2015)

and potassium sulphate (Lyczko et al., 2002).
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Figure 1.31. Mechanisms arising from ultrasound propagation through a
liquid solution showing growth and destruction of a cavitation bubble

(Devarakonda et al., 2003).

For crystallisation processes, ultrasound probe horns are wusually
immersed in direct contact with the process solution through a stirred-tank
which directly transfers acoustic energy to the system consisting of several
hundred W cm2 (Figure 1.32). Through careful process design and
optimisation of conditions i.e., power output (kW / m2) and ultrasonic
duration, this has the potential to affect almost all of the processes in
crystallisation as summarised in Figure 1.33 (Price, 2017). In addition to
crystallisation, the versatility of ultrasound has uses in emulsification,

dispersing, cell disruption and disintegration (Mason et al., 2005).
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Figure 1.32 Laboratory setup of batch crystallisation integrated with an
immersed ultrasound probe horn in direct contact with a liquid solution.

The ultrasound device displayed is an UP200St (Hielscher, 200W 26kHz)
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Operation at low supersaturation may
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Figure 1.33 Crystallisation processes which may be subject to
modification by insonation. These effects are independent as
supersaturation drives both growth and nucleation which together control
the size distribution. This 1s further influenced by breakage,

agglomeration, encrustation and the polymorphic form (Price, 2017).
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Aims & Objectives
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2. Aims & Objectives

2.1. Aims

The overarching aim of this research is to investigate particle engineering
strategies through the direct combination of wet milling with
crystallisation processes equipped with multi-sensor measurements
comprised of inline, offline and computational tools. High shear
rotor-stator and indirect ultrasound devices are incorporated and applied
for enhanced control and tailoring of particle attributes. The relationship
between process parameters and product attributes is of central
importance as well as evaluating the practical ease of integration and
performance through semi-continuous and continuous crystallisation
approaches. Overall, this work aims to explore the application of particle
engineering as an effective and alternative route for manipulating particle

properties during pharmaceutical processing.

2.2. Objectives

In the first part of this work in chapter 4, the objective is to outline the
effect of process conditions and wet mill configuration on product attributes
of acetaminophen in 2-propanol. This will involve a recirculation mode
using a rotor-stator device coupled to a stirred-tank crystalliser. A
combined seeded cooling crystallisation and wet milling process with
interchangeable rotor-stator teeth and rotation speeds is then deployed
with further decoupling experiments. Real-time FBRM & PVM monitoring

sensors and a computational tool for converting chord length distribution
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(CLD) from FBRM to particle size distribution (PSD) inline is explored
across selected conditions. Advanced offline characterisation via image
analysis and inverse gas chromatography are utilised for quantifying
1solated product attributes including the surface chemistry (energies).
In addition, the energy dissipation rate model (£% developed by
Engstrom et al.,, (Engstrom et al., 2013) for predicting particle size

performance in rotor-stator wet milling is tested.

The objective of chapter 5 is to provide a practical approach to continuous
seed generation using high shear from a rotor-stator device for cooling
crystallisation of acetaminophen in 3-methyl-1-butanol. Initial work will
entail generating an optimal cooling profile for growth using an inline
ATR-FTIR sensor. A combined unseeded cooling crystallisation and wet
milling mechanism with supersaturation feedback-control including fixed
rotor-stator teeth and rotation speed is then performed. This is aimed at
showing the impact of high shear on nucleation and maintaining constant
supersaturation with inline sensors (FBRM & PVM) during cooling.
Scale-up flexibility i1s then further assessed from the combined

methodology across different batch crystalliser scales (1 L & 10 L).

In the second part, a continuous MSMPR process composed of 3-stages is
investigated for targeting a defined particle size and size distribution. The
process will consist of the optimal cooling profile for delivering a
growth-dominated process. At the same time, high shear wet milling will

be operated on a single-stage MSMPR for continuous seed generation and
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direct seed slurry transfer using pneumatic pressure to the subsequent

reactor stages for growth during cooling.

Chapter 6 evaluates the performance, strengths and limitations of using
multi-sensor measurement modes through inline PAT (FBRM & PVM),
computational tools (CLD to PSD conversion & imaging) and offline
techniques (imaging). The effect of crystallisation is decoupled and a
breakage only process using the recirculation mode 1s explored by
sequential ramping phases through increasing the wet mill rotation speed.
Crystalline materials subjected through this process are acetaminophen,
metformin HCL and benzoic acid all of which exhibit different
morphologies and mechanical properties. The objective is then to critically
assess and analyse modifications to solid particles from size and shape
distributions during high shear wet milling of crystalline slurries.
Discussions surrounding accurate characterisation and sensitivity to
different particle systems by using the multi-sensor approach will be

reviewed.

In chapter 7, a proof-of-concept industrial case-study using indirect
sonication is investigated. A flow-cell of confined volume (3.9 ml) with an
attached indirect ultrasound is configured to a stirred-tank reactor through
the combined method. Two API systems will be selected at supersaturation
values which are slow to nucleate without seeding. The rate of
desupersaturation at constant isothermal temperatures with continuous

ultrasound pulsing (indirectly) is studied. The intensity of ultrasound
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power input is varied with additional control experiments for decoupling
and determining the process mechanisms. Overall, the influence of indirect
ultrasound on nucleation rates and particle size and shape attributes will
be analysed using FBRM (particle counts & CLD), HPLC & UPLC
(concentration), microscopy (imaging) and process modelling tools. A key
objective of this work is to further asses the feasibility of the indirect
ultrasound strategy on maintaining constant temperature control over
long periods of continuous operation and as a potential nucleator for seed

generation.
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Chapter 3
Materials & Methods
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3. Materials & Methods

3.1. Materials

Acetaminophen (> 99.5%, CAS: 103-90-2) was purchased from
Sigma-Aldrich and 2-propanol (reagent grade, > 95%) was sourced from
Fisher-Scientific (Loughborough, UK) which were used from chapters 4 to
6. For chapter 5, 3-methyl-1-butanol (reagent grade, > 95%) purchased
from Sigma-Aldrich was used. Metformin hydrochloride (CAS: 1115-70-4)
was purchased from Molekula, benzoic acid (> 99.5%, CAS: 65-85-0) and
surfactant TWEEN® 20 (CAS: 9005-64-5) were both purchased from

Sigma-Aldrich (Dorset, UK) and were all used in chapter 6.

N
Y OH

(C)

H o
H2NYNYN\
NH I\|IH
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H

Figure 3.1 Chemical structures displayed for acetaminophen (A), benzoic

acid (B) and metformin hydrochloride (C).
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For the industrial case-study (chapter 7), APIs TAK-438 and TAK-117 both
synthesised at Takeda Pharmaceuticals Ltd (Boston, USA) were used in
methanol (HPLC grade, > 99.5%) and DMSO (reagent grade, > 99.5%)
which were purchased from Fisher-Scientific. An in-house purification

system was used to source water for all experimental chapters.

3.2. Methods

3.2.1. Inline Measurements

3.2.1.1. Attenuated Total Reflectance - Fourier Transform
Infrared (ATR-FTIR) Spectroscopy

The use of spectroscopy through inline means has shown to be an essential
technique for monitoring chemical entities in crystallisation of
pharmaceutical molecules. This occurs through infrared light sourced from
a fourier transform infrared spectrometer (FTIR) being absorbed at specific
frequencies which is related to the vibrational bond energies of the
functional groups present in the molecule. ATR-FTIR spectroscopy is a
versatile tool and is based on the presence of an evanescent field in an
optically rarer medium (the sample) in contact with an optically denser
medium (the crystal) within which radiation is propagated due to internal

reflection (Figure 3.2).

66



Isg, absorbed -

I, reflected reflected wave

wave

Crystal ATR
(index n,)

+ Sample (index n,)

T -

D,, depth of penetration

Figure 3.2 Principle of the ATR FTIR sensor (Lewiner et al., 2001).

The depth of penetration (Dp) of the evanescent wave from the infrared
beam is small and therefore the interaction of this field is limited to the
solution phase allowing measurement of the solute concentration in the
slurry without being disturbed by the solid particles (Lewiner et al., 2001).

The depth of penetration can be measured as follows:

D. — A Egn 3.1

p 2mn, [sin26 — (ny/nq)2]1/?

Where the wavelength of the incident radiation (1), refractive indices of the
crystal (n;) and of the solution (n,) and the angle of incidence () of the
propagating radiation are expressed. Hence, an ATR-FTIR inline probe is
useful for crystallisation process monitoring as the ATR element is
inherently a surface measurement technique and does not depend on

scattering in the presence of particles, bubbles or dispersed droplets.

A Mettler Toledo ReactIR ™ 15m probe (Leicester, UK) for recording of the
IR spectra was used for acetaminophen in 3-methyl-1-butanol (Chapter 5).

The spectrometer is coupled to an ATR probe comprising a diamond crystal
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and silver halide fibre optics. This is a probe based analytical technique in
which the analysis is based on the mid-IR region (650 — 4000 cm-1). An air
background was acquired prior to immersion of the probe in the
crystallisation solution. The sample spectrum was typically acquired every
15 s comprising of 50 scans with a resolution of 8 cm-1. To enable real-time
monitoring of solute concentration and supersaturation, the calibration
method and the multivariate calibration model obtained by
GRAMS V9 /Al ™ (Thermo Fisher Scientific, Renfrew, UK) pre-processing

software 1s explained in section 3.2.3.1.

3.2.1.2. Focused Beam Reflectance Measurement (FBRM)

Laser-Backscattering

Focused beam reflectance measurement (FBRM) provides real-time
measurements through a highly focused laser beam which is projected
through a sapphire window. The beam rapidly scans in a circular motion
through a set of rotating optics at a fixed velocity (2 m / s) across any
particle flowing through the window’s field of view (Barrett and Glennon,
1999). As the beam scans across a particle or particle structure, light is
scattered in all directions with the light that scatters back to the probe
used to measure a chord length of the particle i.e., the distance between
two points on the edge of a particle. With a high scanning speed, thousands
of chords are counted per second producing a chord length distribution
(CLD) over the range from 0.8 to 1000 xm (Barrett and Glennon, 1999).

The CLD is related to the size and shape of particles in a slurry however
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does not provide a direct PSD measurement (Kail et al.,, 2007).
Furthermore, the FBRM sensor records the lengths of the chords for a

pre-set duration after which the CLD is reported.

A Mettler Toledo FBRM G400 probe (Leicester, UK) was used for all

experimental chapters with the macro view as the chord selected model.

3.2.1.3. Particle Vision and Measurement (PVM)

Particle vision and measurement (PVM) is a high resolution inline video
microscope that visualises particles and particle mechanisms when
inserted into a slurry suspension. The PVM sensor captures images of
particles using size independent laser beams to which images recorded via
light scattering backwards are captured on a CCD array which are then
transferred to a camera (Barrett and Glennon, 1999). The PVM images give
an indication to the observed size and shape of particles captured and
usually require further image processing methods to extract quantitative
particle size and shape information (Deneau and Steele, 2005, De Anda et

al., 2005, Braatz, 2002).

A Mettler Toledo PVM V819 probe (Leicester, UK) was used from chapters
4 to 6 which captures greyscale images with an image resolution of
1360 x 1024 pixels and a pixel size of 0.8 xm equipped with an online image

acquisition software.
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Figure 3.3 Inline measurement techniques; FBRM (A), PVM (B) and
ATR-FTIR (C) which are suitable for immersing in liquid mediums and

continuous monitoring.

3.2.2. Offline Measurements

3.2.2.1. Malvern Morphologi G3

For offline particle size and shape analysis, a Malvern Morphologi G3
(Malvern Instruments Ltd, Malvern, UK) was used which is an automated

image analysis technique. The data is collected as a 2-dimensional
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projection from scanned 3-dimensional particles (sample). This allows the
circle equivalent (CE) diameter to be determined as the diameter of a circle
1s calculated with an equal area to the projected area of the scanned
particle (Malvern, 2012). For individual scanning of particles, the
instrument uses compressed air to aid in dispersion of particles onto a glass

plate with automated microscopy.

Samples were prepared using a high energy dry dispersion unit requiring
5 - 11 mm3 of recrystallised material with a 10x magnification in the size
range of 0.5 — 1000 xm. Particle properties were then measured as
responses ranging from volume weighted circle equivalent diameter
[4, 3] um with D,10, Dy50 & D90 statistics calculated as well as shape
analysis (aspect ratio & circularity) of the milled compound. Aspect ratio is
defined as the ratio of the width to the length of the particle with values
ranging from O to 1. For example, a rod would typically have a low aspect
ratio whereas a spherical particle would have a high aspect ratio.
Circularity is the ratio of the perimeter of a circle with the same area as
the particle divided by the perimeter of the actual particle image. Values
range from O to 1 where a perfect circle would have a circularity of 1 while

an irregular object will have a value closer to 0.

Offline particle size distribution data was further processed to give a
density distribution on the ordinate axes; a probability density distribution

(PSD) was plotted against volume weighted circle equivalent diameter
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[4, 3] pm to give a final offline particle size distribution. The instrument

was used from chapters 4 to 6.

3.2.2.2. Malvern Mastersizer 2000

The mastersizer can determine the particle size offline using laser
diffraction. The particle size distribution is measured by the angular
variation in intensity of light scattered as a laser beam passes through a
dispersed particulate sample (Malvern, 2012). The angular scattering
intensity data is then analysed to calculate the size of the particles
responsible for creating the scattering pattern through the Mie theory of
light scattering (Malvern, 2012). The particle size is reported as a volume

equivalent sphere diameter.

The mastersizer (Malvern Instruments Ltd, Malvern, UK) was equipped
with a wet dispersion unit (Hydro 2000s) which circulated the sample
through a cell located within an optical unit used for all particle size
measurements. A manual measurement was undertaken for each sample.
A dispersion unit speed of 1500 rpm, ultrasound 0 — 20%, sample
measurement time of 10 s, 5 to 15% obscuration limit and three
measurement cycles were carried out. Samples were added dropwise to the
wet dispersion unit to generate the desired obscuration. Offline particle
size distribution data was then exported as raw files. The mastersizer

instrument was used for the industrial case-study chapter 7.
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3.2.2.3. Microscopy

Microscopy allows the observation of individual particles whilst measuring
their size, shape and composition whereby the particles can then be viewed
directly in an optical microscope or by projection. Different optical lenses,
magnifications along with various illumination (bright field, dark field etc.)
settings can be used. For sample preparation, dry particles were dispersed
onto a microscope slide where a digital stereomicroscope connected to a
computer was used for sample viewing and analysis. The microscope could
be operated both in reflectance and in transmittance mode. Microscopy was

used for the industrial case-study chapter 7.

3.2.2.4. Scanning Electron Microscope (SEM)

Scanning electron microscope scans highly focused electron beams over a
surface to create images. The electrons in the beams interact with the
sample producing various signals that can be used to obtain information
about the surface topography and composition of the particulate material.
SEM images of obtained samples were recorded in backscattered mode at
a beam voltage of 900 V using a U9320B Field Emission Scanning Electron
Microscope (Keysight, Santa Rosa CA, USA). Sample preparation involved
mounting the samples on aluminium stubs using a carbon tape and coating
with a 10 nm gold layer using an EM ACE 200 sputter-coater (Leica Inc.,
Germany). SEM  images were acquired for experimental

chapters 4 & 5.
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3.2.2.5. Inverse Gas Chromatography Surface Energy Analyser

(iGC-SEA)

Inverse gas chromatography (IGC) provides quantitative understanding on
the surface thermodynamic properties of powders. It is based on a vapor
adsorption method through solid-gas interactions and is a widely used
technique for determining the dispersive component of the surface energy
(¥4). Measurements by IGC are normally conducted at very low solute
concentrations (infinite dilution) which results in a single numerical value
of Y& for homogenous materials and thus exhibits Henry’s Law adsorption
behaviour (Yla-Maihaniemi et al., 2008). However, many complex
particulate solids display heterogeneity such as organic crystalline
materials and can be demonstrated by nonlinear isotherms obtained at low
solute surface coverages. Therefore, a single value for ¥ is in these cases
an upper limit estimate and is not necessarily representative of the whole
surface (Heng et al.,, 2006). Rather, it is preferred a surface energy
distribution profile is obtained as this can provide valuable insights into

the effect processing conditions on product surface properties.

IGC is the inverse use of a conventional gas chromatography (GC) where
an unknown solid sample is packed in a column and known dispersive
alkane vapor probes (non-polar) are injected via an inert carrier gas such
as methane. The retention time of the probe molecules is recorded by the
GC detector to which the retention volume and partitioning co-efficient for

the solid-vapor interaction can then be determined.
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Figure 3.4 Schematic diagram of the experimental isostere method for
determining the dispersive surface energy distribution profile (¥%)

(Yla-Maihaniemi et al., 2008).

This allows for a distribution of Y% to be obtained through conducting a
series of finite concentration IGC measurements (Figure 3.4). In the peak
maximum isotherm determination method which is the time of the
maximum Flame Ionisation Detection (FID) signal, each experimental
value for the net retention volume provides one datum point of the
adsorption isotherm. Firstly, IGC requires the specific surface area to
determine the surface energy, especially as this can depend on surface
coverages. The specific surface area for the solid sample is based on the use

of the Brunauer, Emmett, Teller (BET) adsorption model. The BET method
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traditionally uses nitrogen sorption (Livingston, 1949) or krypton
(Beebe et al., 1945) for surface areas below 0.5 m2 g1 where the nitrogen
technique has shown limitations such as extreme high vacuum conditions
at low temperatures (77 k) (Legras et al., 2015). This may completely dry
out most pharmaceutical hydrates and cause fragile crystals to collapse
under these conditions leading to different properties and surface areas.
An alternative and preferred technique is IGC for BET determination from
using one of the alkane isotherms. For instance, the linearised BET
equation is applicable on isotherms type II and IV only (Figure 3.4), where

there is a formation of a monolayer followed by multi-layers:

P c—1 (P) 1 Egn 3.2

= —) + —
n(Py—P) n,C \P, n,,C

Here, the solvent partial pressure in the gas phase (P) = Torr, saturated
solvent vapor pressure (Py) = Torr, amount of gas adsorbed (n) = Mol g1,
the monolayer capacity (n,,) = Mol g1 and the BET constant (C) are shown.
The BET equation fits the isotherm (type II or IV) over a specific range of
equilibrium pressures (P / P;) usually for 0.05 < P / P, < 0.35
(Legras et al., 2015). The monolayer capacity (n,,) can be determined from
the slope and intercept of the linearised BET equation fitted to the

1isotherm. The specific surface area (Sgpr) = m2 g1 is expressed as:

SBET = aNATlm Eqn 3.3
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Where the molecular cross-sectional area of (a) of a solute molecule,
Avogadro’s number (N,) and the monolayer capacity (n,) = Mol g1 are
included. Since n,, and a are known, the specific surface area (Sgzr) can be

calculated.

For surface energy measurements, the net retention volume (V¥) which is
a fundamental surface thermodynamic property of the solid-vapor

Interaction process is calculated from:

_J T
V=0 F (tr — &) 273.15 Hqn 3.4

Here, column temperature (T) = Kelvin, K, carrier gas exit flow rate (F) at
standard temperature and pressure (STP), retention time for the adsorbing
probe (tz), mobile phase hold-up time (t;), sample mass in the packed
column (m) and the James-Martin correction (j) which corrects the
retention for the pressure drop along the column bed are shown
(Heng et al., 2006). As the molecular mass of the injected vapor probe
molecules increases as a result of increasing hydrocarbon chain lengths
(octane, nonane, decane etc.), the propensity of the solute species to
interact with the sample surface also increases and is thus able to probe

higher energy sites via adsorption.

With the known monolayer capacity for each alkane, the surface coverage
(n/n,;,) at each measured solute concentration can be calculated from the
amount desorbed (n). Illustrated in Figure 3.4, the net retention volume of

each alkane injection at a particular surface coverage (n/n,,) allows the
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dispersive surface energy (¥%) to be calculated from the slope of the alkane
reference line when the term RT InV? is plotted against the carbon
numbers of the alkane probe molecule by using the Dorris-Gray approach.
Further details on deriving the dispersive surface energy through the
Dorris-Gray and Schultz approaches are reported (Schultz et al., 1987,

Dorris and Gray, 1980, Yla-Maihaniemi et al., 2008).

An iGC-SEA (Surface Measurement Systems Ltd, London, UK) system was
used for surface energy and Brunauer, Emmett, Teller (BET) specific
surface area analysis. Acetaminophen powder (~ 800 mg) from the milled
product was packed into an 1GC glass column (3000 x 4 mm ID) with
silanised glass wool inserted at each end. Duplicate columns were prepared
for all samples. Helium was used as the inert carrier gas at a flow rate of
10.0 standard cubic centimetre per minute for all injections and methane
was the reference gas to determine the dead time, which represents the
time necessary for a molecule to travel across the column without any
interaction. First the BET specific surface area was calculated
(P/n[P, — P]) for each sample using octane as the adsorbate and each target
fractional surface coverage (n/n,,) assigned between the minimum and
maximum surface coverage (0.05 to 0.35) which depends on the sample
mass. Then, a series of purely dispersive n-alkane vapour probes all of high
purity, HPLC-grade solvents (undecane, decane, nonane and octane) were
injected at different concentrations and a target fractional coverage area

from 0.005 to 0.2. The retention time was determined by a Flame Ionisation
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Detector (FID). This allowed the dispersive component (yd) at a given
surface coverage (n/n,,) to be determined for all the samples using the net
retention volume (In V{) at specified target coverage by the peak maximum
parameter. Using all non-polar solvents, the surface heterogeneity of the
samples was determined by calculating the dispersive surface energy (¥)
of acetaminophen according to the Dorris-Gray peak max method using the
surface measurement systems advanced analysis software (V.1.4.2)
(Kondor et al., 2015, Doris and Gray, 1980). The IGC instrument was used

for chapter 4.

3.2.2.6. High-Performance Liquid Chromatography (HPLC)

HPLC is a form of column chromatography that passes through a sample
mixture or analyte in a solvent (known as the mobile phase) at high
pressures through a column with the chromatographic packing material
(stationary phase). Depending on the chemical structure of the analyte, the
molecules are retarded while passing in the stationary phase. The specific
intermolecular interactions between the molecules of a sample and the
packing material define their time. Therefore, different constituents of a
sample are eluted at different times. From this, HPLC is able to separate
out compounds within the sample due to their physical properties. The
instrument consists of five main parts, auto-sampler, the degasser and
pump, the column compartment and the UV detector which recognises the

analytes after leaving the column whereby the signals are converted and
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recorded by a data management system (computer software) and then

shown in a chromatogram.

It is a widely used analytical technique for measuring the analyte
concentration in pharmaceutical analysis as it can provide very accurate
results for multiple components using simple linear calibration models
based on the peak area of each component (Yang et al., 2016b). This can be
done through preparing a single external standard, calibration curve or
internal standard which are all simple when compared to building a
spectroscopy calibration method as the chromatographic peak area is
typically a linear function of analyte concentration. Ultra-performance
liquid chromatography (UPLC) is also a common technique for online
monitoring of analyte concentration. Whilst the operating principles are
the same to HPLC, UPLC offers improved resolution and sensitivity, lower
solvent consumption and analysis times of only a few minutes
(Yang et al., 2016b, Swartz, 2005). A HPLC instrument
(Agilent 1100 Series, Santa Clara CA, USA) and UPLC (Acquity, Waters,
Milford MA, USA) was used for all concentration measurements in the

industrial case-study chapter 7.
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Figure 3.5 Images of offline measurement techniques used; Inverse Gas

Chromatography (A) and Malvern Morphologi G3 (B).

3.2.3. Software Tools

3.2.3.1. Calibration Development and Model

Measurement of solute concentration for acetaminophen in
3-methyl-1-butanol (chapter 5) requires construction of a calibration model
which relates the ATR-FTIR spectral response to the dependant variable.
For development of a calibration model which is to be employed across a
range of temperatures, it is necessary to remove the effects of temperature
from the spectra or to include such effects in the model (Gracin et al., 2002).
The choice of the calibration model type is dependent on the complexity of
the spectra for example, if the solute spectrum overlaps with that of the

solvent, the use of a multivariate regression model such as partial least
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squares (PLS) is likely to be required (Billot et al., 2010, Kadam et al.,
2011, Simone et al., 2014a). Several calibration procedures using
ATR-FTIR for measurement of concentration and supersaturation have
been reported (Dunuwila, 1997, Dunuwila and Berglund, 1997, Cao et al.,

1999).

For the calibration experiments, a series of fixed concentrations of
acetaminophen in 3-methyl-1-butanol solvent were prepared at ca. 105°C
and transferred to an OptiMax™ workstation equipped with a Mettler
Toledo ReactIR ™ 15m unit and FBRM G400 probe. A stepped cooling
profile was completed using 15°C steps over the range from 105 to 0°C
(Figure 3.6). Evaporation of solvent at high temperature was minimised by
use of a reflux condenser. Six acetaminophen concentrations were included
in the calibration set: 10, 50, 90, 125, 200, 275 g kg1 solvent. Two further
experiments were performed to validate the calibration model: 60 g kg1
solvent at 20°C and 180 g kg-! solvent at 65°C. All experiments were held
at a constant temperature for a period of ca. 30 — 70 min. The onset of
nucleation was detected by FBRM due to increase in shorter chord counts
at which point the experiment is stopped as concentration begins to
decrease. To measure the solubility curve, an acetaminophen-solvent
slurry of 300 g per kg solvent was prepared and a stepped heating profile
(5°C min'! ramps and 60 min hold periods) was completed with excess
solids present (confirmed by FBRM total counts) throughout to ensure a

saturated supernatant.
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All spectral data were processed using GRAMS™ V9 software which was
also used to generate partial least squares (PLS) models via the GramsIQ
add-on. PLS is a widely used technique in chemometrics, especially in the
case where the number of independent variables is significantly larger
than the number of data points and has found wide application in

industrial crystallisation processes (Roberts et al., 2017) .
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Figure 3.6 Example profile of a raw IR calibration dataset with a selected
peak at 1670 cm'! (carbonyl band) for acetaminophen in 3-methyl-1-
butanol. The concentration for this experiment was 90 g kg-! solvent which
observed no nucleation and therefore the IR spectra (black line) was able

to equilibrate at each temperature hold point (grey line).

83



Only those spectra that were acquired when the temperature had
stabilised were used to construct the calibration model. For pre-processing,
all spectra were baseline corrected and the 1700 - 800 cm! region was
selected. Both the spectral and solute concentration data were mean
centred prior to construction of the PLLS model. The optimum PLS model
was selected on the basis of the accuracy of the prediction obtained for the
two validation experiments. The optimum calibration model employed 6
latent variables which consisted of an R? of 0.9997. This provided a

reasonable fit as shown in Figure 3.7:

— 300 . . , : , . , : ,
]
E 8
% 2504 y = 0.9998x + 0.0282 i
& R2 = 0.9997
20 200 e _
o e
= ~
-4:1 ’1
2] ’
2 1501 e i
o e
8 ¥
: -
o 100+ g _
g R
jub] -
e ”
2 4
S 50 0 -
1=
A T T T T T T T T T T
50 100 150 200 250 300

Known concentration (g / kg solvent)

Figure 3.7 Calibration plot displaying known (actual) concentration vs

predicted concentration for acetaminophen in 3-methyl-1-butanol.
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The calibration model was then used to determine the solubility curve for
acetaminophen in 3-methyl-1-butanol from IR spectra acquired when the
temperature was constant during the hold periods. The predicted solute
concentrations in the two validation experiments were 72 and 191 g kg'!
compared to the actual concentrations of 60 and 180 g kg-! respectively.
Although this gives an error of 6 to 20% (with the larger error present at
lower concentrations), this was deemed to be adequate for the subsequent
steps in the workflow approach for a seeded cooling crystallisation which

1s detailed in chapter 5.

3.2.3.2. gCRYSTAL Modelling Software

Population balance modelling (PBM) can be used for estimation of kinetic
parameters for the wvarious crystallisation mechanisms (nucleation,
growth, agglomeration etc.,) occurring in a process. Several PBM
implementations have been described and reported (Omar and Rohani,
2017) ranging from bespoke, freeware formulation implemented in
MATLAB by MathWorks (Natick MA, USA) or commercial platforms such
as gCRYSTAL by Process Systems Enterprise (PSE, London, UK) which

are currently the most common.

For better process understanding, PBM and flowsheet simulations were
employed in chapters 5 & 7 by implementing the gCRYSTAL 4.2.0
(PSE) software package. The software offers various particle size-change
mechanisms and kinetics for characterisation of crystallisation processes

as well as convenient toolboxes for parameter estimation.
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To solve the numerical PBM equations in the software, a high resolution
finite volume scheme with flux limiting function (HRFVS-FL) is integrated
into the system which has been described elsewhere (Qamar and
Warnecke, 2007, Qamar et al., 2009). The HRFVS-FL achieves similar
accuracy compared to that obtained by the method of characteristics when
solving crystallisation processes whereby supersaturation is modified with
time but decreases the computational costs (Mesbah et al., 2011). This
method divides the size domain for the discretisation of the PBM according
to a geometrical grid which gives smaller step sizes at smaller crystal size
thus improving the PSD resolution at initial times. The bounds and centre

of each grid cell for a geometrical grid is computed through the following

equations:
Li+l = Lipin + 2 -N/6 (Limax — Lmin), Fori=1:N Eqn 3.5
2
e S S Eqn 3.6
L; = > Fori=1:N

The purpose of process modelling in chapter 5 & 7 was for parameter
estimation in order to fit the selected parameters such as concentration
and PSD to measured experimental data. To this end, parameter
estimation should be viewed as a fine tuning activity by rigorously
adapting the parameter values in order to bring the model predictions into
agreement with the experimental measurements. This requires

configuring selected kinetic models together with the physical properties,
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the solubility curve and model assumptions in the process flowsheet.
Parameter estimation in gCRYSTAL 4.2.0 is based on the Maximum
Likelihood formulation which provides simultaneous estimation of
parameters in both the physical model of the process and the variance
model of the measuring instruments i.e., the sensor which can be a
constant variance, constant relative variance or heteroscedastic variance
(combined both constant and relative variance). When solving a Maximum
Likelihood Parameter Estimation problem, the software attempts to
determine values for the uncertain physical and variance model
parameters (0), that maximise the probability that the mathematical model
will predict the measurement values obtained from the experiments.
Assuming independent, normally distributed measurement errors (g; )
with zero means and standard deviations (¢*/*), this maximum likelihood

goal can be captured through the following objective function (¢):

e Y ; 2 Eqn 3.7
¢ = ﬂln(27r) + 1min In(o?) + M a
2 2 6 ijk o2
i=1j=1 k=1 ijk

Here, the total number of measurements taken during all experiments
(NT), the set of parameters to be estimated (6) with acceptable values being
subject to given lower and upper bounds (8! < 6 < 6%), the number of
experiments performed (NE), the number of variables (NV;) measured in
the ith experiment, the number of measurements (NM;;) of the jth variable
in the ith experiment, the variance (al-zjk) of the Kth measurement of variable

jin i, Z;j, the K*» measured value of variable j in experiment i and z;; the
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Kth predicted value by the model of variable j in experiment i

(Pérez-Calvo et al., 2016).

The overall maximum likelihood objective function may be split into a

constant, a variance and a residual term (Eqn 3.7). Both the constant
(g In(27)) and the variance term (ln(al-zjk)) are fixed for a given parameter

estimation while the maximum likelihood function is minimised by

e — 'Y 2
minimising the residual term ((Z”"Ufz”")) (Pérez-Calvo et al., 2016).
ijk

The definition of the grid to solve the population balance equations as well
as the selected variance of the experimental variables introduced in the
objective function might modify the obtained values of the model
parameters. Therefore, a preliminary study of the effect of these options on
the parameter estimation is required to obtain a meaningful model. The
lower bound, L,,;,, and the upper bound, L,,,,, of the size domain for both
chapters 5 and 7 have been chosen to be 1 and 2000 zm to capture both the
crystallisation phenomena taking place and the size of the crystals over the
whole experimental time domain. The size domain has been divided into
100 grid cells. Other model assumptions are detailed in section 5.2.7 and
7.3.3 whereby experimental data was numerically fitted to the model

framework equations to obtain the value of the kinetic model parameters.
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3.2.3.3. CLD-Inversion App

A CLD-inversion App is deployed to estimate the inline particle size
distribution (PSD) and particle aspect ratio from raw chord length
distribution (CLD) data measured by a Mettler Toledo focused beam

reflectance measurement (FBRM) sensor (Agimelen et al., 2015).

To deduce the actual PSD and particle shape (aspect ratio) from
experimental CLD data, an inverse problem needs to be solved.
Discretising both the CLD (which is already measured as a discrete
distribution) and PSD followed by construction of an appropriate
transformation matrix which relates these two distributions is the most
common method (Kail et al., 2009, Wynn, 2003, Li and Wilkinson, 2005,
Agimelen et al., 2015). The transformation matrix depends on the chosen
size bins to discretise the two distributions and the corresponding size
ranges in addition to the shape of the particles. The transformation matrix
isn’t usually known in advance and therefore needs to be estimated along
with the corresponding PSD (discretised) so that the convolution of the
transformation matrix with the PSD yields a CLD which agrees with the
experimentally measured CLD (Agimelen et al., 2016). It is known, a
combination of factors in a process produce the experimentally measured
CLD which differs from the theoretically calculated CLD. For example, in
addition to particle number and size, the particle shape, particle
concentration, probe positioning and calibration, optical effects of the

continuous and dispersed phase and other process parameters produce the
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experimentally measured CLD as reported from several sources

(Kail et al., 2007, Irizarry et al., 2017, Schoell et al., 2019).

Considering the discretisation method used in the inversion algorithm for
calculating the PSD from a known CLD, a size range (Dpin to Dpax) of
particles used is firstly specified (Agimelen et al., 2015). D;, is the
smallest particle size and D,,,4 1s the largest particle size in the population
whereby the inversion algorithm automatically determines the best values
for each size range. A number S of consecutive bins of the chord length
histogram from the FBRM sensor are chosen. The bins make up a window
of width S, where the width (or size) of a window is the number of bins
contained within that window. The geometric mean of the first two bin
boundaries of a window is taken as D,,,;, and the geometric mean of the last
two bin boundaries of a window is taken as Dp,,. The procedure is

illustrated in Figure 3.8 below:

Ly Ly Ly Ly L Ls¢ L Liz1 Lisz Ly Ly

Ly | Ly | Ls | Ls | Ls L; Zj+1 Ly

Figure 3.8 Pictorial representation of the bins and bin boundaries of the
CLD histogram showing a window of size S, at the first two positions set by
p =1 and p = 2 shifted by q. The window is moved in such a way that some
of the bins contained in the window at p = 1 overlap some of the bins of the

window at p = 2 (Agimelen et al., 2015).
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The boundaries of the chord length histogram are labelled as:
Li,j=123,....M+1 Eqgn 3.8

The characteristic chord length L; of bin j is the geometric mean of the

chord lengths of its boundaries:
Ej = JLiLjs1 Eqn 3.9

Initially during the calculation, the first w bins of the chord length
histogram are chosen, so that S = w, D,,i, = L; and D,z = L,,. After the
first iteration (see steps 5 to 9 in the article (Agimelen et al., 2015)), a new
set of bin boundaries are then selected. Whilst the new set of bin
boundaries are made up of the same number of bins S as the previous set,
it is shifted to the right of the previous set by an amount q. Hence, there
are q bins between the beginning of the first set of bins and the beginning
of the second set. The shift is made in such a way that the two sets of bins
overlap each other. For example as shown in Figure 3.8, the window
initially runs from bin boundary L; to bin boundary L,. At this position, the
window contains bins L, to L; so that the width of the window is S = 3. At
the end of the first iteration, a new set of bins are chosen, this time starting
from bin boundary L; and ending at bin boundary Lg
(Figure 3.8). The number of bins in the new set of bins (or window) is the
same as before S = 3. Each window (or set of bins) is identified by its
position index p. Therefore, the value of the first position indexis p =1 and

the value of the second position index is p = 2. There are two bins between
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the beginning of the window at p = 1 and beginning of the window p = 2 so
that ¢ = 2 < S. At the end of the second iteration, the window is shifted to
the right again while maintaining fixed values of S and q. This process
continues until the last bin boundary of the chord length histogram is

reached (Agimelen et al., 2015).

Each time a set of bins are chosen, the values of Dy, and D,,, are

calculated as:

Dpin = L,B% M4 Eqn 3.10
Diax = Dminﬂ(s_l) Eqn 3.1
Where 8 = L;, 1/L;. The position index of the window takes values:

p=1,23 lﬂJ Eqn 3.12
) Ly Dy ey q

Here, the floor function |. | returns the values of the largest integer that is
less than or equal to M/ q. Once the values of D,;, and D, have been
calculated from equations 3.10 & 3.11, the particle size bins are then

constructed. The bin boundaries D; of the particle size bins are calculated:

Di= Dpin 7%, i=12,.....,N+1 Eqn 3.13
Where:
Do\ Eqn 3.14
= (D - )
min
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N 1s the chosen number of particle size bins. The characteristic size of a

particle size bin can then be calculated as:

D, = \D:Di4; Egn 3.15

Once the characteristic particle sizes [D,Dy] have been constructed, the
transformation matrix A can then be performed (for a chosen aspect ratio).
Equations used for building the transformation matrix are explicitly

detailed in the article (Agimelen et al., 2015).

However, certain factors need to be considered with this approach for
instance, there are a number of different matrices and PSDs whose
convolutions give rise to the same CLD. Whilst the developed
CLD-inversion App allows for a range of estimated particle sizes in a slurry
in situ, the transformation matrix is constructed with a single aspect ratio
for all particles. Hence, there is a possibility that the transformation
matrix is constructed with inappropriate aspect ratio or that there is a
wider range of aspect ratios present for particles in a bulk suspension of
same or different sizes. It has been demonstrated, that it is still possible to
calculate different CLDs all of which have good agreement with an
experimentally measured CLD even though some of the transformation
matrices were constructed at aspect ratios that were far from the shape of
the particles described (Agimelen et al., 2015). However, equally it was
shown that as the aspect ratio deviated further from the true shape of the

particles, then the corresponding PSD becomes increasingly noisy. This
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situation led to the introduction of a penalty function in order to eliminate
unrealistic aspect ratios. Nonetheless, if there is a wide variation of aspect
ratios of particles in slurry, introducing further constrains on the aspect
ratio to reduce the search space and regularise the inverse algorithm would

be useful (Agimelen et al., 2016).

The purpose of using the CLD-inversion App throughout this work is to
investigate the effectiveness, accuracy and limitations for monitoring
inline PSD during complex particle engineering processes such as a
combined wet milling and crystallisation process. A key advantage of this
computational tool is the ability to work without any pre-information
regarding particle size or shape as the comprehensive algorithm searches
for a global best solution to the inverse problem (Agimelen et al., 2015,

Agimelen et al., 2016).

The App is accessed through a Graphical User Interface (GUI) where raw
extracted experimental chord length distribution data (macro view, no
weighted) in .csv from a Mettler Toledo FBRM G400 series probe is
obtained. The PSD can then be estimated from the CLD by selecting either
the “Whole File” or “Range” option. The “Range” option was chosen
throughout this work where a desired range of CLD counts are selected at
specified time intervals. For estimation of PSD and aspect ratio to proceed,
the algorithm needs to know the range of aspect ratio to search in the

format [min, max].
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Figure 3.9 CLD-inversion app interface for PSD estimation from raw
measured chord lengths captured by an FBRM sensor (Agimelen et al.,
2018a).

The minimum aspect ratio that can be entered is 0.1 and the maximum is
1. The aspect ratio is defined as the ratio of width to length, hence
needle-like particles would be close to 0.1. Upon entering the aspect ratio
values, the PSD can now be calculated as shown from the example interface

(Figure 3.9). The CLD-inversion algorithm was used from chapters 4 to 6.

3.2.3.4. Imaging App
An imaging software app was used which generates distributions of
particle attributes (size and shape) from image analysis techniques

(Cardona et al., 2018, Cardona and Tachtatzis, 2018). It incorporates a
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focus evaluation step to extract meaningful quantitative size and shape
information through rejection of out-of-focus particles (Cardona et al.,
2018). The model simulates 2D projection of three-dimensional particles
onto the focal plane and then computes the corresponding size and shape
distribution. The inclusion of a focus classifier allows the user to apply this
tool to both offline and inline imaging data. The sequential steps followed

by the image analysis framework 1s shown (Figure 3.10).

The app was applied to collected images (.bmp files) from a Mettler-Toledo
PVM V819 sensor for chapter 6 which produced quantitative information

on particle size and shape (Figure 3.11).
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Figure 3.10 Diagram of the steps followed by the image analysis
framework (Cardona et al., 2018).




Figure 3.11 Imaging app interface (MATLAB, The MathWorks, Inc) for
estimation of PSD and shape statistics from captured inline images

(Cardona et al., 2018, Cardona and Tachtatzis, 2018).
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Chapter 4

Engineering of  Acetaminophen Particle
Attributes Using a Wet Milling Crystallisation
Platform

This chapter has been published as a journal article:

AHMED, B., BROWN, C. J., MCGLONE, T., BOWERING, D. L., SEFCIK,
J. & FLORENCE, A. J. 2019. Engineering of Acetaminophen Particle
Attributes Using a Wet Milling Crystallisation Platform. International
Journal of Pharmaceutics. 554, 201-211.
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4. Engineering of Acetaminophen Particle Attributes Using
a Wet Milling Crystallisation Platform

4.1. Introduction

It is known that crystallisation is a widely used technique for purification
and imparting control of the physical properties of molecular solids
(chapter 1, 1.2). Within pharmaceutical manufacturing, an important goal
1s to design the required crystallisation process to deliver robust control
over particle properties (form, purity, size, shape, surface, area and
mechanical) to ensure consistent performance (Beckmann, 2013,

Baxendale et al., 2015).

The integration of wet milling with crystallisation processes via process
intensification has shown to be an attractive means for control of particle
properties as reviewed in section 1.4. Importantly, it can be applied in a
recirculation mode during crystallisation with integrated PAT showing
controlled crystal size reduction in suspensions even with the occurrence
of competing phenomena such as primary & secondary nucleation
(Yang et al.,, 2016a), growth and multiple breakage mechanisms
(Lee et al., 2004, Cote and Sirota, 2010). However, complete decoupling and
analysis of mechanisms during combined wet milling crystallisation
processes is yet to be extensively investigated. Furthermore, the impact of
high shear wet milling process parameters on material surface properties
such as surface energy distributions and surface areas in relation to

particle size and shape is an area of interest (Luner et al., 2012).
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In this study, an investigation of the relationship between process
parameters and product attributes is presented for acetaminophen using a
semi-continuous wet milling seeded cooling crystallisation process
(WMSC) (Figure 4.1). Utilising a toothed rotor-stator wet mill, selected
teeth configurations (coarse, medium, fine and multiple-stage) were
operated from low to high rotation speeds (rpm). Constant inline PAT
(process analytical technology) monitoring of chord length distributions
(um) with offline volume weighted circle equivalent diameter [4,3] um,
aspect ratio and circularity was assessed simultaneously at various milling

turnovers.

Chord lengths (um) were inverted to provide an estimation of inline
particle size distribution (PSD) at specified milling times through an
the inverse algorithm method (as described in chapter 3, 3.2.3.3)
Agglomerated bimodal seeds which are commonly produced by standard
offline seed generation techniques, was the input material to test for the
overall robustness of the process to deliver narrowing and improvement to
the particle size distribution throughout. This work to our knowledge is the
first study to test this process as well as variability in wet milling teeth
and speed (rpm) arrangement on material surface properties through

measurement of surface areas and surface heterogeneity.
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Figure 4.1 Schematic highlighting potential mechanisms involved when
operating a wet milling seeded crystallisation (WMSC) process, adapted
from (Engstrom et al., 2013). A de-agglomeration phase within the mass
fracture mechanism can also occur when agglomerated input starting

material is used.

4.2. Experimental Section

4.2.1. Materials and Methods

The model compound studied for this system was acetaminophen which is
a widely known analgesic and antipyretic compound. The solvent
2-propanol and distilled water was used for all experiments. A Mettler
Toledo OptiMax™ workstation consisting of a 1 LL stirred tank crystalliser
(STC) equipped with an in-line Hastelloy® Pt100 temperature sensor was
used for all experiments with the system controlled and operated through
the 1Control v5.4 software (Figure 4.3). The following Mettler-Toledo inline
process analytical technology tools used for each of the experiments were:
FBRM probe (G400 series) for particle tracking and chord length
distribution by laser back-scattering 1C FBRM V4.3) and a PVM V819

probe with online image acquisition software V8.3 included. An IKA
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MagicLab (Module UTL) wet mill unit was used for the inline milling
process. Mill outlet temperature was monitored on the IKA operating unit
display. Rotation speeds were operated from 6000 to 18000 rpm, with
varying teeth configurations investigated across coarse, medium and fine
rotor-stator modules as well as a multiple-stage configuration
incorporating all three (coarse, medium, fine). The temperature of the wet
mill chamber was manually controlled during milling to match the

temperature of the feed solution within 1°C throughout cooling.

4.2.2. Seed Preparation

Seed crystals of raw acetaminophen used for the experiments were
prepared through an offline vibratory ball mill (Griffin & George) and
sieved (Fritsch analysette 3 type sieve shaker, Northants, UK)
approximately into the required size fraction; 25 - 63 ym. This fraction was

used for all experiments.

4.2.3. Particle Size and Shape Characterisation

For offline sample analysis, a Malvern Morphologi G3
was used for both particle size and shape measurements. All milled
acetaminophen was analysed for size and shape information to which the
measurement details are outlined (chapter 3, 3.2.2.1). Both a high and low
energy dispersion method was used for characterising the seed crystals.
4.2.4. Scanning Electron Microscope (SEM)

Samples were subjected to an SEM microscope for image analysis. Details

of the method analysis is described (chapter 3, 3.2.2.4).
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4.2.5. Surface Energy Characterisation

An 1GC-SEA system was used for surface energy and Brunauer, Emmett,
Teller (BET) specific surface area analysis for acetaminophen samples. The
instrument setup and method details are outlined (chapter 3, 3.2.2.5). Each
sample produced a standard error ranging from 0.2 to 2.2%. A detailed
background review to deriving the surface energy descriptor can be found
from numerous sources (R Williams, 2015, Kondor et al., 2015, Newell et

al., 2001).

4.2.6. Wet Milling Seeded Crystallisation Process

A seeded cooling crystallisation process was selected using ca. 1.84% seed
loading, solution starting concentration 179.6 g / 1000 g of 2-propanol and
a constant cooling rate from 35°C to 10°C over 3 hours. The rationale for
the selected conditions was to maximise crystal growth within the
metastable zone width by adding low seed mass of high surface areas at
high concentrations (Table 4.1 & Figure 4.2). A slow cooling profile was
employed to promote growth and avoid any undesired nucleation events.
To monitor the impact of wet milling mechanisms during cooling and its
performance as a continuous device, the crystallisation was then operated
whilst simultaneously wet milling the suspension under different rotor-
stator teeth configurations and rotation speeds (rpm). Low to high speeds
were utilised through the recirculation mode as illustrated in the

experimental setup (Figure 4.3 & Figure 4.4).
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A normalised energy dissipation rate (£") model for describing the energy
imparted to particles for reduction in slurry which depends on the rotor
speed, or tip speed as well as the slurry dynamics and wet mill geometry
has been previously reported (Engstrom et al.,, 2013) for scale-up
(section 1.4.1.1). The model was used for predicting the particle size for
acetaminophen from the recycle-loop configuration under different milling
configurations (number of teeth and rotation speed) which incorporated the

rotor tip speed (S,) = m/s and shear frequency (f;,) = s~! expressions:

E* = ¢, .E, Eqn 4.1
S¢
Er = - Eqn 4.2
Srb
NRp .NSp . Ng. Ng/0 W, . H
0, = o -NSp.w st- Ng/Q r . Hy Eqn 4.3

NRop -NSop -@p Nstb- Ngb/Qp  Wrp . Hyp

Here, the relative energy term (E,) considers the kinetic energy of the wet
mill rotor tooth impacting the particles in slurry and compares the kinetic
energy of a given experiment to a reference experiment (b). The relative
weighting factor (¢,) accounts for critical inputs missing from the tip speed
correlation by including the shear frequency (f;,), residence time (r) and
relative area of collision on the rotor tooth (4.,) = m. For shear frequency
(fsr), the number of outer teeth located on the rotor (NR,) and stator (NS,)
tooth modules as well as the angular rotational speed (w) = rpm were
measured. Hence, the shear frequency expression expands on rotor tip

speed as the outer diameter of the rotor tooth and angular rotation speed
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are included. Residence time (1) includes the number of slurry turnovers
(Nsr), number of rotor and stator module generators (N;) and the
volumetric flow rate (Q) = m3s~! through the wet mill. The width (W) =m
and height (H,) = m of the rotor tooth is also measured and included in the
area of collision (4.,) term. A more detailed description to the normalised

energy dissipation rate (£) model is reported (Engstrom et al., 2013).

Table 4.1 Seed characterisation and conditions used for all experiments.

Seed mass (g) 2.24

Seed size (Dv50, pm) 30.49

Seeding supersaturation 1.18
Seeding concentration (g / 1000 g solvent) 182.60

210 - . , , . ' . ' |
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Figure 4.2 Temperature dependent solubility profile for acetaminophen in
2-propanol solvent (Hojjati and Rohani, 2006) with the experimental
trajectory and key process step annotated. Seeding conditions are shown

in Table 4.1.
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Figure 4.3 Experimental apparatus consisting of a baffled crystalliser
vessel (OptiMax) with integrated rotor-stator wet mill through the
recycle-loop mode. PAT (FBRM, PVM), temperature control and stirrer

were controlled via 1Control software.
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Figure 4.4 Image of the experimental apparatus.

Acetaminophen (120 g) was added to 2-propanol (669.5 g) within the
OptiMax 1 litre vessel. FBRM and PVM were integrated within the vessel.
The cooling profile was based on the temperature dependent solubility of
acetaminophen in 2-propanol (Hojjati and Rohani, 2006). The solution was
prepared by heating the mixture to 50°C over 15 min with the agitator set
to 600 rpm. After a further 30 min the solution was then slowly cooled to
35°C over 15 min. Seed crystals (size fraction of 25 - 65 um) were prepared
in a separate flask and added to the vessel as a slurry suspension
(2.24 g/ 1.84%, Table 4.1). An additional 30 min hold period at 35°C was

carried out to allow seed dispersion. A linear cooling profile (0.13°C / min)
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over 3 hours was then implemented down to 10°C with wet milling
occurring simultaneously during this cooling period. A further hold period
from 30 min to 1 h at 10°C was carried out. The recrystallised product
suspension was then filtered (90 mm mean diameter) using a Biichner
funnel, washed with chilled distilled water and dried overnight (40°C) in a

vacuum oven.

Experimental runs tested different rotor-stator configurations including
the number of teeth (coarse, medium and fine) and rotation speeds
(Table 4.2). The total number of outer teeth on the rotor and stator modules
ranged from 13 to 61 which only considered the outer teeth. The E* model
considers the combination of generators within the mill setup to
consist of one generator as additional generators simply increases the
residence time in the wet mill chamber with the imparted energy

being the same from one generator to the next.

Samples were taken for the majority of the experiments at different milling
residence times (min) consisting of every 28 minutes as each set of
conditions was dependent on the number of slurry turnovers (Ng;) and the
volumetric flow rate (Q) = L / min. As no separate pump was used in the
recycle-loop to avoid process complexity, the mill rotation speed provided
continuous recirculation of the suspension and can be selected to match the
volume to pumping ratio (Figure 4.3 & Figure 4.4). The volumetric flow
rate was calculated from a linear regression fit (r2 = 0.928) for calibrated

flow-rates as a function of variable rotation speeds (rpm) measured by
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Engstrom et al., (Engstrom et al., 2013). Thus, a relatively high flow rate
of 1.30 L / min was achieved for the selected 18000 rpm speed in
comparison to 0.29 L / min at 6000 rpm. However, it would be desirable to
conduct a set of own calibration tests to confirm the reported values
especially if selecting a wider range of rotation speeds (rpm) which was not
investigated in this chapter. For the decoupling experiments, a seeded
cooling crystallisation experiment with no mill was carried out using the
same concentration and cooling profile as well as seed mass and size. Two
saturated (isothermal) wet milling experiments under the same process
configurations were also operated at fixed temperature with no cooling

implemented during milling (Table 4.3).

4.3. Results and Discussion

4.3.1. Particle Size and Shape Analysis

To control the behaviour of cooling crystallisation, seeding with existing
crystals of the parent form allows greater reproducibility of the desired
product attributes such as PSD (Aamir et al., 2010). However, often poor
seed qualities such as bimodality and agglomerated seeds are commonly
introduced into crystallisation processes making it difficult to control and
deliver a monodisperse PSD of the final product. One method to overcome
this is to integrate a wet mill to deliver tightening of the PSD over time
and increase nucleation kinetics of slowly nucleating compounds as shown

in Figure 4.5.
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Table 4.2 Investigated parameters for the combined wet milling seeded crystallisation process.

Rotor-Stator
Configuration

Coarse

Coarse

Medium

Medium

Fine

Fine

Multiple-
stage

Total No of
Teeth NR, +
NS,

13

13

19

19

29

29

61

Rotation

Speed, w

(rpm)

6000

18000

6000

18000

6000

18000

18000

Flow
Rate,
(L / min)

0.29

1.30

0.29

1.30

0.29

1.30

1.30

Cooling
Rate (°C/
min)

0.13

0.13

0.13

0.13

0.13

0.13

0.13

110

Milling
Residence Time
(min)

28,56,84,112,140
, 168

28,56,84,112,140
,168

28,56,84,112,140
,168

28,56,84,112,140
,168

28,56,84,112,140
,168

28,56,84,112,140
, 168

28,56,84,112,140
,168

Number of Slurry
Turnovers, Ngr

8,16,24,33,41,49

36,73,109,145,182,2
18

8,16,24,33,41,49

36,73,109,145,182,2
18

8,16,24,33,41,49

36,73,109,145,182,2
18

36,73,109,145,182,2
18

Normalised Energy
Dissipation Rate, E*

0.04,0.15,0.33,0.59,0.
93,1.33
1,2,3,4,5,6
0.1,0.2,0.2,0.3,0.4,0.5
2.14,4.29,6.43,8.57,10
.71,12.86
0.2,0.4,0.6,0.7,0.9,1.1

5,10,15,20,25,30

1,2,3,4,5,6



Table 4.3 Investigated parameters for saturated (isothermal) wet milling experiments at constant temperature.

Rotor-Stator Total No of Teeth =~ Rotation Speed, w = Flow Rate, Q Temperature (°C) Concentration (g /

Configuration NR, + NS, (rpm) (L / min) 1000 g solvent)
Coarse 13 18000 1.3 15 97.80
Coarse 13 18000 1.3 35 151.57
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Figure 4.5 Total count profiles (inline) versus time for each of the

experimental conditions.

4.3.1.1. Cooling Crystallisation, No Mill

From Figure 4.5, initial data captured via an FBRM sensor displays
normalised total particle counts as a function of time from the conducted
experiments. A seeded cooling crystallisation process without wet milling
with the same seeding conditions and cooling profile was implemented.
This was to observe the growth behaviour of acetaminophen in 2-propanol.
For this experiment, total counts increase very slowly over time in contrast
to other observed trends when wet milling is coupled (Figure 4.5). This
indicates the crystallisation to be of a slow growing system with
agglomeration occurring as observed from the PVM images (Figure 4.6).
Ultimately, this results from agglomerated seeds introduced which leads
to a broad final PSD (Figure 4.8, (B)). Therefore secondary nucleation,
breakage or de-agglomeration is likely to be insignificant from this

experiment.
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4.3.1.2. Saturated 35°C, Coarse 18k rpm

The wet mill was now coupled to the stirred-tank with a seeded suspension
being continuously recycled at constant temperature to decouple the effect
of crystallisation. This was to primarily identify the mechanisms arising
from wet milling only. For the saturated coarse 18k at constant
temperature of 35°C had shown a significant impact on the total counts
(Figure 4.5). Here, the dominant effect of mass fracture after mill start-up
is clearly observed with de-agglomeration of the seed particles. This is
shown from the effect of mill start which leads to an immediate sharp
increase 1n total counts (5 - 10 min, Figure 4.5) resulting in rapid size
reduction within 30 min of milling as further evident from the immediate
shift from inline particle size distributions (Figure 4.7, (C)). The total
counts then reached an almost steady value (Figure 4.5) for the remainder
of the experiment as no additional mechanisms are believed to be occurring
which can be further noticed from the matching inline PSD trends for 1 hr
and end milling periods (Figure 4.7, (C)). Hence, no increase or decrease in
particle size occurred. For this decoupling experiment, mass fracture and

de-agglomeration are therefore predominant (Figure 4.6).

4.3.1.3. WMSC, Coarse 6k rpm & Coarse 18k rpm

Examining two selected WMSC at low and high rotation speeds (rpm)
(Figure 4.5, coarse 6k & 18k) introduces additional mechanisms with the
most significant being secondary nucleation. Total count trends and

inverted chord length distributions (Figure 4.5, Figure 4.7, (A & B))
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indicate that milling the suspension under supersaturated conditions
during cooling gives rise to a significant reduction in mean particle size
with an accompanying increase in the number of counts, largely due to
mass fracture and de-agglomeration during the initial 30 min of mill start.
This immediate breakage and de-agglomeration of the starting seed
particles 1s simultaneously observed from the inline particle size
distribution (zm) shift (Figure 4.7, (A & B)) and is clearly seen from the
images captured by the PVM sensor (Figure 4.6). Total counts display
sharp increases within 20 min of starting the mill after which they
approach constant values (Figure 4.5). Larger counts decrease rapidly over
time as a result of mass fracture due to interaction of the largest particles
with the mill teeth. The gradual levelling of the total counts during the
latter stages of milling is attributed to the completion of the initial
mechanisms and depletion of larger particles remaining in the system,
with fines generation still evident due to milling and secondary nucleation

(Kamahara et al., 2007, Yang et al., 2015).

Interestingly during the WMSC process, mass fracture followed by fines
generation whereby attrition of particles produces fines growing under the
influence of supersaturation results in observed particles. During the
saturated milling experiment at 35°C, mass fracture is followed by no
detectable fines generation as the attrition mechanism is creating fines
subsequently not growing to a point observable without the driving force of

supersaturation (Agrawal and Paterson, 2015). However, from the
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conducted experiments we observed initial occurrence of a mass fracture
process from both the WMSC and saturated wet milling at constant

temperature.

000

METTLER TOLEDO P 0011314338 | METTLERTOLEDO PM 0044314 TR

Figure 4.6 Inline images captured by a PVM sensor showing the

suspended seed crystals at the start and end of each experimental run.
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As a consequence, secondary nucleation arising from the driving force of
supersaturation and attrition during the WMSC process is predominant
during the latter stages of cooling with imaging showing the clear increase
in particle population at the end of each experimental run as a result of the
process (Figure 4.6). Similar trends were consistently seen when varying
teeth configuration across the WMSC experiments (Table 4.2).
Incorporation of inline FBRM and PVM sensors during a wet milling
process thus serve as essential process monitoring tools (PAT) to identify
and distinguish between coinciding mechanisms (Figure 4.1) occurring at

specific time intervals during an experimental run (Cardona et al., 2018).

The CLD-inversion algorithm had successfully tracked inline particle size
throughout the course of the experiments. For WMSC at coarse 6k & 18k
and saturated (35°C) milling at 18k, a gradual shift in PSD from right to
left is seen (Figure 4.7, (A — C)). Whilst tightening of the distribution occurs
from the effect of wet milling, wider distributions were obtained for end
mill & cool points (Figure 4.7, (A & B)). For instance, for WMSC coarse 18k
(Figure 4.7, (B)), seed hold produced a span of 1.10 whereas at the end mill
& cool point, 1.59 was achieved. Similarly, for saturated (35°C) milling at
18k (Figure 4.7, (C)), a span of 0.94 (seed hold) increased to 1.50 (end mill
& cool). This was due to particle agglomeration in suspension during the

end hold period without wet milling.
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Figure 4.7 Changes in particle size distributions (PSDs) derived from
FBRM measurements during the experimental runs. WMSC with 6k rpm
(A); WMSC at 18k rpm (B); saturated (35°C) milling at 18k rpm (C) and

cooling crystallisation with no milling (D).

A substantial advantage from inline wet milling is its ability to act as a
continuous de-agglomerating tool whilst maintaining a narrow PSD. This
is more evident from the breakage only experiments to which particles had
reduced and remained narrow with a shorter end hold period
(Figure 4.7, (C)). Without wet milling applied, a minimal shift in PSD from
left to right occurs due to slow growth kinetics of acetaminophen in
2-propanol (Figure 4.7, (D)) and agglomerated seed input. A preliminary

check was performed for quantitative analysis of growth kinetics. This
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included a typical linear growth rate function (defined earlier in equation

1.13) which was adapted to include a number of particles term:

dL Eqn 4.4
G=n—
dt

Total counts from the FBRM sensor (Figure 4.5) were used an indicative

measure for the number of particles (n). The change in particle size over
time (%) by assuming theoretical growth of the seeds (Dv50 = 30.49) along

with the product sizes of 90.2, 53.56 & 34.49 um for the batch cooling
crystallisation (no mill) and WMSC 6k & 18k experiments were included
in equation 4.4. This resulted in growth rates of 1.89 (no mill), 2.74 (6k) &
3.15 ym / min (18k) which further illustrates reasonably slow growth
kinetics for acetaminophen during desupersaturation without wet milling

applied.

Collected offline particle sizes as a function of volume weighted circle
equivalent diameter (zm) of end milled product emphasises the robustness
of the process to deliver a consistent narrow PSD. This is more evident
when using a higher rotation speed (rpm) than lower speeds (Figure 4.8,
(A & B)). As rotor-stator teeth arrangement and rotation speed (rpm) are
the two main governing factors of the wet mill, we identify rotation speed
(rpm) as the main factor for targeting smaller particle size ranges with
tighter spans as seen from the measured Dv50 values (Table 4.4).
Furthermore, the energy dissipation rate model was examined to assess

the effect of wet milling during crystallisation for size prediction.
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Figure 4.8 Offline particle size and shape from different experimental
conditions. PSDs shown for runs (A) saturated with milling at fixed
temperatures 15°C and 35°C (B) with no milling, and circularity

measurements (C and D).

Maximum energy dissipated E* values reached 6 for 18000 (rpm) compared
to 1.33 for 6000 (rpm). The normalised energy dissipation rate E* correlated
well with mean square weighted CLD (zm) from FBRM measurements for
individual experiments, however a breakdown in the correlation term
occurred when incorporating all conducted experiments (Figure 4.9). The
breakdown can be attributed to several reasons such as breakage, attrition,
growth and secondary nucleation (Figure 4.1) all of which are not included

in the mechanistic model.
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Figure 4.9 Logarithmic plots showing normalised energy dissipation vs
mean square weighted CLD (zm) for a single coarse 6k experiment (A); and

multiple configurations (B).

Selecting an accurate method for particle size characterisation,
contribution of inner teeth to the overall energy dissipated and particle
mechanical properties could be additional factors. Interestingly, the wet
milling process was able to deliver narrow PSDs from a significantly
skewed bimodal seed starting material under different rotor-stator teeth

configurations specifically at higher rotation speeds (Figure 4.8).
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The effect of wet milling on crystal shape is yet to receive wider attention
in the literature, however coupling temperature-cycling with milling for
modifying needle-like crystals is an emerging area of interest
(Salvatori and Mazzotti, 2017, Wilson et al., 2018). Whilst dry milling can
often produce irregular shaped particles, the WMSC process through
varying teeth arrangement and rotation speed (rpm) has shown to deliver
consistent circularity and aspect ratio values for acetaminophen. Both of
these are important attributes in systems where flowability and filtration
can be highly sensitive to any significant deviations. Mean particle
circularity stays consistent from 0.83 to 0.91 with aspect ratios of 0.56 to
0.74 (Table 4.4). For majority of the milled samples increasing rotation
speed (rpm) within the same teeth configuration had increased the
circularity and aspect ratio. After the initial mass fracture process, during
attrition and de-agglomeration, particles were considerably rounded off

whilst colliding with more teeth present within the geometry.
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Table 4.4 Offline particle size and circularity spans for the WMSC

experiments.

Rotor-stator Rotation
configuration = speed (rpm)

Coarse 6000
Coarse 18000

Medium 6000
Medium 18000

Fine 6000
Fine 18000
Multiple-stage 18000
Coarse (15°C) 18000
Coarse (35°C) 18000

Hence, the controlled secondary nucleation phase after mass fracture
shows that the competing processes were in equal states with particles still
growing, healing & size reducing demonstrating simultaneous size and
shape control whilst maintaining a high particle circularity from the
WMSC process. This is further illustrated from the comparison of wet
milled circularity from the seed material used indicating that due to the

nature of dry milling, particles are largely irregular with greater surface

Dv50
(um)
53.56
33.49
64.91
41.49
56.00
47.81
35.84
37.70

29.88

Size

span

1.46

1.57

0.89

0.78

1.66

1.10

1.03

1.03

1.04

Circularity
mean
0.86
0.90
0.83
0.89
0.89
0.83
0.89
0.90

0.91

Aspect ratio
mean
0.65
0.69
0.61
0.67
0.72
0.56
0.68
0.71

0.74

roughening with a high presence of fines present (Figure 4.8, (C))
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4.3.2. Surface Heterogeneity Analysis

Mechanical milling is believed to cause significant variation in particle
surfaces as a result of breakage and overall intensity of the mill operation.
As a consequence, this will lead to a significant change of an API’s
structural and chemical heterogeneity which in turn could pose difficulty
during downstream processing (Ticehurst and Marziano, 2015). Therefore,
investigating the consistency of particle surfaces between solid samples is
important. In addition to particle size and shape analysis, surface energies
from the combined method for acetaminophen under different teeth
configuration, rotation speed (rpm) and of the dry milled as well as raw

unmilled material is reported which has been unexplored in literature.

Surface areas through BET analysis show values in the range of 0.1 to
0.3 m2/ g for the wet milled samples (Table 4.5). Operating at higher
rotation speed (rpm) for each configuration resulted in smaller sizes and
higher surface areas. However, the seed material generated via a dry ball
mill yielded a much higher specific surface area than other samples
(0.726 + 0.0076 m2/ g; Table 4.5). The dry milled seeds also show extensive
fines, a range of aspect ratios and a large number of small agglomerated
primary particles in comparison to the wet milled samples from the SEM
images (Figure 4.10 & Figure 4.11) and raw unmilled acetaminophen as

supplied from the vendor.
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Table 4.5 Particle size, measured surface energy at starting surface
coverage (0.005 n / nm) and surface area values measured for the majority

of the conducted experiments.

Rotor-stator Particle BET specific Dispersive specific
configuration & speed size, Dvb0 | surface area (m?2/g) surface energy
(rpm) (um) (mdJ/m?)
Coarse 6k 53.6 0.20 £+ 0.004 42.9+0.28
Coarse 18k 33.5 0.28 + 0.001 41.5+0.45
Medium 6k 64.9 0.10+ 0.001 37.6+2.19
Medium 18k 41.5 0.12 + 0.006 50.2+1.17
Fine 6k 56.0 0.11 £ 0.004 41.8+0.27
Fine 18k 47.8 0.30 = 0.004 42.9+ 0.58
Multiple-stage 18k 35.8 0.12 £ 0.003 43.8+0.16
Saturated coarse 18k 29.9 0.18 + 0.004 43.0+0.50
35°C
Dry milled seeds 30.5 0.73 £ 0.007 51.8+ 0.57
Raw unmilled 75.8 0.29 £ 0.004 52.9 + 0.37

In contrast for all wet milled samples, the number of fine particles has
evidently reduced during the course of cooling and size reduction when
compared to dry milling (Figure 4.10, (A — F)). The wet milled crystals show
a range of morphological features between different teeth configurations
(coarse, medium, fine, Figure 4.10 & Figure 4.11, (C — L)) which includes
rounded, almost spherical particles (Figure 4.11, (I to J)) and evidence of
particle breakage (Figure 4.10 & Figure 4.11, (F, K, L)) presumably due to
particle-teeth collisions. Across the SEM data, the impact of breakage as

well as growth can clearly be seen (Figure 4.10 & Figure 4.11, (C to L)).
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Figure 4.10 SEM images showing surface features of dry milled (A & B),
WMSC coarse 6k (C) & 18k (D) and WMSC medium 6k (E) & 18k (F)

crystals.
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Figure 4.11 SEM images showing surface features of WMSC fine 6k (G) &
18k (k), WMSC multistage 6k (I) & 18k (J) and saturated (35°C) milling
18k (K — L) crystals.

126



Crystallised and wet milled samples from the different configurations
exhibited maximum y¢ values between 37.6 and 50.2 mdJ / m2? when
compared to the dry milled seed particles y& of 51.79 + 0.57 mdJ / m? and
raw unmilled material of 52.90 + 0.37 mdJ / m2 (Table 4.5). Whilst consistent
y¢ values amongst the majority of wet milled samples with minimal
variation was observed at the starting surface coverage of 0.05 n / nn and
irrespective of particle size (Table 4.5), analysing the surface heterogeneity
profiles across low and high energy surface sites (0.05 to 0.9 n/ ny,) displays
variability in y& distributions from the measured samples (Figure 4.12,
(A & B)). For the dry milled seed material, a considerably higher degree of
heterogeneity from process induced disorder across surface coverage is
seen from 51.79 = 0.57 mdJ / m2 to a final value of 42.95 + 0.38 mdJ / m2. This
is considerably higher to all low & high wet milled samples with the
exception of medium 18k and unmilled material (Figure 4.12, (A & B)). The
area increment distribution of the seed is also relatively broad,
emphasising the surface irregularity and distorted molecule orientation
(Figure 4.12, (C & D)). This is consistent with the observation that this
sample with the highest y¢ shows a greater propensity to agglomerate in
comparison to the wet milled particles as increasing surface energy at low
surface coverage leads to stronger cohesiveness between particles.
Interestingly, the raw unmilled material displays a highly variable

heterogeneous profile indicating surface irregularity in the bulk sample as
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the surface energy has a starting value of 52.90 £ 0.37 mdJ / m2(0.05 n / nn)

which rapidly decreases to a final value of 28.45 + 0.74 mdJ / m2 (0.9 n / np).

At each rpm, the different wet mill teeth configurations yielded final
particle sizes varying by approximately 20 zm. Reported studies such as
Trowbridge et al (Trowbridge et al., 1998) showed a 20% increase in dry
milled y¢ with a decrease in particle size from 30 to 10 zm. We have
observed similar trends to a somewhat lesser extent from the majority of
collected wet milled samples when increasing the rotation speed (rpm)
between each rotor-stator configuration (Table 4.5). Medium 6k (19 total
teeth), had a Dv50 of 64.91 um and surface energy of 37.59 + 2.12 mdJ / m2
whereas a medium 18k had a Dv50 of 41 ym and surface energy of 50.15 +
1.17 mJ / m2 (Table 4.5). The relatively high y& of medium 18k in
comparison to other wet milled configurations was unexpected, showing
more surface roughening from breakage and subsequently an increase in
exposure of specific crystal planes with different surface chemistries
(Figure 4.10, (F)). Fine 6k (29 total teeth) had a Dv50 of 56 xm and surface
energy of 41.84 + 0.27 mJ / m2, whereas fine 18k had a Dv50 of 47.81 ym
and surface energy of 42.91 + 0.58 mdJ / m2 (Table 4.5). The increase in
heterogeneity profiles for fine 18k & multiple-stage 18k after 0.06 surface
coverage could be attributed to other interactions occurring at the higher

energy sites such as solvent effects (Figure 4.12, (B)).
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Figure 4.12 Surface heterogeneity profiles measured across different

surface coverages (A and B) and area increment distributions (C and D).

Nevertheless, both samples maintained expected circular morphology with
fine 6k & 18k showing well-faceted crystal faces (Figure 4.11, (G & H)). In
addition to the coarse 6k, which possessed 13 total teeth, these wet milled
configurations at low rotation speed (rpm) had fairly similar particle size
ranges (53.56 um, 64.91 um, 56 yum; Table 4.5) but with clearly different
absolute energy heterogeneity profiles across the full surface coverage
(Figure 4.12, (A)). Altering between different rotor-stator teeth
arrangement and speed (rpm) will subsequently lead to a different number
of particle-teeth collisions and morphological features (Figure 4.10 &
Figure 4.11) as the total number of teeth varies from 13 to 61 when

increasing the rotation speed (6000 to 18000 (rpm)). When comparing the
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reduction in y¢ as surface coverage is increased, for low rotation speed
(rpm) the percentage decrease ranged from 7.4 to 9.0% whereas for high
rotation speed (rpm) including the decoupled experiment at 35°C and dry
milled seed, values ranged from 6.9 to 22% (Figure 4.12, (A & B)). This
indicates that the number and direction of crystal faces and functional
groups exposed varies when increasing or decreasing the number of teeth,
rpm and consequently energy dissipated (0.04 - 30). Heng et al
(Heng et al., 2006) reports that during a milling process, crystals of
acetaminophen fracture along their weakest attachment energy resulting
in the dominant exposure of the crystal facet (010) determined by contact
angle measurements with the surface chemistry of the facet being

hydrophobic.

In agreement with literature, for this process it would be reasonable to
assume the immediate exposure of the crystal facet (010) is dominant upon
mass fracture. However, crystal face indexing measured at different wet
milling configurations and turnovers is out with the scope of this work.
Furthermore, along with measuring particle size distribution spans, a
heterogeneity profile constitutes an energy landscape of the material
surface. To represent the heterogeneity of the samples in a more
illustrative manner, the surface energy distributions are obtained by a
point-by-point integration of the surface energy profiles, resulting in plots
of dispersive surface energy versus percentage of surface (area increment),

as shown (Figure 4.12, (C & D)). Area increment curves plotted alongside
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surface energy distribution profiles show lower surface energy
distributions are present for low rotation speeds (rpm) from areas
0 to 2.5% (Table 4.5) whereas for the WMSC and saturated coarse 18k
configuration which has a tighter and smaller particle size distribution

varies from areas 0 to 3.4% (Figure 4.12, (C)).

Interestingly, Luner et al (Luner et al., 2012) observed high shear wet
milling for sucrose and succinic acid generated significantly higher surface
energies than dry milling. In contrast, by combining wet milling during
crystallisation had in fact, generated small uniform particle size
distributions with lower surface energies, which is desirable for numerous
crystallisation applications and downstream processing. It is also a method
which is increasingly being applied for continuous seed generation as
producing in situ slurry seed particles with small sizes, high surface areas
and low surface energies has the potential to provide greater control and
reproducibility for uniform crystal growth. This is subsequently
investigated in chapter 5 as a seeding protocol for continuous

crystallisation.

Although careful manipulation of wet mill parameters for targeting size
and shape can be achieved, the heterogeneous nature of particle surfaces
that can be obtained from a combined wet milling and crystallisation
method as a result of changing teeth configuration is reported. This work
starts to address the limited predictive capabilities for achieving specific

surface area and energy attributes from wet mill devices. This would
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enable greater control for seed generation and size reduction processes for

specific attributes (Ticehurst and Marziano, 2015).

4.4. Summary

The effect of process parameters of a WMSC process have been presented
on three physical particle attributes of acetaminophen namely, particle
size, shape and surface energy. Crystal sizes in the range of 30 - 60 um
with narrow particle size distributions (span = 0.78 — 1.66) and crystal
shape control (e.g. circularity 0.80 - 0.98) have been selectively achieved
through tuning of the principle wet mill parameters, rotation speed and
teeth configuration. The combination of advanced inline CLD to PSD
conversion with simultaneous offline imaging analysis was an effective
means to measure and track key changes to PSD and shape during the
dynamic wet milling processes. The WMSC experiments generated
acetaminophen particles with surface energies in the range of

37 — 50 mdJ / m2 achieved from different teeth configurations.

The combination of wet milling and crystallisation yielded lower surface
energies than reported elsewhere (Luner et al., 2012) due to the surface
healing driven by the crystal growth process. The heterogeneity of surface
sites was impacted by increasing the number of teeth more than rotation
speed. This is important as minimising heterogeneity can potentially
improve manufacturability in downstream processing. Ultimately,
selecting a high rotation speed with lower teeth proved to be desirable for

engineering particle attributes.
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The robust and flexible nature of a WMSC strategy has the potential to
serve as a smart particle engineering toolbox for future API manufacturing
demands where the properties can be selectively manipulated for chosen
processing performance characteristics. In order to deploy this method
routinely, work is progressing to develop an integrated workflow for
process design to complement what has been shown elsewhere for

continuous crystallisation (Brown et al., 2018).
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Chapter 5
Implementing High Shear Wet Milling as a

Continuous Seed Generation Platform

Part of this chapter has been published in a collaborative journal article:

BROWN, C. J., MCGLONE, T., YERDELEN, S., SRIRAMBHATLA, V.,
MABBOTT, F., GURUNG, R., L. BRIUGLIA, M., AHMED, B., POLYZOIS,
H., MCGINTY, J., PERCIBALLI, F. FYSIKOPOULOS, D.,
MACFHIONNGHAILE, P., SIDDIQUE, H., RAVAL, V., HARRINGTON,
T. S., VASSILEIOU, A. D., ROBERTSON, M., PRASAD, E., JOHNSTON,
A., JOHNSTON, B., NORDON, A., SRAI, J. S., HALBERT, G., TER
HORST, J. H., PRICE, C. J., RIELLY, C. D., SEFCIK, J. & FLORENCE,
A. J. 2018. Enabling precision manufacturing of active pharmaceutical
ingredients: workflow for seeded cooling continuous crystallisations.
Molecular Systems Design & Engineering. 3, 518-549.
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5. Implementing High Shear Wet Milling as a Continuous
Seed Generation Platform

5.1. Introduction

In bulk cooling crystallisation processes, a terminal wet milling step is
increasingly favoured over dry milling to size reduce a seeded suspension
for generating a wet slurry seed bed (Cote and Sirota, 2010). The seed
slurry is then capable of being subjected to a batch or continuous
crystallisation platform for controlled growth and producing a
monodispersed PSD. Interestingly, it was shown (chapter 4) that in fact,
combining a high shear rotor-stator wet mill with a seeded cooling
crystallisation process enhanced crystallisation kinetics (i.e., secondary
nucleation) whilst engineering desired particle attributes (size, shape,
surface energy). However, the majority of seeded cooling crystallisations
including the combined WMSC approach require the availability of
pre-existing seed material of different particle sizes which are usually
sourced from external means such as multiple crystallisations, sieving or

offline dry milling.

Rotor-stator wet milling exerts considerably high shear rates (400,000 s1),
and forces (104 Pa) which are directly transferred from the high-speed
spinning rotor-stator motion to the processing solution. Previous studies
have shown controlled shear to induce nucleation from other devices such
as Taylor-Couette on butyl paraben (Liu and Rasmuson, 2013) and glycine

(Forsyth et al., 2014, Forsyth et al., 2015) (Figure 5.1).
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Figure 5.1 The influence of increasing average shear rate from
well-controlled fluid shear devices (Taylor-Couette & Capillary) on the
nucleation rate JJ and growth times t; for glycine (Forsyth et al., 2014).

These have shown to exhibit average shear rates of 10 — 1000 s-! (including
stirred tank reactors) which is 2 — 3 orders of magnitude lower than
rotor-stator wet mills (< 400,000 s-1). As there i1s an increasing demand for
more modular and flexible unit operations in continuous manufacturing of
pharmaceuticals, the integration of nucleator devices with continuous
crystallisers such as stirred-tank reactors can offer several benefits. For
instance, a substantial reduction in nucleation time for compounds
possessing wide MSZWs can reduce the process start-up and time to reach
steady-state period. This can then be used to deliver a continuous supply
of seeds for growth which as a result, potentially removes the need for

external seed generation, characterisation, addition and dispersion.
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This study evaluates the combined wet milling crystallisation (WMC)
method as a seeding platform for continuous crystallisation.
Acetaminophen in 3-methyl-1-butanol is used which possesses an average
MSZW of 28.7°C + 0.8 without seeding. In the first part of this work, the
effect of high shear from rotor-stator wet milling coupled to an unseeded
recycled solution during batch cooling crystallisation is investigated. The
process 1ncorporates a constant supersaturation feedback-control
mechanism using an inline ATR-FTIR sensor during crystallisation and
milling. Scalability of the combined method is then assessed across a 1 L
& 10 L crystalliser whereby the wet mill’s process adaptability and
efficiency for rapidly accelerating nucleation and maintaining tight

particle attributes (size & shape distributions, span) is presented.

In the latter part of this work, the combined WMC method is then
integrated on a 3-stage MSMPR for employing a continuously seeded
crystallisation process. The process intensified configuration provides
in situ generated seeds from the WMC stage which is directly transferred
as a continuous seed stream to stages 1 and 2 for growth only (Figure 5.2
& Figure 5.5). The performance and influence of this seeding protocol on
process handling and operation as well as product attributes is evaluated.
A key benefit of this study shows how alternative seed generation methods
such as high shear wet milling devices can be readily deployed on-demand
for continuous production of seeds in contrast to relying on traditional

offline seed generation techniques in pharmaceutical manufacturing.
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Figure 5.2 Flow diagram showing the integration of high shear wet
milling via the recycle-loop mode for continuous seed generation coupled to

a continuous crystalliser.

For all experimental campaigns, a toothed rotor-stator wet mill with
selected single fine teeth configuration was operated at 15000 rotation
speed (rpm). Constant inline PAT sensors were used for real-time analysis
of inline particle counts and CLDs (um) as well as concentration
determination and particle imaging. Offline volume weighted circle
equivalent diameter D [4, 3] (um), aspect ratio and circularity were
analysed for particle size and shape distributions. Product particles were
also characterised for surface imaging to provide an insight into the

influence of high shear wet milling on product particle surfaces.

Furthermore, this work contributes to the development of a
multidisciplinary collaborative novel systems-based workflow approach for
continuous seeded cooling crystallisation of active pharmaceutical
ingredients (Brown et al., 2018). The devised workflow provides a rapid
and systematic assessment of common crystallisation phenomena such as
nucleation, breakage / attrition, fouling, agglomeration, etc., that can occur

in addition to crystal growth. Knowledge and control of these mechanisms
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can then allow for a holistic design and operation of a continuous
crystallisation process with optimised and desired particle properties. The
focal point of this chapter is to demonstrate that high shear generated in a
rotor-stator wet mill environment is a practical and robust means for seed
generation and particle attribute control. This work is integrated from
stage 6 to 7 of the workflow as a proof-of-concept continuous crystallisation
which applies the same continuously seeded crystallisation process for the

developed acetaminophen in 3-methyl-1-butanol system.
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Figure 5.3 A systematic workflow for development of a seeded continuous

crystallisation (Brown et al., 2018). Stage 6 and 7 are the focus of this

chapter.
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5.2. Experimental Section

5.2.1. Materials and Method
Acetaminophen (> 99.5%, CAS: 103-90-2) and 3-methyl-1-butanol (reagent
grade, > 95%) were both purchased from Sigma-Aldrich and diethyl ether

(reagent grade, > 95%) was purchased from Fisher-Scientific Ltd.

A Mettler Toledo OptiMax™  workstation consisted of a
1 L temperature-controlled stirred tank crystalliser (STC) equipped with
an inline Hastelloy® Pt100 temperature sensor and a four-pitched blade
agitator (600 rpm) was used. PAT probes; FBRM (G400 series), PVM V819
and ReactIR 15m (described in chapter 3, 3.2.1) were used for process
monitoring (Figure 5.4). The process conditions of temperature and stirring
speed of the slurry in the workstation were controlled using the iControl

v5.2 software from Mettler Toledo.

For scale-up experiments, a 10 L (Microinnova Engineering GmBH,
Austria) temperature-controlled stirred tank crystalliser (STC) equipped
with an inline PTFE Pt100 temperature sensor and four-pitched blade
agitator (600 rpm) was used. FBRM (G400 series) and PVM V819 probes
were integrated, no ReactIR 15m probe was used. All wet milling
incorporated experiments consisted of a lab-scale IKA MagicLab (Module
UTL) rotor-stator wet mill unit configured through the recycle-loop mode.
No pump was used for recycling. Mill outlet temperature was monitored on
the IKA operating unit display with selected rotation speeds of 15000 and

26000 rpm with a single fine teeth configuration.
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Figure 5.4 Experimental apparatus consisting of a 1 L baffled stirred tank
crystalliser vessel (OptiMax) with an integrated rotor-stator wet mill unit
via the recycle-loop mode. PAT sensors (FBRM, PVM, ATR-FTIR),
temperature and stirrer were controlled via the iControl software. The
1Control was also used with FBRM and ATR-FTIR probes for data
synching, tracking and supersaturation feedback-control as described in
section 5.2.6. The 10 L scale experiments consisted of a baffled stirred tank

vessel with a similar wet milling recycle-loop mode.
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The continuous WMC-MSMPR experiments were comprised of a
Microinnova Engineering GmBH miniflow plant acting as a feed unit
(combining thermostat (Lauda, Proline 855), a delivery pump with
feedback-control from a Coriolis mass flow meter (Siemens), three 2 L
glass reaction vessels (Radleys) each with a working volume of 1.5 L, three
thermostat circulators (Lauda 420), an IKA MagicLab rotor-stator wet mill
(Module UTL) operated at 15000 rpm with single fine teeth configuration
and two lab filter dryers (Powder Systems Ltd, Maxi Lab) (Figure 5.5).
Process monitoring was achieved through the mass flow meter, Pt100
probe, FBRM (G400 series) in all crystallisation vessels and a ReactIR 15m
in the 2nd stage (Figure 5.5 & Figure 5.6). Continuous material transfer
between crystallisation stages was maintained through the application of
positive pressure (N2 at 0.1 bar) to the first stage. Agitation in all
crystallisation stages was provided by retreat curve impeller (PTFE)

operated at 600 rpm and aided by three equally spaced baffles.

5.2.2. Seed Preparation

Seed crystals of raw acetaminophen were prepared (50 g) using an offline
vibratory ball mill (Griffin & George) which was milled for 1.30 hr and
sieved (Fritsch analysette 3 type) approximately into the required size
fraction; 40 - 65 ym & 90 — 125 ym. The dry seed fraction was used only for
preliminary batch experiments without wet milling coupled as described in

section 5.2.6.
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Figure 5.5 Process and instrumentation diagram for the continuously seeded crystallisation (WMC-MSMPR) configuration
carried out (Brown et al., 2018).
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Figure 5.6 Image of the WMC-MSMPR equipment setup used.

5.2.3. Particle Size and Shape Characterisation

All samples were analysed for size and shape information using the

Malvern Morphologi G3 (described in chapter 3, 3.2.2.1).

5.2.4. Scanning Electron Microscope (SEM)
Samples were subjected to an SEM microscope for shape and surface image

analysis. Details of the method are described (chapter 3, 3.2.2.4).

5.2.5. gCRYSTAL Modelling Software
The gCRYSTAL 4.2.0 commercial modelling and simulation platform

developed by Process Systems Enterprise Ltd was used to build a
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population balance model for a quantitative estimation of crystallisation
kinetics from the initial batch experiments without wet milling coupled.
Parameter estimation, model testing and validation runs were carried out

using the methods described in section 5.2.7.

5.2.6. Experimental Procedure: Parameter Estimation

For process understanding of acetaminophen in 3-methyl-1-butanol, a
series of seeded cooling crystallisation experiments under constant
supersaturation control without wet milling were performed. The aim of
this was to provide an initial estimate of the kinetic parameters describing
crystal growth in bulk suspension. The cooling profiles for all experiments
were based on the temperature dependant solubility of acetaminophen in
3-methyl-1-butanol (Figure 5.7) with the calibration and experimental

procedure described in section 3.2.3.1.
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Figure 5.7 Temperature dependant solubility of acetaminophen in

3-methyl-1-butanol solvent.
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To calibrate the ATR-FTIR sensor signal for enabling accurate
supersaturation control during cooling crystallisation, a calibration-free
approach is taken. This approach encompasses a closed-loop concentration-
control method which allows supersaturation to be controlled at a constant
level using ATR-FTIR (Gron et al., 2003, Barrett et al., 2010). A
characteristic peak height, specific to the solute of interest is tracked
directly at any given temperature. The peak height corresponding to the
saturation solution at the same temperature is also measured so that the
supersaturation at any point in the reactor is given in terms of the

difference in peak height (Barrett et al., 2010). For instance:

Where at any temperature (T;) and the concentration of a given solute (i)

1s a function of the characteristic peak height. The solubility can be

expressed in a similar form:

T.

i) Eqn 5.2

Ci*j = (i (

Therefore the supersaturation is given by:

AC; = G — G Eqn 5.3

At any given temperature, the supersaturation will be directly proportional
to the difference in peak height at that temperature. To implement

constant supersaturation during cooling, the control condition requires
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equivalent concentration and solubility gradients with respect to
temperature. Therefore, pre-information in terms of solute peak and

temperature should be collected first through applying low heating rates.

Acetaminophen (111g) was added to 3-methyl-1-butanol (600g) within the
OptiMax workstation with fixed agitation at 600 rpm. FBRM and ReactIR
sensors were integrated in the vessel. The solution was then cooled to 5°C
at the fastest possible rate and held at 5°C for 2 h to allow for solid / liquid
equilibrium. The solution was followed by heating to 85°C over a 16 h
period with a further hold period of 2 h. This step enables the IR
absorbance of a saturated solution as a function of temperatures to be

determined as shown in Figure 5.8.
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Figure 5.8 Raw IR (black line) with a selected peak height at 1670 cm-!
(carbonyl band), temperature (grey line) and FBRM fine chord counts < 10
(a.u, blue line) for acetaminophen in 3-methyl-1-butanol. FBRM counts

show a decreasing trend over time indicating the onset of dissolution.
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Upon collection of the IR dataset along with temperature, the solubility (c*)
1s expressed as a second-order polynomial as a function of temperature

where constants (a,, b, & c.) are obtained:

c*= a,T* + b.T+ c, Eqn 5.4

Thus, by plotting temperature vs peak height (1670 cm-l) an expression

was generated:

y = —766.13x%* + 605.13x — 23.72 Eqn 5.5

This expression was inserted in the 1Control v5.2 (Mettler Toledo) user
interface specifically within the “setpoint controlled by expression” task
when designing the cooling program. The “x” values of the polynomial
expression (equation 5.5) denote the selected IR peak height which is

1670 cm! with an additional temperature offset value for the desired

supersaturation.

The experiment was then started by cooling the solution to 80°C minus a
temperature offset (either 5°C or 8°C for S = 1.08 and 1.20, respectively to
operate within the MSZW). Once this temperature was reached, the
required seed mass was charged as dry seed into the vessel and the
supersaturation control was then started using the setpoint expression in
1Control (user defined trends) which was determined from the second order
polynomial fit by plotting temperature vs peak height (1670 cm-1), 5°C was

set as the lower bound for the temperature.
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Seeds were prepared by sieving of ball milled commercial acetaminophen.
Two seed sizes, with D50 of 40 xm and 100 xm were used in addition to
two seed loadings, M,,.4 of 0.019 and 0.036. On completion of experiments,
the contents of the vessel were filtered and the cake was washed twice
using two cake volumes of chilled diethyl ether. The wet cake was then

transferred to a vacuum oven (40°C) for drying.

5.2.7. Estimation of Growth Kinetics

To estimate the growth kinetics of acetaminophen in 3-methyl-1-butanol
from the constant supersaturation control experiments, physical properties
such as molecular weight, density, solubility, etc., were configured in the
global specifications module within the gCRYSTAL 4.2.0 user interface
(Figure 5.9). A model of the Optimax vessel was then built in gCRYSTAL
4.2.0 using an MSMPR unit operation configured in batch mode
(Figure 5.9) to represent the experimental batch stirred-tank crystalliser.
The MSMPR unit configured in the flowsheet, models the crystallisation
slurry by means of a well-mixed single compartment which assumes that
the mixing time is much lower than the time scales of nucleation, growth
and agglomeration (Scholl et al., 2007). Under this assumption, the energy
dissipation from the stirrer can be averaged over the whole crystalliser and
hence the mechanism for the particle formation can be assumed to be
independent on the position within the crystalliser (Marchisio et al., 2006,

Vicum et al., 2004). Other assumptions state that the liquid and solid
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phases in the bulk are in thermal and mechanical equilibrium, that 1s,

same temperature and pressure.

Time invariant controls for the model included mass of crystals in the
slurry and solution composition which was retrieved from experimental
concentration profiles from the IR probe. PSD data from the Malvern
Morphologi G3 (imaging) for the initial seed input and product output was
used for the PSD location parameter (characterisation of the model
distribution) and PSD standard deviation. Temperature profiles (TC) were
Input as piecewise linear with three control intervals which were

approximated from the supersaturation control experiments.
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Figure 5.9 Schematic of flowsheet model used to describe the seeded batch
crystallisation of acetaminophen in 3-methyl-1-butanol solution and for
parameter estimation of growth kinetics. Typical experimental inputs
include process temperature profile (TC), solution concentration (A),
particle size measurements (PSD sensor) with selected kinetic models and
operating conditions in the crystalliser MSMPR unit. A PSD comparison

tool is also used to compare the experimental and model PSD.
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The growth kinetic parameters to be estimated were selected as the power
law kinetics (equation 5.6) with the driving force expressed as the relative

supersaturation (equation 5.7):

_ Eag) g Eq 5.6
G =K, exp(RT) o
c* = C—C(Tsat) Eq 5.7
C(Tsat)

Here, the growth rate constant (k;) = m/s, activation energy (E, 4) = J/mol
and order with respect to supersaturation (g) for a power law relationship
1s given. It was assumed that no nucleation took place within the seeded
batch experiments and therefore the activation energy was set to zero as a
constant priori for model simplicity. After model development, the
supersaturation control experiments were imported into the gCRYSTAL
folder of “Experiments > Performed,” where the concentration profile by
ReactIR and quantified by the previously developed calibration model
(3.2.3.1), temperature and PSD (measured at the batch end) were saved.
On the successful inputs of the batch experimental data, a group of kinetic
parameters (Table 5.3) could be estimated using the “Parameter
Estimations” tool in the software. Several multiple tries of initial guesses
for lower and upper bounds for the crystallisation kinetic parameters were
usually necessary to obtain a good agreement between model predictions

and experimental measurements.
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5.2.8. Experimental Procedure: Implementing Wet Milling

To implement high shear wet milling as a potential nucleator and seeding
protocol for the continuous crystallisation experiments, the combined wet
milling and crystallisation (WMC) process was operated without seeding
and applied to a 1 L and 10 L crystalliser scale for initial tests. The cooling
trajectory (77.3 - 15°C) was based on the temperature profile generated
from the parameter estimation (batch) experiments (described in 5.2.6.)
whereby growth kinetics were extracted and modelled. The aim of these
experiments was to assess the feasibility of the wet mill to accelerate
nucleation kinetics when applied at high temperatures (77.3°C) at
moderate supersaturations (S = 1.17) whilst operating within the

metastable zone width during the cooling profile.
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Figure 5.10 Temperature dependant solubility profile of acetaminophen
in 3-methy-1-butanol solvent. Annotated wet milling cool and start points

are shown during the unseeded crystallisation process.
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Table 5.1 Investigated parameters for the WMC experiments operated at
constant supersaturation of 1.17. Scale indicates crystalliser vessel,
Q = volumetric flow rate, S, = tip speed, 'Y,, = average shear rate and

E* = energy dissipation are calculated from the rotor-stator configuration.

Scale C Rotor- Total Rotational 0 S, Yoo Y E*
(L) (g/kg)  stator teeth speed w (L/min) = (m/s)
config = NRo+ (rpm)
NS,
1 188 Fine 29 15000 1.05 24 240000 2.9
10 188 Fine 29 15000 1.05 24 240000 2.9

5.2.8.1. 1 L Crystalliser Scale

Acetaminophen (111g) was added to 3-methyl-1-butanol (600g) within the
OptiMax workstation. FBRM, PVM and ReactIR were integrated into the
vessel. The feed solution was prepared by heating the mixture to 90°C over
15 min to achieve dissolution with agitation fixed at 600 rpm. Upon
dissolution, the solution was held for 30 min to ensure the presence of no
particles. The solution was then cooled over 15 min to 77.3°C with a further
15 min hold period once the target temperature was reached. The solution
was simultaneously cooled and wet milled (fine, 15000 rpm) over 2.30 hrs.
The cooling trajectory followed the supersaturation feedback-control
mechanism applied through the absorbance-temperature model via the
ATR-FTIR sensor (as detailed in section 5.2.6). A supersaturation of 1.17
was maintained throughout the experiment. Once the end temperature
(15°C) was reached, the contents of the vessel were drained and filtered

(90 mm mean diameter) using a Biichner funnel with the cake washed
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twice with 2 cake volumes of chilled diethyl ether. The wet cake was then

transferred to a vacuum oven (40°C) for drying.

5.2.8.2. 10 L Crystalliser Scale

Acetaminophen (1.29 kg) was added to 3-methyl-1-butanol (6.82 kg) in a
10 L vessel. FBRM and PVM integrated into the vessel with agitation fixed
at 600 rpm. The experimental procedure followed a similar method to the
1 L crystalliser scale. However, as no ReactIR probe was inserted in the
vessel, the temperature profile for maintaining constant supersaturation
was determined from the 1 L experiments and manually added to the input
temperature profile in the heater-chiller (Lauda 420) unit. Upon
experiment end, the contents of the vessel were drained with filtration
performed in a pressure filter dryer (Powder Systems Ltd, Maxi Lab). The
filter cake was washed three times with two cake volumes of diethyl ether
with agitation between washes to maximise removal of 3-methyl-1-butanol.

Drying was performed under vacuum at 40°C for 3 h.

5.2.9. Experimental Procedure: Continuous Seed Generation

The experimental procedure involved preparing 25 L of feed solution in the
feed vessel at a concentration of 188 g per kg solvent of acetaminophen in
3-methyl-1-butanol. The solution was heated to 90°C and maintained at
this temperature until complete dissolution had occurred. During this
period, trace heating (set point of 100°C) on the pipework and associated
components (in-line filter, pump and mass flow meter) from the feed vessel

to the first crystallisation vessel was commenced. This was important as it
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prevented pre-nucleation from the feed to the first crystallisation stage.
The crystalliser thermostats for each stage were set to their required
temperatures of; 77.3°C, 50°C and 20°C respectively informed from batch
parameter estimation experiments. Product valve, V-4 (Figure 5.5) was set
to recycle back to the feed vessel. Each vessel was initially empty and

un-pressurised.

Start-up was performed by transferring the feed solution at 100 g / min-1
(controlled by mass flow meter and pump) into the seed generation stage
(first crystallisation stage (Figure 5.5)). Once this stage was approximately
50% full, wet milling through the recycling mode was started. Filling of the
vessel continued until the 100% level (1.5 L) was reached at which point
positive pressure was applied to enable material transfer to the
crystallisation stages 1 and 2. Once stage 2 reached its maximum level,
material was transferred back to the feed vessel via a 3-way valve
(Figure 5.5). The recycle configuration allowed for the cascade to reach
steady state without consuming material. Once a steady state was
achieved, as indicated by the chord lengths (xm) via FBRM sensor showing
a minimum variance for 2 residence times, product valve V-4 was turned
to start product collection in the pair of pressure filter driers
(Powder Systems Ltd, Maxi Lab) operating in duty and stand-by mode

(Figure 5.5).
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Table 5.2 Investigated conditions for the WMC-MSMPR experiments.

Process conditions Value
Feed concentration (g/kg) 188
Stage temperatures (°C) 77.3, 50, 20
Mass flow rate (g/min) 100
Steady-state (min) 35
Total mean residence time (min) 45
Rotor-stator configuration Fine
Total no of teeth, NR, + NS, 29
Rotational speed, w (rpm) 15000

Filtration was performed once 10 L of product suspension was collected.
The filter cake was washed three times with two cake volumes of diethyl
ether with low speed agitation between washes to maximise removal of

3-methyl-1-butanol. Drying was performed under vacuum at 40°C for 3 h.

5.3. Results and Discussion
The following section will discuss results obtained for estimation of growth

kinetics followed by implementing high shear wet milling as a nucleator.

5.3.1. Growth Behaviour

For concentration determination, the selected functional group which was
monitored for acetaminophen in 3-methyl-1-butanol was the carboxylic
acid group attached to an amide group (RHN-C=0). Collection of raw inline
IR spectra was then processed through the GRAMS™ goftware using a

previously developed calibration model described in section 3.2.3.1.
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Figure 5.11 Maintained supersaturation (S = 1.08) control profile over
time is shown for a 1 L batch parameter estimation experiment without

wet milling coupled (section 5.2.6).
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Figure 5.12 Inline particle images (final product) captured from a PVM

sensor for the constant supersaturation control experiment (S = 1.08).

As shown in Figure 5.11, employing constant supersaturation displayed a
well-maintained and a well-behaved crystallisation. This was observed
throughout cooling without any supersaturation fluctuations or undesired
nucleation events (fines) (Figure 5.11). Images collected from the PVM
sensor show as large-dispersed crystals in bulk suspension with minimal

aggregation (Figure 5.12).
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5.3.2. Modelling of Growth Behaviour

The predicted concentration profiles generated from the two fitting
experiments are shown (Figure 5.13, (A)) which were used to estimate the
growth kinetic parameters (Table 5.3). Figure 5.13 highlights that good fits
were achieved as is reflected in the weighted residual being significantly
less than 95% x2 (Table 5.3). To validate the selected growth parameters
(Eqn 5.1 & 5.2) and the mechanistic assumptions, the predicted and
experimental PSDs for the product particles were compared with further
additional validation experiments which consisted of simple linear cooling

crystallisations from 78 to 5°C (Figure 5.13, (B)).
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Figure 5.13 Comparison of experimental and model concentration profiles
(A) and product particle size distribution (B) for the 1 L batch parameter

estimation experiments (Brown et al., 2018).
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Table 5.3 Estimated growth parameters (Brown et al., 2018)

Model parameter Value Units Confidence Standard
Interval Deviation
(95%)
Activation energy, E, 4 0 J mol!
Growth rate constant, 3.64x 104 ms?! 0.00571900 0.00278200
Ky
Order with respect to 4.127 7.20500 3.50500
supersaturation, g
Weighted residual 2.616
x2 value (95%) 38.885

There 1s generally good agreement between the D50 results, indicating
that the growth parameters accurately represent the system. However, the
experimental PSDs do show more small particles in the distribution than
is predicted (Figure 5.13, (B)). This may be due to attrition, secondary
nucleation or breakage taking place in the process or that particle breakage
1s induced by the particle sizing method. However, these model deviations
were judged acceptable in light of the selected target specification and the

growth model was sufficiently accurate. (Rashid et al., 2017).

Where required, further investigations to determine additional kinetic
parameters could be undertaken and various approaches have been
described elsewhere (Pérez-Calvo et al., 2016). Based on the validated
kinetic parameters from the growth-only model achieved by the initial
batch parameter estimation experiments, several continuous crystalliser
configurations were evaluated computationally. This involved scoping and
selecting a suitable number of MSMPR stages (1, 2 or 3) for productivity,

practical control and efficiency. As the cooling profile generated from
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constant supersaturation experiments (batch) was to be applied during
continuous crystallisation, a single stage was discounted as the stage
temperature required to maintain supersaturation below the levels for
primary or secondary nucleation would lead to low crystallisation
productivity (see Figure 9 in the workflow article (Brown et al., 2018). A
2 stage and greater configuration displayed little increase in productivity
whilst increasing the configuration and control complexity. Thus, a
compromise was met with a 2 stage configuration. Further details on the
D-optimal linear experimental design with constraints in the model which
consisted of the factors (stage temperatures, stage volume and net flow
rate) and responses (PSD, span, product volume fraction of crystals and

stage supersaturation) is reported (Brown et al., 2018).

5.3.3. Analysis of Implementing Wet Milling

Prior to implementing the growth-model for a seeded cooling crystallisation
process, a key focus of this work is to develop a practical seed generation
strategy. Informed from previous work (chapter 4), rotor-stator wet milling
through the recycle-loop mode (Figure 5.4) was applied to trigger
nucleation which potentially, could be transferred as a direct seed stream
to subsequent MSMPR stages for growth during cooling. Upon
investigating the WMC method on a 1 L and 10 L crystalliser, it would be
reasonable to assume the wet mill would also be able to nucleate a solution
when coupled to a 2 L crystalliser which is the configured volume scale for

each continuous MSMPR stage.
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Figure 5.14 Inline profiles for a combined wet milling crystallisation
experiment with supersaturation feedback-control consisting of a 1 L
crystalliser scale. Selected IR peak height, supersaturation, temperature,
mean square weight and total count trends are shown. The wet mill is

configured with a multiple-stage (coarse + medium + fine) at 26k.

Initially, a multiple-stage rotor-stator configuration was chosen on the
basis for exerting maximum shear (S, = 40.8 m /s & 'Y, = 415000 s1) at
high rotation speeds (26000 rpm) for the immediate induction of primary
nucleation on starting milling. During the initial cooling phase (0 to
40 min), the monitored peak on the ATR-FTIR signal (1670 cm-1!) following
the IR absorbance-temperature model (section 5.2.6) struggled to maintain
constant supersaturation during the recirculation process (Figure 5.14).
This was due to the excessive heat generation in the wet mill configured
with a multiple-stage module at 26000 rpm. Therefore, this caused a large
temperature offset in the feed vessel from wet milling heat generation
leading to the supersaturation control failing to maintain the desired

cooling profile over time (Figure 5.14). However, a sudden and rapid
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increase in total counts within < 15 min of mill start upon cooling shows
that the combined wet milling crystallisation strategy rapidly accelerated
the total counts and hence the number of particles
(< 30 min, ~ 50000 counts (a.u), Figure 5.14) when compared to the batch
experiments (< 30 min, ~ 8000 counts (a.u), Figure 5.11). To overcome the
heat generation issue from rotor-stator wet milling, the teeth configuration
was changed to a single-stage fine configuration with a selected lower
rotation speed (15000 rpm). Within the same experiment and conditions
(1 LL scale, (Figure 5.15)) upon dissolving the feed solution and reaching the
supersaturation point, cooling and wet milling was started with the
supersaturation feedback-control mechanism now functioning throughout

the recycling process.

The selected fine teeth configuration at 15000 rpm with a rotor tip speed
S, of 23.6 m / s and average shear rate Y, of 240000 s-1, increased the total
counts upon immediate wet milling start (< 15 min, Figure 5.15). Overall,
the selected configuration (fine, 15000 rpm) with constant supersaturation
control proved successful in rapidly accelerating nucleation kinetics whilst
maintaining a dispersed particle population (Figure 5.16) size and size
distributions (Dv560 = 30.97 ym, span = 1.26, (Figure 5.17)) and particle
shapes (mean aspect ratio = 0.687 & circularity = 0.91) as well as

minimising excessive heat generation.

162



100 : —— : . . . : : : : ~ 60000

~ 40000

o
~
I
)
©
(=]
1
IIIIIII\--

60 100l & wet isupersaturation control worked -
50 4 mill start = no excessice wet mill heat

o
w
|

~ 20000

S
o
1

Total counts

Peak at 1670 (cm™)
Temperature (°C

Mean sqr. wt. (zzm)

o
\S]
1
N W
o o
|
—

_
o

Time (min)

Figure 5.15 Inline profiles for a combined wet milling crystallisation
strategy with supersaturation feedback-control for a 1 L crystalliser scale
experiment. Inline selected IR peak, supersaturation, temperature, mean
square weight and total count trends are shown. The wet mill was

configured with a single-stage (fine) at 15k.
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Figure 5.16 Inline particle images captured from a PVM sensor during the
1 L crystalliser scale experiment which consisted of a fine 15000 rpm

rotor-stator configuration.
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Figure 5.17 In situ chord lengths (A) and offline particle size distribution
(B) both measured at experiment end for the 1 L crystalliser scale

experiment which consisted of a fine 15000 rpm rotor-stator configuration.

5.3.4. Analysis of Implementing Wet Milling on Scale-up

Several experimental campaigns at the 10 L crystalliser scale
demonstrated acceleration of nucleation using the combined strategy
(Figure 5.18). An example inline profile from the FBRM sensor is shown
(Figure 5.19). In common with Figure 5.15 upon cool and wet milling start,
high shear accelerates nucleation as seen from both increasing count
statistics (total and 50 — 150, Figure 5.19). Interestingly, whilst total
counts continue to increase (40 to 80 min) followed by a levelling off phase
(> 80 min), counts from 50 - 150 display a decrease (> 45 min) after the
rapid nucleation burst (Figure 5.19). This indicates that as the particle
population rapidly increases from 5 to 30 min due to the simultaneous high
shear and cool effect, larger particles are seen to reduce over time

(40 to 120 min).
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Figure 5.18 Laboratory images of a 10 L crystalliser scale. Wet milling
applied in the recycle-loop (A) with a zoomed in image of integrated PAT
sensors (FBRM & PVM) for process monitoring (B) upon 15 min of milling
start. A flow-cell for direct FBRM measurements on the wet mill outlet was
initially used (A) however, was quickly discarded for the remainder of the
experiments due to clogging. Experimental end prior to isolation (C) and
after isolation (filtration, washing, drying) yielded the dry solid product
(D).
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Figure 5.19 FBRM profile (inline) showing the impact of wet milling start

on particle counts and mean square weight trends for the 10 L crystalliser

scale experiment.

Further analysis of the tracked CLDs captured from an FBRM sensor for

a single experiment displays a shift from right (62.91 zm) to left (33.66 m)

after 5 minutes of milling (Figure 5.20, (A)). This shift continues until the

end of the experiment which is due to size reduction from continuous

recycling of the particle suspension (Figure 5.20, (A)). Similar to the 1 L

scale, the combined strategy applied to the 10 L crystalliser scale

consistently generated monodisperse particle size and size distributions of

less than < 50 um with spans from 1.1 — 1.3 (Figure 5.20, (B)).

166



T : 0.018 . .
1600 4 @ @ 5min | Ot A
(A) w30 Min 0018+ (B) w0t B ]
1400+ ——fnd ] 0.014] e ot C ]
:‘g 12009 1= ootz
Py
8- 10004 ] gu.mu-
~ 8004 1 0.008
£ 7
g 600+ {1 & ooos
O 4004 0.004 4
200 0.002 4
ol - 0.000 . ;
H o s 1000 1 10 100 1000
Chord length (zm) CE diameter (um)
100 — ot A 100 ==——LotA
s Lot B w0t B
| 0t C - | ot C
80+ 80
- 60+ = 5
40+ 404
20+ 20
(C) (D)
0 T T 0 T T
06 08 1.0 0.2 04 0.6 08 1.0
Circularity (a.u) Aspect ratio (a.u)

Figure 5.20 Chord lengths and particle size distributions (PSD) are shown
for the 10 L crystalliser scale experiments. In situ raw CLDs tracked from
5 min to end are shown for a single experiment (LotA) (A). Offline product
particle size distributions measured across several lots (A — C) and particle
shape distributions are represented as undersize curves for circularity (C)

and aspect ratio (D).

Figure 5.21 SEM images of product particles from the 10 L crystalliser

scale experiments. The images shown are collected for Lot A.
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The combined strategy produced equant particle shapes as seen from the
final product particles consisting of a mean circularity of 0.85 and aspect
ratio of 0.7 (Figure 5.20, (C & D)) as well as the SEM images (Figure 5.21).
Low surface roughening on the product particles are also seen (Figure 5.21)
which is attributed to the optimised cooling profile, from the 1 L batch
parameter estimation experiments during crystallisation thus allowing
surface healing from crystal growth. It is also noted, no undesired
polymorphic transformations occurred for acetaminophen which remained

monoclinic (Form 1, stable) across all high shear wet milling experiments

(Table 5.1).

Rotor-stator wet milling when coupled to an wunseeded cooling
crystallisation acts as a high shear nucleator upon process start-up
followed by subsequent milling which exerts particle size reduction. This
is evident from real-time analysis captured via inline sensors
(FBRM) across Figure 5.15 & Figure 5.20, (A). The mechanistic observation
1s also consistent with other reported studies such as immersion wet
milling which was shown to act as a high shear nucleator first and then
mill (Acevedo et al., 2017). Whilst this emphasises the complexity of the
mechanisms occurring in the combined approach, inline PAT sensors are
identified as critical components for process monitoring, control and

understanding of the combined strategy.

168



5.3.4. Analysis of Continuous Seed Generation

The combined wet milling crystallisation strategy was now applied as the
seed generation stage which was directly coupled to stages 1 and 2 in the
MSMPR configuration (Figure 5.5 & Figure 5.22). The generation of seeds
was achieved through a start-up procedure involving transfer of the feed
solution (100 g min-!) into the seed generation stage (Figure 5.5). Once the
stage was approximately 50% full, the rotor-stator wet mill (fine 15000

rpm, Y, of 240000 s'1) was switched on to trigger nucleation at 77.3°C.

Material transfer across the vessels (Figure 5.22) was then performed by
applying positive pressure once the seed vessel reached 100% (1.5 L) full.
Positive pressure for slurry transfer was selected as this reduces process
complexity and potentially line blockages as no pumps were used between
the stages. The cooling trajectory across the process setup followed the
constant supersaturation profile determined from the 1 L batch parameter
estimation experiments and was split across the seed stage and stages

1 & 2 (Figure 5.22).

Feed

\_) Seed Stage Stage 1 Stage 2 —— Isolation

e

Wet mill

Figure 5.22 Flow-diagram showing the configured seed generation stage

with the growth stages (1 & 2).
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An example FBRM profile is shown (Figure 5.23, (A)) during one of the
continuous crystallisation campaigns. This highlights the dynamics of the
start-up period showing steady-state was not obtained until approximately
350 min. The operation in recycle of the whole process (after stage 2),
continued until 440 min to ensure steady-state was obtained to which the
process was then operated through the single-pass mode (Figure 5.23, (A)).
The process trends remain relatively constant for the remaining 250 min
of operation (time taken to deplete the feed vessel) which was directly
collected for product isolation. With a total mean residence time
(across all three crystallisers) of approximately 45 min (Table 5.2) this
would indicate a requirement to operate for 6 to 7 residence times before
steady-state was achieved. This is comparable to the generally accepted 7
to 10 residence times required for MSMPRs to reach steady-state

(Ranodolph, 2012).
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Figure 5.23 Example process trends from continuous crystallisation
showing median (zm) and total counts over time (A) and chord length

distributions (B) across each MSMPR stage (Brown et al., 2018).
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The process trends further show an increase of approximately 20 zm in the
median size between stages 1 and 2 at steady-state with narrow chord
length distributions measured at the seed generation stage and growth

stages (Figure 5.23, (B)).

The performance of the rotor-stator wet mill to continuously generate seeds
via high shear and directly transfer as a seed slurry was a robust and
practical approach. There was no significant clogging, fouling or
encrustation across the stage transfer lines and within the vessels which
ensured smooth running of the continuous process. Although the wet mill
was continuously operated for long durations of the time (> 10 hr), leakage
and blockages inside the wet mill were occasionally observed after
8 — 10 hours of operation. This could have been due to particle settling or
entrapment inside the rotor-stator framework causing slurry accumulation
over time inside the wet mill. However, these issues were solved relatively
quickly and the desired particle size was achieved. An intermittent wet
milling operation could be applied and investigated in future work to avoid

leakage issues after long periods of process running.

Overall, the seed stage is the critical component of the continuous process
as it controls the crystallisable mass and therefore the number of seeds
that can be generated for growth. Future work could look to control the
seed generation stage through varying wet mill process parameters
(i.e., teeth & speed) for reducing the time to reach steady-state and

targeting a defined PSD and shape from the two stage MSMPR.
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Nevertheless, across the several filtered product lots from the experimental
campaigns, an average target particle size of 112.0 ym (Dv50) with a
standard deviation of 16.2 ym was met by first intent (Figure 5.24). The
average span of the distributions was 1.66 with a standard deviation of

0.18.
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Figure 5.24 Average particle size distribution of 112.0 zm (Dv50) with a
standard deviation of 16.2 um was achieved from the continuous

crystallisation campaigns.

Figure 5.25 SEM images of final product particles generated from the

continuous crystallisation campaigns.
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The average circularity consisted of a mean 0.849 + 0.013 suggesting
product particles are of low aspect ratios which is also seen from the SEM
images (Figure 5.25). Similar to the 1 LL and 10 L combined WMC strategy,
equant particle shapes were consistently produced from the WMC-MSMPR
process which produced a larger particle size of 112.0 zm (Dv50) due to
dedicated growth vessels (stages 1 & 2). Further process modelling work
and results surrounding the continuous crystallisation campaigns with
additional downstream unit operation tests on the product lots is reported

in detail (Brown et al., 2018).
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5.4. Summary

A combined wet milling crystallisation strategy has been presented for
high shear nucleation across process scales (1 L, 2 LL and 10 L) for
acetaminophen. The experimental method and results allowed for the
combination approach to be easily integrated and utilised as a continuous
seeding platform which directly transferred a consistent seed stream for

growth-only on an MSMPR process.

The combined wet milling crystallisation strategy accelerated nucleation
during cooling (< 15 min) at moderate supersaturations (S = 1.17). It was
evident from the selected wet mill configuration (fine teeth, 15000 rpm)
substantial shear (Y,, = 240000 s1) and energy dissipated (E* = 2.9) from
the rotor-stator framework triggered nucleation. Continuous recirculation
of the suspension produced narrow size and size distributions of
30 — 55 um with tight particle spans (1.1 — 1.4) as well as equant particle
shapes (circularity = 0.85 — 0.91) across process scales. Interestingly,
real-time analysis of process trends of chord lengths (zm), mean square
weight (xm), particle counts and imaging via inline PAT sensors (FBRM &
PVM) confirmed the wet mill to act as a nucleator first followed by milling

causing particle size reduction through the WMC strategy.

A continuously seeded crystallisation process was investigated which
makes use of the combined WMC method as a robust seed generation
platform. This novel application continuously generated a seed slurry

on-demand which was transferred to subsequent stages for crystal growth
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informed through an optimal cooling profile. The process resulted in tight
product attributes which was achieved by first-intent consisting of a
particle size distribution of 112 xm and span of 1.66 amongst

well-maintained particle shapes (circularity = 0.89).

The results of this study outline the capability to eliminate external seed
generation through alternative particle engineering strategies. Adopting
these strategies in the pharmaceutical industry is highly desirable for
future continuous crystallisation process development specifically, as

continuous manufacturing is increasingly being applied.
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Chapter 6

Multi-Sensor Inline Measurement of Crystal Size
and Shape Distributions during High Shear Wet
Milling of Crystal Slurries

This chapter is a collaborative study which has been published as a
journal article:

AGIMELEN, O. S., SVOBODA, V., AHMED, B., CARDONA, J.,
DZIEWIERZ, J., BROWN, C. J.,, MCGLONE, T., CLEARY, A,
TACHTATZIS, C., MICHIE, C., FLORENCE, A. J., ANDONOVIC, 1.,
MULHOLLAND, A. J. & SEFCIK, J. 2018. Multi-sensor inline
measurements of crystal size and shape distributions during high shear
wet milling of crystal slurries. Advanced Powder Technology, 29, 2987-
2995.
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6. Multi-Sensor Inline Measurements of Crystal Size and
Shape Distributions during High Shear Wet Milling of
Crystal Slurries

6.1. Introduction

The outcomes of a crystallisation process in terms of particle size and shape

distributions are determined by a complex interplay of nucleation, growth,

agglomeration and breakage which can vary widely from batch to batch or
when input conditions or process parameters are changed. There are
several approaches providing empirical control of particle size distributions

(PSD) in crystallisation processes, such as seeding (to provide control over

particle concentrations) and high shear wet milling (to provide control over

particle size). A review of high shear wet milling as a size reduction
technique has been described in detail elsewhere (section 1.4.1). Typically,
for process monitoring by inline sensors, the focused beam reflectance

measurement (FBRM) is widely employed (Heinrich and Ulrich, 2012)

which provides a chord length distribution for particles in suspension. The

CLD 1is related to the size and shape of the particles in suspension

(Heinrich and Ulrich, 2012). The total counts of measured CLDs has been

used as an indication for number of particles while the mean square

weighted chord length has been used as an indication of particle size

(Yang et al., 2015, Yang et al., 2016a, Yang et al., 2017).

Even though CLD counts are related to number of particles, it is not

straight-forward to determine the actual number density of particles in a
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slurry from CLD counts. Similarly, while CLD is related to the PSD, it does
not provide an actual PSD of particles. This is because each particle with a
given size and shape produces a unique chord length distribution
(Heinrich and Ulrich, 2012) and these are then convoluted in an average
weighted by a characteristic particle size to provide an overall CLD for the
whole ensemble of particles of different sizes and shapes present in a slurry

(Vaccaro et al., 2006, Mesbah et al., 2011).

Instead of using the mean square weighted chord length as an estimate for
the mean particle size, it would be more realistic and accurate to use an
actual PSD determined from inline measurements (Kail et al., 2007,
Kempkes et al., 2008). For example, from transformation of CLD data
(Agimelen et al., 2015, Agimelen et al., 2016) obtained inline or from
analysis of inline images (Cardona et al., 2018). Hence, experimental wet
milling studies could then benefit from the estimated particle size and
shape distributions. Consider the case of needle-like particles undergoing
wet milling, their length is likely to be reduced while their width would be
much less affected. However, the most probable chord length for a needle-
like particle is the width of the particle (i and Wilkinson, 2005) and so the
change in particle length may not be well reflected in the mean square
welighted chord length. But this mean square weighted chord length is
currently used an indication for particle size even when needle-like

particles are involved (Yang et al.,, 2017). Furthermore, if the PSD is
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estimated from data captured with inline instruments, there will be no

need to sample the slurry for offline estimates of the PSD.

In this work, recently developed computational tools are implemented
which comprise of the CLD-Inversion App (Agimelen et al., 2018a) and
Imaging App (Cardona et al., 2018), in order to quantitatively investigate
changes in PSD and particle shape during wet milling when the mill
rotation speed i1s varied. In comparison to the combined wet milling
crystallisation processes (chapter 4 & 5), the effect of crystallisation is
decoupled and the impact of wet milling breakage-only is monitored on
different crystalline materials which has not been explicitly demonstrated

in the earlier chapters.

The PSDs are estimated separately from CLD and from imaging data
obtained by the inline FBRM and particle vision and measurement (PVM)
sensors, respectively. As the PSD is estimated from data captured by inline
sensors, the computational tools enable us to monitor changes in particle
properties during the wet milling in real-time. A new method for
estimating the number of particles in slurries from the estimated volume
based PSD from inline instruments is also introduced. Furthermore,
inconsistencies arising between PSDs estimated from inline and offline
instruments for the same wet milling process is analysed with limitations

of inline sensors encountered during the study discussed.
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6.2. Experimental Section

6.2.1. Materials and Method

The following materials were used in this work: acetaminophen (> 98%
USP), benzoic acid (> 99.5%), and metformin hydrochloride (reagent
grade). Acetaminophen and benzoic acid were purchased from
Sigma-Aldrich and metformin hydrochloride was purchased from
Molekula. The benzoic acid particles were suspended in distilled water
obtained from an in-house purification system and the surfactant TWEEN
20 from Sigma-Aldrich was added to the benzoic acid slurry to ease
dispersion of the particles and avoid foaming. Acetaminophen and
metformin hydrochloride were suspended in 2-propanol (reagent grade,

CAS: 67-63-0, Assay (GLC) > 99.5%) obtained from Fisher Scientific Ltd.

6.2.2. Experimental Setup

The experiments were conducted in the recycle-loop setup consisting of a
Mettler Toledo OptiMax™ workstation, a Watson Marlow Du520
peristaltic pump and an IKA MagicLab (module UTL) rotor stator wet mill.
The same OptiMax™ equipped with PAT as investigated in chapter 4 was
used. A sketch of the setup is shown (Figure 6.1). The rubber tubing used
in the flow loop had an inner diameter of 3.2 mm, the lengths of the pieces
of tubing connecting the 1 L stirred tank to the peristaltic pump, the pump
to the wet mill and the wet mill to the 1 L stirred tank were 94.5¢cm, 55 cm
and 124 cm respectively. The internal volume of the wet mill was 30 ml.

The peristaltic pump was operated at 50 rpm corresponding to a volumetric
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flow rate of 350 ml / min. This then corresponds to a residence time of 5 s
of the slurry in the wet mill. The temperature of the outlet of the wet mill
was monitored with a thermometer attached to it. The outlet temperature
was controlled to match the temperature of the inlet flow to the wet mill by

means of a Lauda heater / chiller connected to the wet mill (Figure 6.1).

iControl
computer

Monitor
display

—5 Perlilséaltic
HIC pme >
1L Stirred Tank — @I_I
(Optimax)

Wet Mill Unit

Figure 6.1 Sketch of the process setup used for the wet milling processes

in this study.
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The process conditions of temperature and stirring speed of the slurry in
the Workstation were controlled using the iControl v5.2 software from

Mettler Toledo.

Data related to the size and the shape of the particles in the wet milling
processes was captured with the Mettler Toledo FBRM G400 series and
PVM V819 sensors within the stirred-tank. Offline particle size and shape
analyses were carried out using the Malvern Morphologi G3 instrument.
A description for each of these techniques has been outlined earlier
(chapter 3) and is further detailed from the following sources (Agimelen et
al., 2015, Agimelen et al., 2016, Heinrich and Ulrich, 2012, Kail et al.,

2007, Kail et al., 2009).

6.2.3. Experimental Procedure

The OptiMax vessel was charged with 900 ml of solvent at 25°C at the
start of each experiment. A predetermined quantity of solid was then
added, and heated to 40 - 50°C to dissolve. The solution was then cooled to
25°C over 20 min to saturate. Once the temperature had reached the
setpoint value, a predetermined mass of solid powder was added to the
saturated solution and allowed to equilibrate for 60 min. Before the
addition of the powder, a sample of the original material (starting
material) was initially analysed with the offline Morphologi instrument

for size and shape information.
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After the equilibration period (covering a period T1), the peristaltic pump
and wet mill were started simultaneously. The speed of the pump was
maintained at 50 rpm throughout the experiments while that of the wet
mill was initially set to 6000 rpm (for a duration T9) after which it was
increased in stages. At the next stage (with duration Ts) of the process, the
speed of the wet mill was increased to 10,000 rpm, and subsequently to
14,000 rpm (for a duration T4) and finally to 18,000 rpm (for a duration
Ts). The temperature of the mill outlet was regulated manually by
adjusting the heater chiller setpoint in order to maintain it at 25°C and
prevent dissolution. The time intervals T: to Ts varied from 30 — 90 min for

each material.

At the end of the time interval Ts, the suspension was filtered and washed
in a Bichner funnel. The same solvents which were used in the
experiments for benzoic acid and metformin hydrochloride were used for
washing each material at the end of their respective experiments, while
acetaminophen was washed with chilled water. Each material had a low
solubility in its respective wash solvent. The washed cakes obtained at the
end of each wet milling process were then dried overnight in a vacuum
oven. Samples of the milled product obtained at the end of each wet milling
process were analysed for size and shape information using the offline

Morphologi instrument.
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6.2.3.1. Benzoic Acid

Benzoic acid particles were prepared by antisolvent crystallisation (after
an initial dissolution of benzoic acid from Sigma-Aldrich) using a mixture
of 70% - 30% ethanol - water mixture as solvent, and 20% - 80%
ethanol - water mixture as antisolvent. A predetermined mass of
antisolvent was added at a predetermined rate in order to obtain long
needle shaped crystals. The particles were filtered and dried before being
suspended in water for the milling experiment. The particles were
suspended in water (saturated with benzoic acid) due to the low solubility
of benzoic acid in water. However, due to poor wettability of benzoic acid in
water, the surfactant TWEEN 20 was used at a concentration of 2 ml / L.

The solid loading was 1.6% w / w.

6.2.3.2. Acetaminophen

Acetaminophen from Sigma-Aldrich was dissolved in 3-methyl-1-butanol
after which prism like particles were obtained by cooling crystallisation.
The particles obtained from the cooling crystallisation were then
suspended in a saturated solution of acetaminophen in 2-propanol for the
wet milling experiment. The solid loading was 4.2% w / w. Although the
solubility of acetaminophen in 2-propanol is relatively high, the solvent

was chosen to avoid agglomeration.

6.2.3.3. Metformin Hydrochloride
Metformin from Molekula was used directly as the particles were already

rod-like. The particles were then suspended in a saturated solution of
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metformin in 2-propanol (in which metformin has a low solubility and good
dispersion) for the wet milling process. The solid loading was 3.5% w / w.
The wet milling process for metformin was stopped at the stage T4 (with
the mill speed of 14,000 rpm as the particles were quickly broken in this

case.

6.3. Data Analysis

As mentioned above, the starting material and the milled product for each
material were analysed for size and shape information using the offline
Morphologi G3 instrument. The CLD data acquired using the inline FBRM
sensor (using the macro mode with no weighting) were analysed using a
previously developed inversion algorithm (described earlier in section
3.2.3.3) which estimates corresponding particle size distribution and
aspect ratio (assumed to be same for all particles). Similarly, the images
captured using the inline PVM sensor were analysed using a previously
developed image processing algorithm (described earlier in section 3.2.3.4)
to obtain projections for particles captured in images and to provide the
corresponding particle length and aspect ratio for each particle deemed to
be in focus. Therefore, detailed size and shape distributions can be

obtained, similar to those from offline measurements.

The method developed for estimating the number of particles from CLD
(Ncwp) and images (Njyg) by Agimelen (Agimelen et al., 2018b) produced
during the wet milling process can be determined from an estimated

volume based PSD for the particles in the suspension and solid loading
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(which is constant during wet milling under saturated conditions). To
estimate the number of particles, the particle length L 1is discretised and
classified into N bins with the characteristic length L, = \/L_iLi+1 of bin i
representing the length of particles in bin i, where L; and L;,, are the bin
boundaries of bin i. The number of ©particles N; in

bin i is given as:

N; = miMo Eqn 6.1
pVi

Here, the mass fraction of the particles in bin i (11;), mass of the initially
suspended particles (M,) which is constant as there is no growth or
dissolution, density of particles (p) and the volume of the particles in bin i
(V;) are included. Approximating the shape of all particles in bin with an
ellipsoid of semi-major axis length @, = L,/2 and two equal semi-minor
axis length b, = 7;a; where 7; is the mean aspect ratio of all the particles
in bin i gives the volume of the particles in each bin i as v; = n7?L3 /6.
Since all particles have the same density, the mass fraction of the particles
in bin i can be replaced by their volume fraction ;. Then the number of

particles in bin i becomes:

N, = STiMo_ Eqn 6.2

=273
prr{Lj
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When the volume based PSD is estimated from the CLD inversion
algorithm, the corresponding number of particles is obtained by summing

over all bins as:

Newp = X4 N; Eqn 6.3

As the slurry is initially allowed to equilibrate during the stage T of each
of the wet milling processes, the number of particles estimated at the stage
T, will be taken as the base number of particles N2, . Then, the number of

particles relative to the base number of particles N, is obtained from

NCLD = NCLD/NCQLD‘

In the case of image analysis, the mean number of objects per frame Nj
1s used as a measure of the number of particles. It is estimated by counting
all objects which were detected and contained wholly within the image
frames. This number of objects is then divided by the total number of
frames to obtain N;y;. Similar to the case of CLD, the number of particles
estimated from images at T: will be taken as the base N{;. At the
subsequent stages, the number of particles estimated from images relative

to the base number of particles N;,; will be obtained from

NIMG = NIMG/NI(;VIG'
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6.4. Results and Discussion

The three particle analysis techniques employed in this work consistently
showed particle breakage during wet milling progressing from the lowest
to the highest mill rotation speed. However, the different techniques
showed varying sensitivities as process conditions and particle size and
shape distributions changed. Below, results for benzoic acid, metformin
hydrochloride and acetaminophen is presented. Benzoic acid is primarily
discussed in detail with respective limitations of the different techniques

using results from all three systems also analysed.

6.4.1. Offline Analysis

The two-dimensional volume based probability density function (PDF) of
particle length and aspect ratio estimated using offline imaging
(Morphologi G3) for both the starting material and the final milled product
for benzoic acid are shown in Figure 6.2 (A & B), respectively!l. The data
clearly show particle breakage as the broad peak between particle lengths
100 and 1000 microns and aspect ratios from 0.4 to 1 moves towards
smaller lengths and higher aspect ratios (Figure 6.2, (A & B)). This is
indicative of breakage of large elongated particles to much shorter, more

isometric ones.

1 The raw estimates of particle lengths and widths from the Morphologi instrument
was extracted and analysed. In the volume based analysis, the particles were treated as
ellipsoids of major axes lengths equal to the originally estimated particle lengths. The
two minor axes were set equal to the originally estimated particle widths. This was to
make the analysis consistent with those out on the inline PVM images and the particle
representation in the CLD analysis.
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Figure 6.2 2D volume based probability density function (PDF) of particle
length and aspect ratio for the starting material (a) and the final milled
product (b) for benzoic acid from the offline Morphologi instrument.
Corresponding 1D volume based particle length distributions (c¢) and 1D
volume based aspect ratio distributions (d) of the starting material and the
final milled product for benzoic acid. The number of particles contained in
the measured PSD from the Morphologi instrument was 55787 for the

starting material and 50000 for the final milled material.

In Figure 6.2 (C & D) one-dimensional projections of two-dimensional
PDFs is shown, in terms of volume based particle length distributions and
aspect ratio distribution for the starting material and the final milled
product. Similar results were also obtained for acetaminophen and

metformin (Figure 6.3 & Figure 6.4).
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Figure 6.3 2D volume based probability density function (PDF) of particle

length and aspect ratio for the starting material (a) and the final milled

product (b) for acetaminophen from the offline Morphologi instrument.

Corresponding 1D volume based particle length distributions (c) and 1D

volume based aspect ratio distributions (d) of the starting material and the

final milled product for acetaminophen. The number of particles contained

in the measured PSD from the Morphologi instrument was 8428 for the

starting material and 31050 for the final milled material.

190

PDF



0.8 o0
0.8 :
.g e
- I
E 0.6 E 0.6 0.015
=
A 0.4 g 0.4 0.01 &
7] wn
< 0.2 < o 0.005
0.2
Start End
0 0 0
10° 10! 10 10° 10° 10! 10 10°
Particlelength (pm) Particlelength (um)
0.01 (;.¢ e 2.5 =
PR
. (c) 9' v -#-Start -#-Start - | (d)
T 0008 @ ) -¢-End 2[ -0-End \,0'_9“9- -§ ]
E ¢ \ ) % \
= 0.006F A ' s E 1.5¢ K S Y
] 1 A
o s '. D 8 \
E 0.004 . \ 1 1 . . . '
I i ’ i .
[ i h
0.002 - R4 \ . 050 R TR o
1 , ~
@ o > o
0 Mmﬂm 0—9=<r= : *
10° 10! 102 10° 0 0.2 0.4 0.6 0.8 1
Particlelength (pm) Aspectratio

Figure 6.4 2D volume based probability density function (PDF) of particle
length and aspect ratio for the starting material (a) and the final milled
product (b) for metformin from the offline Morphologi instrument.
Corresponding 1D volume based particle length distributions (¢) and 1D
volume based aspect ratio distributions (d) of the starting material and the
final milled product for metformin. The number of particles contained in
the measured PSD from the Morphologi instrument was 18737 for the

starting material and 7401 for the final milled material.

6.4.2. Analysis of Inline CLD Data

The total CLD counts captured from the FBRM sensor at the different time
intervals T1 to Ts during the wet milling of benzoic acid are shown by the
solid line in Figure 6.5 (a). Each time interval (T to Ts) corresponds to an
increase in wet milling rotation speed. The estimated number of particles

from the CLD data has been described in section 6.3.
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Figure 6.5 The total chord length counts for the benzoic acid sample
during the wet milling stages covering the time intervals T1 to Ts are shown
by the solid line in (a), while the symbols show the relative number of
particles N, for the same sample. The mean chord length distributions
(CLDs) acquired in the 5 mins intervals T; to Ts (shown by the vertical bars
in (a)) within the time interval stages T1to T5 are shown by the symbols in
(b). The height of the vertical bars have no quantitative value and are all
positioned as the same height at each time interval for consistency. The
solid lines in (b) (with colours corresponding to the symbols) are the
estimated CLDs at the aspect ratios r indicated in the (c). The estimated
volume based PSDs from the CLDs shown in (b) at the aspect ratios

indicated in (b) are shown in (c).

The increase in total chord counts over the wet milling stages T:1 to Ts
(Figure 6.5, (a)) clearly indicates breakage of particles during the process
as the conditions were such that there was no nucleation or growth of

particles. This breakage is also reflected in the increase in the relative
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number of particles Ncip as shown by the symbols in Figure 6.5 (a). The
mean CLD captured in 5 min time intervals (T; to T shown by the vertical
bars in Figure 6.5 (a)) within the time intervals Tito Ts are shown by the

symbols in Figure 6.5 (b).

Breakage of particles leads to an increase in the counts for smaller chord
lengths of these CLDs over the time intervals T, to Ts as the CLD
acquisition time was fixed throughout the process. The solid lines (with
the colours corresponding to the symbols) in Figure 6.5 (b) are the fitted
CLDs obtained by solving the associated inverse problem. This involves
searching for a PSD at different aspect ratios r (all particles are assumed
to have the same mean aspect ratio) whose corresponding CLD gives the
best fit to the measured CLD (Agimelen et al., 2015). In the case of Figure
6.5 (b), these best fits were obtained at r = 0.6 (T;), r = 0.5 (T,), r = 0.5 (T5),
r=0.5(T,) and r = 0.8 (Ts) as indicated in Figure 6.5 (b). In order to reduce
the search space and regularise the inverse problem (described in section
3.2.3.3), experimental estimates of aspect ratio with reasonable bounds
were achieved from the imaging instruments (PVM sensor and
Morphologi). This information was then used to constrain the search for a

representative aspect ratio during the wet milling processes.

The PSDs estimated from the CLDs (Figure 6.5, (b)) (at the best fit values
of r) are shown in Figure 6.5 (c). The estimated PSDs (Figure 6.5, (c)) both

show breakage of particles moving from T;to T5s. That is, the peaks of the
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distributions shift to the left and both the right and left tails of the
distributions shift to the left on moving from Ti to Ts. Similar results were
obtained from the analysis of CLD data for acetaminophen and metformin

(Figure 6.6 & Figure 6.7).
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Figure 6.6 Total chord length counts and relative number of particles N p
for the acetaminophen sample during the wet milling stages covering the
time intervals Ti to T5 (a) and volume based data from CLD analysis

(b & c¢) similar to Figure 6.5 is shown.
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Figure 6.7 Total chord length counts and relative number of particles N¢;p
for the metformin sample during the wet milling stages covering the time
intervals T to Ts (a) and volume based data from CLD analysis (b & c)

similar to Figure 6.5 is shown.

6.4.3. Analysis of Inline PVM Images

Breakage of benzoic acid particles during wet milling is evident from
inspecting inline PVM images. However, image analysis provides
quantitative estimates of how particle size and shape distributions vary in

response to changing mill rotation speed.

This can be clearly seen in the two dimensional probability density function
of particle length and aspect ratio (Figure 6.8, (a)) obtained from the
analysis of PVM images (moving from T; to Ts). It is noted that the particle
length distribution obtained from PVM images has lower and upper

cut-offs due to limitations of image size, resolution and subsequent image
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processing. At the lower end, the cut-off is at a length of about 25 um. This
is because of the resolution of PVM images and a choice of a minimum pixel
area required (here we used 576 um?, corresponding to length. 24 um) by
an image processing algorithm to distinguish between relevant objects and
background image noise. Therefore all particles with smaller lengths were
rejected by the image processing algorithm. Also, objects with lengths

> 500 um tend to be undercounted by the image processing algorithm.
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Figure 6.8 2D volume based probability density functions (PDFs) of
particle length and aspect ratio estimated from images captured with
inline PVM sensor during wet milling stages T (a) and T (b) for benzoic
acid. The number of images captured and analysed at T1 was 424 and 300
for Ts. Corresponding 1D volume based particle length distributions (c)
and 1D volume based aspect ratio distributions (d) during wet milling
stages T1 and T5 for benzoic acid. The number of particles contained in the

measured PSD from the PVM sensor was 511 for T1 and 821 for Ts.
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This 1s because larger objects have a higher chance of touching the image
frame so that most of them are rejected. Hence, the particle length
estimates from PVM images are most reliable within the range from about

25 to about 500 xm.

6.4.4. Limitations of Particle Size Techniques
Wet milling of particle slurries from the three systems used in this work
presented different challenges pertaining to particle sizing techniques and

corresponding data analysis as discussed below.

6.4.4.1. Limitations of Offline Analysis

One of key limitations of particle sizing using offline imaging, such as the
Morphologi G3 used in this work, is the change of state of the particles
between the slurry and the dry powder used for analysis. In some cases,
particles that were initially agglomerated before suspension could become
de-agglomerated upon suspension and agitation. This is particularly
obvious in the case of the acetaminophen starting material. The sample
1mages from the offline instrument suggests the presence of agglomerates
up to 1000 um (Figure 6.9, (a)). Whereas, these large agglomerates seem
to be missing in suspension as suggested by the sample images from the
PVM sensor at T (Figure 6.9, (b)). The presence of the large agglomerates
in the starting material of acetaminophen leads to the peak close to
1000 um in the estimated volume based PSD for acetaminophen obtained

with the Morphologi instrument which is seen in Figure 6.10 (b).
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Figure 6.9 Sample starting material images for acetaminophen. a) image

object collected via Morphologi G3 instrument with a length of 105.49 ym
1s indicated with the red arrow b) image collected at the start (T:) using

the inline PVM sensor.

Hence the peaks of the estimated volume based PSDs from CLD and PVM
images at T are shifted to the left of the corresponding estimate of the
starting material of acetaminophen obtained from the offline Morphologi
instrument (Figure 6.10, (b)). In some other cases, particles that were
initially separated could become agglomerated upon filtration and drying
for offline analysis. This is obvious in the case of the milled product of
benzoic acid. The PVM images (Figure 6.11, (T5)) of the benzoic acid sample
suggests that the particles were mostly separated at Ts whilst in
suspension. However, a significant amount of them had become
agglomerated upon filtering and drying before offline analysis with the

Morphologi instrument, as seen in Figure 6.12.
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Figure 6.10 The volume based PSDs (a)-(c) estimated for the starting
materials using data from the offline Morphologi instrument, CLD analysis
T,, PVM image analysis at T1, PVM image analysis at T1, for each of the
materials indicated. Similar estimates of the volume based PSDs at T3, T,,
Ts, Ts, and for the milled products for each of the materials are shown in
(d) — (f). The number of particles contained in the measured PSD for the
starting material were 8428 (acetaminophen, (b)) and 18737 (metformin,
(c)) from the Morphologi instrument. For the final milled material, the
number of particles were 31050 (acetaminophen, (e)) and 7401 (metformin,
(0). From the PVM sensor, the number of images captured and analysed at
T, for acetaminophen (b) was 361 and 150 for T's (e). The number of images
captured and analysed at T: for metformin was 2103 (c) and 1899 for T's (f).
From PVM image analysis, the number of particles contained in the
measured PSD for T: were 1799 (acetaminophen, (b)) and 3540
(metformin). For acetaminophen at T's (e) the number of particles were 887
and for metformin at Ts were 1007. The number of particles in the
measured PSD from imaging for benzoic have been stated in Figure 6.2 &

Figure 6.8.
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Figure 6.11 Some sample images collected using the inline PVM sensor
during the wet milling of benzoic acid. The images were collected during

the stages T and T5s of the process as indicated in the images.
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Figure 6.12 Sample images obtained with the offline Morphologi
instrument for the benzoic acid starting material. The object on the left

indicated with the double red arrow has a length of 301.7 ym.
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6.4.4.2. Limitations of CLD Analysis

The idealised CLD model (Li and Wilkinson, 2005) used in this work
assumes that all particles lie on the focal plane of the laser spot of the
FBRM instrument, and that the laser spot makes a straight chord on the
particles. However, as the length dimensions of the particles become
comparable to the diameter of the circular laser beam (the FBRM G400
used in this work has a diameter of 5.3 mm), the curvature of the chord
becomes more pronounced and the relationship between the particle size
and shape and the corresponding CLD becomes less accurate as the

particle length increases.

This situation particularly arises in the case of the starting material of
metformin in Figure 6.13. The sample image of the starting material of
metformin (Figure 6.13, (a & b)) suggests the presence of particles of
lengths = 3000 um. These lengths dimensions are not accurately
represented in the CLD data, so that the peak of the volume based PSD
estimated from CLD analysis at T; is shifted to the left of the
corresponding estimate using the offline Morphologi instrument. This is
seen in Figure 6.10 (c). There is also the possibility that some of these long
rod-like particles were broken upon suspension and agitation, so that their

contribution to the CLD data is reduced.
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2938.34 ' m

Figure 6.13 Sample starting material images for metformin HCL.
a) image object collected via Morphologi G3 instrument with a length of
2938.34 yum 1is indicated with the red arrow b) image collected at the start
(T1) using the inline PVM sensor.

Another issue with CLD analysis is the situation where objects are
transparent to the laser beam. There was a significant amount of bubbles
produced during the wet milling of the benzoic acid sample, as seen in the
PVM images (Figure 6.11) from T2 to Ts. Even though these bubbles are
not crystalline particles, they contribute to the chord count of the FBRM
sensor. Because the bubbles are transparent to the laser beam, they lead
to chord splitting (Heinrich and Ulrich, 2012, Kail et al., 2007) at their
boundaries. This could lead to an artificially high count of shorter chords,

and hence to an over estimation of fines in the estimated volume based

PSD from CLD analysis.
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The CLD modality is inherently biased towards larger particles
(Agimelen et al., 2015). This leads to a situation whereby when there is a
significant proportion of larger particles in a suspension. Therefore, the
aspect ratio predicted from CLD analysis becomes biased towards that of
the larger particles. This is clearly demonstrated in the case of metformin.
Analysis of CLD data for metformin suggests an aspect ratio of r = 0.3 at
both T, and T, as indicated in Figure 6.7 (b & c). The peak of the volume
based 1D aspect ratio distribution (Figure 6.4) from Morphologi for
metformin occurs at about 0.45 for the starting material. However, the
corresponding estimate for the milled product shows a shoulder covering
around 0.55 to 0.85. When this data is represented on a number basis
(Figure 6.14), the peaks of the estimated 1D aspect ratio distribution from

Morphologi for metformin almost coincide at 0.75.

This situation occurs because the metformin sample contains a significant
amount of fines as seen in Figure 6.15. As the CLD modality is biased
towards larger particles, which are more elongated in this case, the
estimated aspect ratio of r = 0.3 at T, is closer to the position of the peak
of the 1D aspect ratio distribution from the Morphologi on volume basis
rather than on number basis. This is because the smaller particles, which
dominate the number based distribution, are more rounded than the larger

particles.
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Figure 6.14 2D number based probability density function (PDF) of

particle length and aspect ratio for the starting material (a) and the final

milled product (b) for metformin from the offline Morphologi instrument.

Corresponding 1D number based particle length distributions (c) and 1D

number based aspect ratio distributions (d) of the starting material and

the final milled product for metformin.
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Figure 6.15 Some of the particles in the milled product (obtained with the

offline Morphologi instrument) of metformin are shown in the images. The

object indicated with the red double arrow has a length of 246.14 um.
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6.4.4.3. Limitations of Inline Image Analysis

Analysis of images captured with inline instruments such as the PVM
comes with a number of challenges. One issue is objects not being in the
focal plane of the camera (Cardona et al., 2018). Even though the image
processing algorithm used in this work has a focus threshold, which allows
objects captured out of focus to be rejected, some of these objects still get
accepted when they just meet the criteria used for acceptance. Similarly,
some objects are only captured partially in focus, so that only a part of the
object’s boundary will be detected. The size and shape of these objects
captured out of focus or partially in focus are not well represented in the
data. This situation contributes to the aspect ratios estimated for the three
samples at both Ti and Ts extending up to 1, as seen in Figure 6.8 for
benzoic acid, and in Figures 11 - 14 of the supplementary information
(Agimelen et al., 2018b) for acetaminophen and metformin respectively.
Another factor contributing to the aspect ratio distribution extending to 1
at both T1 and Ts1s that the suspensions contained a significant amount of
fines as seen in the PVM images (Figure 6.11 & Figure 6.17). These fines

are mostly more rounded than the larger more elongated particles.
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Figure 6.16 Some sample images collected using the inline PVM sensor

during the wet milling of acetaminophen.

Figure 6.17 Sample images for metformin. The wet milling process for
metformin was terminated at stage T4 as the inline PVM images had

almost become blank at the latter part of this stage.
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Another limitation of image analysis is the case of objects touching the
edge of the image frame. These objects are rejected from the analysis. This
leads to a situation where the estimated PSD from image analysis is biased
towards smaller particles when there is a significant amount of large
particles touching the image frame. This effect is more pronounced in the
case of metformin at T, where the estimated volume based PSD from PVM
1mages is shifted to the left of the corresponding estimate of the starting
material of metformin obtained with the offline Morphologi instrument
(Figure 6.17). However, as mentioned earlier, it could also be that some of
the long (with lengths =~ 3000 um) rod-like particles in the starting
material of metformin may have broken to smaller particles upon

suspension and agitation.

All images are affected by a resolution limit of the camera used, whereby
small objects that are too close to the resolution limit are no longer
distinguishable from the background noise of the image. As these objects
are removed from the analysis, the fines could become under estimated if
there is a significant amount of small particles in suspension. This is the
reason all the particle sizes estimated from PVM images in this work have

a cut-off close to 25 um as seen Figure 6.8 & Figure 6.10.

This effect 1s even more pronounced in the case of metformin where it was
virtually impossible to see objects in the PVM images at T4 (Figure 6.17)
where the captured images are virtually blank. Hence, analysis of images

captured at T4 for metformin was not done in this work. That is why the

207



volume based PSD for metformin (Figure 6.10, (f)) was estimated at Ts.
This effect is also seen in the estimated relative mean number of objects

per frame (Nyyg) in Figure 6.18.

As the wet milling progresses, the number of objects detectable in images
reduces due to the reduction in particle sizes, hence the value of Nyyg
shows a small decrease after an initial increase. This is seen in the case of

metformin shown in Figure 6.18 (c).
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Figure 6.18 The relative number of objects per frame Ny, estimated from
the images captured with the inline PVM instrument over time covering
the period T to Ts for benzoic acid & acetaminophen and T to Ts for

metformin are shown by the symbols.

208



6.4.5. Effect of Mill Rotation Speeds on Particle Size

The results shown in the previous sections show an overall decrease in
particle size as a result of the wet milling. This decrease is reflected in all
the PSDs estimated from CLD and both inline and offline images. The
decrease in particle size and corresponding increase in particle number is
also reflected in the estimated mean number of objects per frame Njyg
(from inline images) as a function of rotation speed. This is shown in
Figure 6.18. This is similar to the situation observed in N¢ip in

Figure 6.5 (a).

In order to accurately capture the increasing number of smaller particles
as rotation speed increases, we counted all objects in images rather than
just those in focus, as the number of objects detected in focus reduce with
decreasing size near the resolution limit (which is around 25 um here).
Taking only objects in focus would lead to a reduction of the mean number
of objects per frame, although this may eventually happen if particles

become too small to be resolved by the camera.

In Figure 6.19 we can see the dependence of the volume weighted mean
particle length D43 as a function of wet mill rotation speed, estimated from
both CLD data and inline images, together with values from offline
analysis estimated before and after milling. There 1s a good agreement
between results from the two inline methods in all three cases

(Figure 6.19) and between inline and offline measurements.
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Figure 6.19 Estimated D43 values of particle length for the three materials
using the three modalities as indicated. The estimates from the offline
Morphologi instrument are added just for comparison as the particles were

not in suspension during the measurement.

In the case of metformin, the estimated D43 value of the starting material
obtained from Morphologi is more than double the corresponding values
from inline CLD and PVM (Figure 6.19, (c)). This is because of the long
rod-like particles of order 3000 um in the starting material of metformin.
These particles were out of the range of measurements of FBRM and PVM

as discussed earlier.

A similar situation is seen with acetaminophen. The agglomerates present
in the starting material of acetaminophen (Figure 6.9) causes the

estimated D43 value of the starting material to be about double those of the
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estimates from inline CLD and PVM images at 0 rpm (Figure 6.19, (b)).
Furthermore, the estimated Ds3 value of the milled product of
acetaminophen is about half the values estimated from inline CLD and
PVM images. This could have been due to generation of fines during

filtration and drying of the milled paracetamol.

Finally, we can also see that the mean particle size dependence on wet mill
rotation speed between 6000 and 14000 rpm is relatively gradual for both
benzoic acid and acetaminophen, while for metformin there is a very large
decrease 1n the mean size after the lowest rotation speed
(6000 rpm) 1s applied, followed by relatively little change afterwards. This
indicates that material properties of crystals and solvents used are likely
to play a significant role in performance of high shear wet mills in

pharmaceutical manufacturing.

6.5. Summary

Recently developed computational tools were employed for estimating
particle size and shape distributions from inline CLLD and imaging data to
study changes in particle size, shape and number in slurries during wet
milling with variation in milling speed. The estimates from the inline
instruments to corresponding estimates from offline analysis were also
compared. The results show that these tools are suitable for obtaining
quantitative estimates of particle size and shape distributions and number
of particles in slurries. This is consistent with previous results (chapter 4).

However, some inconsistencies were observed between estimates from
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inline and offline measurements, and possible reasons for the discrepancies
were discussed. The ability to capture changes in the quantitative particle
attributes mentioned above show the promise that these tools hold for
aiding modelling and control of crystallisation processes. The quantitative
PSD and shape information obtained inline and in real time can be used to
tune kinetic parameters in population balance models for crystallisation

processes, accounting for time dependence of kinetic process parameters.

The results also reveal some of the challenges of estimating PSD from data
captured with inline instruments. Inline imaging is limited to particles of
certain minimum sizes due to camera resolution limits and out of focus
rejection requirements for image processing algorithms. In addition, the
PSD estimated by inline imaging becomes less representative as the sizes
of the particles approach the size of the image frame. Similarly, the
measured chord length from the FBRM sensor becomes less accurate as
the length of needle-like particles approach the diameter of the circular
trajectory of the FBRM laser spot. Also, CLD data could be affected by
chords measured from bubbles present in the process. The CLD data could
also become unrepresentative when there is significant chord splitting at
the edges of the particles. Approaches for combining both CLD and
imaging data in a multi-objective optimisation approach are being
explored in further work in order to improve the robustness and accuracy

of estimated PSD from inline CLLD and imaging data.

212



Chapter 7
Industrial Case-Study. Demonstrating the
Influence of an Indirect Ultrasound Strategy on

Particle Size, Shape and Nucleation of APIs

This chapter is a result of an industrial placement held at Takeda
Pharmaceuticals (Boston, USA) in collaboration with The University of
Strathclyde (CMAC)
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7. Demonstrating the Influence of an Indirect Ultrasound
Strategy on Particle Size, Shape and Nucleation of APIs

7.1. Introduction

The application of ultrasound for particle engineering of pharmaceutical
compounds has shown potential for accelerating nucleation Kkinetics
(Ruecroft et al., 2005, Devarakonda et al., 2003), affecting breakage rates
(Zeiger and Suslick, 2011) and achieving the de-agglomeration of particle
suspensions (Cote and Sirota, 2010). To affect these mechanisms, acoustic
energy generated from a horn in direct contact leads to cavitation in the
process solution. However, this can also be achieved via indirect means for
instance, transfer of ultrasound through an external medium. Ultimately,
the application of ultrasound for process intensification can allow for
particle attributes such as size and shape to be tailored to desired
specifications which can improve downstream processing (Price, 2017). An
overview of wultrasound principles & mechanisms for affecting

crystallisation is discussed in chapter 1 (1.3.3).

7.1.1. Particle Size and Shape Control

Direct ultrasound application was demonstrated by Kim et al
(Kim et al., 2003) for simultaneous size reduction and shape manipulation
with subsequent temperature cycling for plate-like and needle-like habits
which i1mproved particulate processing (Figure 7.1). A recent study
outlined the recommended operating modes for direct ultrasound either

through continuous, single-pulse or multiple-pulse modes for PSD control

214



which was investigated on piracetam, acetaminophen and ibuprofen
(Ramisetty and Rasmuson, 2018). The results highlighted that operating
in multiple-pulses reduced energy consumption and generated smaller
particle sizes with a narrower PSD in comparison to continuous and
single-pulse modes (Ramisetty and Rasmuson, 2018). Further
implementation of a direct ultrasound probe horn in “flow” for continuous
generation of seed particles for batch and continuous crystallisation
processes has also been shown useful for product attribute control

(Siddique et al., 2015, Cote and Sirota, 2010).

(A) (B)

to receiving vessel

(alternative set-up)
3

to isolation E/

equipment 12" sonic probe

1 L tube volume:

Figure 7.1 Schematic of inline sonication (direct) setup in a recycle
scale-up process (A). Needle-like crystals of a BMS compound as
crystallised (top); the particle length of the needles were reduced by
application of ultrasound in the crystal slurry (middle); subsequent series
of temperature cycling and ultrasonic treatment produced “brick-like”

morphology (bottom) (B) (Kim et al., 2003).
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7.1.2. Limitations of Direct Ultrasound

The insertion of an ultrasound probe horn in direct contact with a liquid
medium is most commonly used however has well reported limitations
(Sander et al., 2014). The most common issue being surface erosion leading
to particle shedding which can affect the drug substance quality through
incorporation of particulate metal impurities (Price, 2017). Substantial
temperature deviations due to heating effects from the probe horn can also
occur when inducing compression and rarefaction of the liquid medium
through ultrasonic propagation (Zhang et al.,, 2015). For example, the
multiple-pulse method employed from Ramisetty & Rasmuson (Ramisetty
and Rasmuson, 2018) generated a temperature increase of 1.8°C / min each
time when pulsing was applied with an input power of 144 W/ kg. Although
improved product attributes were obtained, frequent temperature
increases during crystallisation processes can lead to unwanted impact
such as dissolution of crystals. Other issues can include excessive noise in
the vicinity of health and safety implications and the rapid dissipation of
energy transferred per unit volume which leads to inconsistent distribution
of power in the processed sample (Sander et al., 2014, Ruecroft et al., 2005,

Capelo-Martinez, 2009).

To avoid the limitations arising from direct contact of an ultrasound probe
with a liquid medium, alternative approaches through indirect ultrasound

transfer have been described for crystallisation process development.
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Figure 7.2 Sketch of an indirect ultrasound method for inducing
nucleation of a supersaturated solution through directly pressing a probe
horn on a tube. The tube is placed in a water bath for temperature control.
This approach generated a spatially localized zone through maximising
ultrasonication energy transferred per unit volume with the solution. From
this, continuous generation of seed crystals was achieved

(Jiang et al., 2015).

A typical indirect approach involves pressing an ultrasound probe on the
outer part of a tube to induce nucleation through cavitation as shown in
Figure 7.2 (Jiang et al., 2015, Eder et al., 2012). So whilst an indirect
approach shows promise, publications surrounding the intensity and
consistency of ultrasound energy from various devices to affect the
crystallisation of APIs and control of critical quality attributes (CQA) is
limited. Ideally, the goal is to generate a reliable target population of seeds
with controlled attributes via specific ultrasound energy input whilst

avoiding temperature increase and particle shedding. Demonstrating the
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performance of an easy to use, indirect ultrasound process with practical

applications for commercial scale use would be of great interest.

7.1.3. Aim of Case-Study

In this work, indirect ultrasound is explored as a viable and robust means
for particle engineering of APIs. A semi-continuous platform which applies
indirect ultrasound for inducing nucleation, particle size reduction and
shape modification is investigated. The indirect process consists of an
inline flow-cell generating intense ultrasonic vibrations via electrical
stimulation (Figure 7.5). These mechanical vibrations are then transferred

to a glass tube which in turn sonicate the incoming process stream.

Two APIs which have been found hard to nucleate with standard conditions
were selected for this case-study (section 7.2.1). To establish key
relationships between process parameters and product attributes, a series
of isothermal desupersaturation experiments were conducted which
monitored the impact of indirect power amplitude (0, 20%, 40% and 80%)
on inline count profiles, chord length distributions (CLD), particle size
distributions (PSD) and solution concentrations. Nucleation rates affected
from ultrasound impact were then extracted through population balance
modelling as a proof-of-concept demonstration. To our knowledge, this is
the first study to test and implement this indirect ultrasound flow-cell
strategy on APIs for nucleation acceleration and control of particle

attributes. The overall platform integration and ease of operation were
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additionally assessed for potential

manufacturing of pharmaceuticals.

7.2. Experimental Section
7.2.1. APIs

7.2.1.1. TAK-438

application 1in

C1?H1 6N302S' C4H4O4

continuous

Figure 7.3 Recrystallised step affording TAK-438 with its chemical

structure displayed (Li et al., 2018).

TAK-438 is a novel, orally active potassium-competitive acid blocker

(P-CAB) and was synthesised by Takeda Pharmaceutical Company Ltd,

Tokyo, Japan (Jenkins et al., 2015, Otake et al., 2016). It is currently in

development for treatment for acid-related diseases such as gastric ulcer,

duodenal ulcer and reflux esophagitis (Otake et al., 2016). The current

crystallisation of TAK-438 is an unseeded batch cooling crystallisation

which 1s dissolved in a methanol-water (70:30) solution (Figure 7.3). Upon

crystallisation and isolation (filtration, washing, drying) of the crystalline
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powder, offline jet milling is then employed to afford the final TAK-438

particle size

7.2.1.2. TAK-117

C‘|1H1?N503

Figure 7.4 Recrystallised step affording TAK-117 with its chemical
structure displayed (Durak et al., 2018).

TAK-117 is a selective PI3Ka inhibitor. The manufacturing process relies
on palladium (Pd)-catalysed Suzuki coupling reaction as the last
bond-forming step (Durak et al., 2018). Recently, a revised crystallisation
process for TAK-117 through temperature cycling in dimethyl sulfoxide
(DMSO) was developed which greatly improved purity and recovery,
physiochemical and bulk powder  properties (Figure 7.4)

(Durak et al., 2018).

7.2.2. Materials and Method

TAK-438 crystallisation was investigated in the solvent composition
MeOH-H20 (70:30) and TAK-117 was used in pure DMSO solvent
(Figure 7.7). Both APIs were used as received from Takeda (Figure 7.3 &

Figure 7.4). All solvents were purchased from Fisher-Scientific
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(HPLC grade, > 99.5%). A 1 L stirred-tank glass reactor equipped with a
heater-chiller unit (silicon oil as the circulating liquid) for temperature
control, an overhead four-pitched blade glass agitator and an inline
thermocouple for temperature monitoring was used for all experiments
(Figure 7.6). A Mettler-Toledo inline FBRM probe (G400 series) for particle
tracking and chord length distribution by laser back-scattering iC FBRM

V4.3) was also used.

The indirect ultrasound device consisted of a GDmini2 flow-cell (Heilscher,
Teltow, Germany) with a glass tube (3.9 ml, ID: 0.15 inch) surrounded by
a stainless jacket (Figure 7.5). The flow-cell is coupled with an
UP200St-TD transducer (200 watts) generating intense ultrasonic
vibrations with pressurized water (8 bar) for temperature control of the
flow-cell. Thermocouples were inserted on the flow-cell inlet and outlet for
temperature monitoring. The ultrasound was operated with continuous
pulsing mode (100% cycle time) consisting of a working frequency of 26 kHz

and investigated power amplitudes of 20%, 40% and 80% (Figure 7.5).
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Figure 7.5 Sketch of the implemented indirect ultrasound flow-cell used
in this study. Details surrounding the experimental procedure is described

1n section 7.2.4.

To calculate the power dissipated across the flow-cell, the following

equation can be used:

Poutput = Pdi;zlay Eq 7.1
From the above equation, Pyjsp4y 1s the observed power in watts (W) on the
display unit which is a function of the set power amplitude. The surface
area (SA) (m2) was then calculated as the internal diameter and height of
the flow-cell which was measured. This allowed for the ultrasound power
output (KW / m?2) dissipated across the flow-cell as a function power
amplitude (%) to be calculated. A list of the process parameters used in this

study are shown in Table 7.1:
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Table 7.1 List of investigated process parameters for the batch, recycle control and indirect ultrasound experiments.

API

TAK-438

TAK-438

TAK-438

TAK-117

TAK-117

TAK-117

Experiment
type

Indirect
ultrasound

Recycle
control

Batch
control

Indirect
ultrasound

Recycle
control

Batch
control

(mg/ml)

70

70

70

20

20

20

Csat

0

55.3

55.3

55.3

76.4

76.4

76.4

Tfeed

0

45

45

45

35

35

35
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S
(C/Cs)

1.61

1.61

1.61

3.09

3.09

3.09

Vrate
(ml/min)

300

300

300

300

P amp

(%6)

20, 40, 80

40, 80

Pdisplay

W)

6, 15, 27

15, 27

P, output

(KW/m?)

53.33, 133.1,
239.97

0

133.1, 239.97



7.2.2.1. Laser Diffraction Particle Size Method

A Malvern Mastersizer 2000 equipped with a wet dispersion unit
(Hydro 2000s) was used for all particle size analysis. A manual
measurement was undertaken for each sample. For TAK-438, refractive
index = 1.52 and dispersant refractive index = 1.377 which was saturated
2-propanol with TAK-438. For TAK-117, refractive index = 1.52 and
dispersant refractive index = 1.33 as water was used. TAK-117 was
suspended in 1% w / w Triton X-100 in water to aid in particle dispersion
prior to measurement. A dispersion unit speed of 1500 rpm, ultrasound
0 — 20%, sample measurement time of 10 s, 5 to 15% obscuration limit and
three measurement cycles was carried out. Samples were added dropwise
via transfer pipette to the wet dispersion unit to give the desired
obscuration. Offline particle size distribution data was then exported from

the raw files.

7.2.2.2. HPLC Concentration Method

A HPLC instrument (Agilent 1100 Series) and UPLC (Acquity, Waters)
was used for all concentration measurements. All concentration
measurements were carried by HPLC (Agilent 1100 Series) and UPLC
(Acquity, Waters) using the method developed by Takeda. This included a
UV detector at a wavelength of 230 nm and bandwidth of 4 nm. The column
used was a symmetry C18.5 um 4.5 x 75mm with the column temperature
set at 25°C and a sample injection volume of 5 puL.. The pump flow rate was

1 ml / min. The mobile phase consisted of a gradient of 0.1% formic acid in
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H20 (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B).
The initial ratio of mobile phase A to B was 90/ 10. This was changed to a
ratio of 60 / 40 by 5 min and then increased to 90 / 10 by 6 min which was
held until the end of the run. Concentration ranges for TAK-438 (0.0625,
0.125,0.25, 0.5, 1 mg/ ml, r2=0.9994) and TAK-117 (0.03125, 0.025, 0.125,
0.25 0.5 mg / ml, r2 = 0.9989) were selected for the calibration model
development. Prior to HPLC analysis, MeOH-H20 (70:30%, v / v) was used
as the diluent for TAK-438 (25 ml) and pure DMSO was used as the diluent

for TAK-117 (25 ml).

7.2.3. Experimental Process
The experimental apparatus used is shown in Figure 7.6. Conditions used

are detailed in Table 7.1.

ndirect

Figure 7.6 Experimental apparatus configured for this study in the

process chemistry laboratory at Takeda Pharmaceuticals (Boston, USA).
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7.2.4. Experimental Procedure

The APIs were both dissolved at their relevant compositions
(TAK-438 = 70 mg / ml & TAK-117 = 20 mg / ml) and heated above their
saturation point (Cs,.) With agitation (250 rpm) to ensure rapid dissolution
(Figure 7.6 & Figure 7.7). The solution was held at this temperature for
up to 1 hr to ensure all particles were dissolved. FBRM was inserted in the
stirred-tank vessel for particle tracking. The undersaturated solution was
then slowly cooled down (20 - 30 min) to reach the desired supersaturation
and held for an additional 30 min as annotated in Figure 7.7. The clear
supersaturated solutions were then recirculated (Tf..q) through a
peristaltic pump (Masterflex L / S, ID = 0.25 inch, Figure 7.6) with the
recycle line consisting of silicone tubing with trace-heating (Figure 7.5 &
Figure 7.6). The pressurized-water jacket (8 bar, 10°C) attached to the
ultrasound flow-cell (Figure 7.5) was started 30 min prior to recirculation

to ensure overall equipment temperature was equilibrated.

A. Indirect Ultrasound

For the indirect ultrasound applied experiments (20%, 40%, 80%), the
solutions were recirculated continuously through the flow-cell. No
amplitude was applied in the initial 30 min to 1 hr of recirculation for
temperature stabilisation and to confirm the absence of primary
nucleation. After this initial period, the desired ultrasound power
amplitude was selected (Table 7.1) and applied in continuous mode at fixed

supersaturation throughout the duration of each experiment.
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B. Recycle Control

For the recycle control experiments (Table 7.1) the same supersaturation
and experimental procedure was followed however no ultrasound power
amplitude was applied. Therefore, the solution was continuously recycled
throughout the process setup (Figure 7.6) and duration of each experiment.
This control was to decouple the effect of indirect ultrasound application

on the crystallisation of the API.

C. Batch Control

For the batch control experiments, the same supersaturation was used and
held at constant temperature within the stirred-tank vessel from 48 h to
96 h with no recirculation and application of ultrasound power amplitude
(Table 7.1). This control was to decouple both the recycle control and

indirect ultrasound effect on the crystallisation of the API.

7.2.4.1. Sampling Procedure

Regular sampling was implemented throughout the duration of each
experiment. For concentration analysis (section 7.2.2.2), slurry samples
(5 ml) were directly withdrawn from the vessel and immediately filtered
via syringe filter (0.2 zm) into a pre-weighed volumetric flask (25 ml). The
relevant diluents for HPLC measurement were then used. For each
sampling time, triplicates were taken for a consistency check. For particle
size distribution analysis (section 7.2.2.1), 25 ml to 50 ml (depending on

slurry density) was directly withdrawn from the vessel by a transfer

228



pipette and immediately filtered wvia vacuum filtration, washed
(TAK-438 = MeOH-H20 (70:30), TAK-117 = H20) and dried in a vacuum
oven overnight (40°C to 45°C). Dried samples were then further subjected

for microscopic analysis.

7.3. Results and Discussion
The results obtained for each of the experiments (indirect ultrasound,
recycle and batch control) are presented in this section. No seeding was

used in this study.

7.3.1. Analysis of TAK-438

7.3.1.1. Induction Time

Analysis of Figure 7.8 (A & B) shows clear differences in total count trends
and crystallisation behaviour from the tested experimental conditions
(Table 7.1). The control (batch & recycle) experiments with a
supersaturation of 1.61 consisted of a slow crystallisation as there was no
ultrasound effect or seeding (Figure 7.8, (A)). For the batch control, the
mean induction time was 90 + 54 min whereas the recycle control was
180 min + 15 (Table 7.2 & Figure 7.9). Although the recycle control had an
unexpected 50% increase in induction time in comparison to the batch
control, in some cases through further experimentation the batch control
had nucleated after several days (2 to 5). This could be due to its
unpredictability as seen from the large mean induction time standard error

values (Table 7.2).
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Figure 7.8 Total count profiles (macro view) obtained for TAK-438 over

time.

The impact of ultrasound start (20%, 40% & 80%) and control

experiments (batch & recycle) without ultrasound start is shown on the

same profile from 0 to 300 min (A). The early stages of total count increase

(0 to 70 min) for each experiments is zoomed in (B). The onset of nucleation

was defined as the induction time (T},;) having more than a total counts of

> 1000.

200 T T
1 € Batch control
180 ] ¥<—no ultrasound @ Recycle control |
1604 A 20% ]
] B 40%
1404 T v 80% .
.’ET 120 - ]
E 1004 5
= { €p<4—no ultrasound
80+ .
£
& 60 n
404 1 N
. A
204 @ .
0 v
T T T T T T T T
0 50 100 150 200 250

Poutput (KW/m?)
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1s calculated for the control experiments as there was no ultrasound effect.
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Table 7.2 Induction times for TAK-438 for each experimental condition is

shown.
Experiment Type Poutput Tipg (min)
(KW/m?2)

Batch control 0 90 + 54
Recycle control 0 180 + 15

Ultrasound 53.33 30
Ultrasound 133.1 15+2.5
Ultrasound 239.97 5+5.51

When applying indirect ultrasound at the selected power amplitudes
(Table 7.1) the effect of ultrasound had a considerable impact on the total
count profiles in comparison to the control experiments (Figure 7.8, (A)).
Increasing the power amplitude from 20% (53.33 KW / m?2) to
80% (239.97 KW / m?) reduced the mean induction time from
30 min to 5 £ 5.51 min (Table 7.2, Figure 7.8 (B) & Figure 7.9). Selecting
the highest power amplitude of 80% (239.97 KW/m2) produced an
instantaneous occurrence of nucleation within 5 min of ultrasound start
(Table 7.2 & Figure 7.9). This generated a rapid increase in total counts
from 0 to 200 min due to enhanced secondary nucleation which had levelled

off from 200 to 300 min as supersaturation is depleted (Figure 7.8, (A)).

Similarly, whilst a rapid increase in total counts from ultrasound start is
also seen for 20% and 40% (Figure 7.8, (A & B)), it was clear with increasing
ultrasound power, the mean induction time decreases simultaneously
(Table 7.2, Figure 7.8 (B) & Figure 7.9). The mean induction times consist
of smaller standard error values (15 + 2.5 min & 5 + 5.51 min) with less

spread in  variability @ when applying  ultrasound  power
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(133.1 KW/m? & 239.97 KW/m?2) in comparison to the control experiments
(90 £ 54 min & 180 + 15 min) (Table 7.2). This indicates that indirect
ultrasound energy input facilitates and provides control over primary

nucleation kinetics at fixed supersaturation for TAK-438.

7.3.1.2. Particle Size and Shape

The sampling method (described in 7.2.4.1) allowed for particle size
distributions (Figure 7.10), Dv50s (Figure 7.11 & Figure 7.12) and shapes
(Figure 7.13) to be tracked over time during the experimental process. As
the control (batch & recycle) experiments nucleated slowly over time, final
PSDs were only collected (Figure 7.10, (A)). The batch control had a final
Dv50 of 116.9 + 7.54 um with a broad distribution (span = 2.05,
Table 7.3 & Figure 7.10, (A)). The recycle control had a final
Dv50 of 91.28 + 2.31 um with a narrow distribution (span = 1.81,
Figure 7.10, (A)). As the recycle control achieved a smaller and narrower
PSD in comparison to the batch control, this could be attributed to
de-agglomeration of particles from the continuous recycling effect. This is
illustrated in the microscopic images (Figure 7.13, (A & B)). Both control

experiments maintained rod-like particle shapes (Figure 7.13, (A & B)).
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Table 7.3 Final Dv50 and span values for each experiment is shown.

Experiment Type Power Dv50 (um) StE Span
amplitude (%)

Batch control 0 116.9 + 7.537 2.053
Recycle control 0 91.28 +2.310 1.809
Indirect ultrasound 20 71.07 +2.193 1.705
Indirect ultrasound 40 59.57 +0.693 1.722
Indirect ultrasound 80 36.8 +0.133 1.647

At 20% (563.33 KW / m2) power amplitude, 71.80 zm (Dv50) during 50 min
of ultrasound was achieved which remained constant from 50 min
(71.80 xm) to 5.15 hr (71.07 ym) as seen in Figure 7.11. There was no
substantial shift in PSD from 50 min to 5.15 hr (Figure 7.10, (B)). However,
compared to the control experiments, a smaller final Dv50 of 71.07 ym with
a tighter span (1.71) was produced for 20% power amplitude. No impact on

particle shape was observed (Figure 7.13, (C & D)).

Increasing the power amplitude to 40% (133.1 KW / m2) generated an
initial Dv50 of 82.14 m after 20 min of ultrasound which reduced to a final
Dv50 of 59.57 um after 5.30 hr (Table 7.3 & Figure 7.11). The reduction in
particle size over time (reduced by 22.57 pm, Figure 7.11) is also seen from
the PSD shift (right to left) in Figure 7.10 (C) which achieved a final span
of 1.72. When operating at 80% (239.97 KW / m2) power amplitude, a Dv50
of 59.74 ym after 10 min of ultrasound was produced. This reduced to a

final Dv50 of 36.80 um after 6.30 hr which was the smallest particle size

234



achieved from all conditions with a span of 1.65. 40% and 80% power
amplitudes had also an additional effect on particle shape through the
reduction 1in aspect ratio from vrod-like to circular particles
(Figure 7.13, E - H). Overall, when compared to the control experiments,
increasing power amplitude produced smaller particle sizes with tighter
spans (Table 7.3, Figure 7.10 & Figure 7.12) with a more pronounced effect

on particle shape at high values (Figure 7.13, F & H).
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Figure 7.12 Comparison of final Dv50 particle sizes between controls

(batch & recycle) and indirect ultrasound conditions (20%, 40% & 80%).
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7.3.1.3. Concentration Profiles

The concentration profiles obtained for 20% and 80% ultrasound conditions
show a rapid decline within 2 hours of continuous ultrasound after which
a slow decrease from 3 to 6.30 hr is observed (Figure 7.14). For 80%, overall
depletion of concentration was considerably quicker than 20% which
approached the solubility at 40 mg / ml indicating desupersaturation
(Figure 7.14). This was expected as 80% (239.97 KW / m2) had a shorter
mean induction time than 20% (Table 7.2) with increased nucleation
kinetics (Figure 7.8, (A & B)) and the smallest final Dv50 of 36.08 um
(Table 7.3). As the experiments were conducted under isothermal
conditions, supersaturation consumption is preceded upon the rapid
nucleation burst at 80%. This is due to the available crystal surface area
from nucleation after which supersaturation decreases as there is no

available new surface area.
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Figure 7.14 Concentration profiles obtained for indirect ultrasound

conditions (20% & 80%) which was tracked over time.
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Figure 7.15 Process images of the ultrasound flow-cell outlet and tubing

into the feed vessel (Figure 7.6). T°C monitoring was initially attached on
the outlet which encountered excessive fouling as shown on the tubing (A).
T°C monitoring was then removed on the outlet for experiments listed in
Table 7.1 with a tubing changeover to minimise fouling effects
(B & O).

From Figure 7.14, 20% remains above the solubility after 5 hr of ultrasound
indicating a significant amount of time is required for desupersaturation.
As noticed, the concentration profile for 40% was not shown due to
unexpected observations which could have been due to several factors.
These factors could have ranged from the error associated with the
sampling method and time lag for concentration measurement via offline
HPLC. Importantly, temperature gradients (5°C drop) were observed
across the process setup from initial experimental tests leading to
temperature losses and a strong fouling occurrence from ultrasound start

shown on the flow-cell outlet (Figure 7.15, (A)). During the experiments,

the flow-cell temperature was set at 10°C (vendor recommendation) which
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may have added to the temperature loss effect throughout the course of the

experiments.

To overcome the fouling effect (Figure 7.15, (A)), associated fittings were
removed with a replacement tubing in place to enable quick tubing
changeover if significant fouling had been built-up during the nucleation
burst upon ultrasound start. Whilst there was no outlet temperature
monitoring of the flow-cell for TAK-438, these measures enabled smooth
and consistent experimental runs over a number of hours (0 to 6.30 hr)

with minimal fouling (Figure 7.15, (B & O)).

7.3.2. Analysis of TAK-117

7.3.2.1. Induction Time

Analysis of Figure 7.16 (A) shows clear differences in total count trends
and crystallisation behaviour from the tested conditions Table 7.1. For the
control (batch & recycle) experiments, a long induction time of 360 min for
the batch control is observed whereas a comparatively short mean
induction time of 20 + 5 (340 min reduction) was achieved for the recycle
control (Table 7.4 & Figure 7.17). As observed (Figure 7.16, (A)), the
application of indirect ultrasound at 40% (133.1 KW / m2) and 80%
(239.97 KW / m?) had considerable impact on crystallisation kinetics in
comparison to the recycle control. This is clear from the rapid total count
increase from 0 — 200 min (80%) and 0 to 900 min (40%). Similar to the
recycle control experiments, short induction times of 8.26 min (40%) and

14.26 min (80%) were achieved (Table 7.4 & Figure 7.17).
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Table 7.4 Induction times for TAK-117 for each experimental condition is

shown.

Experiment Type Poutput Tipq (min)
(KW/m?2)

Batch control 0 360
Recycle control 0 20+5
Ultrasound 133.1 8.26
Ultrasound 239.97 14.26

Increasing ultrasound power amplitude from 40% (133.1 KW / m2) to 80%
(239.97 KW / m2) did not correlate to a simultaneous decrease in induction
time (Table 7.4). This was due to the occurrence of nucleation prior to
starting ultrasound which was confirmed through total counts > 500 and
visual checks (Figure 7.16, (B)). Indeed, the recycling effect
(without ultrasound) had consistently reduced the mean induction time
which could be due to a number of factors. For instance, a relatively high
supersaturation of 3.09 was selected for TAK-117 compared to 1.61 for

TAK-438 (Figure 7.7).

With a high supersaturation, the API is more prone to nucleate from the
cooling effect of the flow-cell jacket set at 10°C or shear imposed from the
fast pinching of the recycle-line via the Masterflex pump (Figure 7.6).
Nevertheless, after the induction of nucleation an increase in power
amplitude from 40% (133.1 KW / m2) to 80% (239.97 KW / m?) increased
the secondary nucleation kinetics. This is seen from the rapid increase in

total count profiles upon ultrasound start (Figure 7.16).
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7.3.2.2. Particle Size and Shape
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Figure 7.18 CLDs and PSDs obtained for control experiments. In situ
CLDs measured at the onset of nucleation (6hr) and end for batch control
1s shown (A). Both CLDs and PSDs measured at frequent intervals at

different times is shown for the recycle control (B & C).

The CLDs for batch control indicates nucleation with limited growth of
particles generated small sizes from 5 — 10 um (Figure 7.18, (A)) which is
also seen in the microscopic images (Figure 7.20, (A)). This is further
emphasised from the recycle control distributions (Figure 7.18, (B & C))
and the particle images (Figure 7.20, (B)) which produced a final Dv50 of
5.75 um + 0.031. A large particle span of 2.68 was measured for the recycle
control most likely indicating that TAK-117 had nucleated to final small

agglomerated needle-like particles with excessive fines.
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Figure 7.19 CLDs and PSDs obtained for wultrasound affected
experiments. Both CLDs and PSDs measured at frequent intervals at
different times is shown for 40% (A & B) as well as CLDs measured at
different time intervals for 80% (C).

This could explain the small peak to the left observed in Figure 7.18 (C).
Laser diffraction method applied in the mastersizer instrument is based on
a spherical model for particle characterisation through Mie theory of light
scattering (Malvern, 2012). Therefore when measuring needle-like or
agglomerated systems, laser diffraction is unable to distinguish between
different particle shapes in a sample which can lead to deficiencies and
artefacts in the PSD distribution (Durak et al., 2018). Similar to the
controls (batch and recycle), small particle sizes were achieved for

experiments with applied 40% (133.1 KW / m2) produced 5.22 ym + 0.08
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with a span of 2.98 (Table 7.4). Though minimal difference in Dv50s is seen
between the recycle control and 40% condition (Table 7.4), the application
of ultrasound imparts de-agglomeration of particles
(Figure 7.19, (A & C) & Figure 7.20, (C to F)) throughout the course of each
experiment. This can also be seen from the CLD distributions
(Figure 7.19, (A & B)) which indicates de-agglomeration of particles over
time. For instance, applying ultrasound at 40% (133.1 KW / m2) shows a
shift in CLD distributions over time from right (35 min) to left (4.3 hr) in
Figure 7.19 (A). A more substantial shift from right (30 min) to left
(5.30 hr) is also seen for the 80% (239.97 KW / mZ2) condition. However,
TAK-117 exhibited slow filterability of the particles which agglomerated
upon filtration. This was encountered for the 80% experiment which
displayed long filtration times (> 45 min) for each small slurry sample
(~ 5 ml) being collected. Therefore, no offline PSD measurement was
obtained due to long filtration times. Furthermore, whilst difficult to
conclude, more circular shaped particles were produced from the 80%

condition as shown from the microscopic images (Figure 7.20, (E & F)).

Table 7.5 Measured PSDs and spans for the recycle control and

ultrasound affected experiments.

Experiment Type Power Dv50 (um) StE Span
amplitude (%)

Recycle control 0 5.746 +0.031 2.684

Indirect ultrasound 40 5.222 +0.077 2.983
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Figure 7.20 Collected microscopic images for controls (batch and recycle)
and ultrasound affected (40% & 80%) experiments from A to F at 20x

magnification.

7.3.2.3. Concentration Profiles
The rate of concentration depletion between the recycle control, 40% and
80% ultrasound experiments is shown (Figure 7.21). Each of these

experiments consisted of a mean induction time < 30 min (Table 7.4).
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Figure 7.21 Concentration profiles obtained for the recycle control and

ultrasound affected (40% & 80%) experiments is displayed over time.

As the recycle control had no ultrasound impact, desupersaturation
occurred slowly over time from 1 hr (first sample collected) to 6.15 hr
(Figure 7.21). Equilibrium was not reached by 6.15 hr (Figure 7.21). On the
other hand, both 40% (133.1 KW / m2) and 80% (239.97 KW / m2) ultrasound
power showed a rapid concentration decrease within 3.30 hr (Figure 7.21).
Similar to TAK-117, operating at 80% power amplitude generated faster
nucleation kinetics when applying ultrasound (Figure 7.16, (A & B)) and
the subsequent consumption of supersaturation during the isothermal

process. The equivalent total count series for these experiments are in

Figure 7.16 (A).
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Figure 7.22 Temperature profiles for 40% & 80% ultrasound experiments.
Thermocouples were placed at different positions across the process setup
for TAK-117 (Figure 7.6). This allowed for temperature monitoring in the
feed reactor vessel and flow-cell inlet prior to ultrasound power impact and
flow-cell outlet immediately after ultrasound (A). An image displaying the

positioning of the thermocouple on the flow-cell outlet is shown (B).

In comparison to TAK-438, no fouling occurred for TAK-117. Therefore,
temperature profiles for the flow-cell inlet and outlet from attached
thermocouples were obtained for 40% and 80% ultrasound experiments
(Figure 7.5). The results in Figure 7.22, (A & B) show increasing the power
amplitude from 40% to 80% resulted in no added temperature increase
across the process setup as both temperature profiles (inlet and outlet)
remained constant from O to 300 min (Figure 7.22, (A)). For both 40% and
80%, the outlet of the flow-cell (Figure 7.22, (B)) was 4°C to 5°C lower than
the set feed reactor (35°C) whereas the flow-cell inlet temperature was 2°C

to 3°C lower (Figure 7.22, (A)). The temperature drop (< 5°C) from the feed
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to the flow-cell outlet was due to the flow-cell jacket set at 10°C
(vendor recommendation) throughout each experiment (Figure 7.5) and the
distance of the overall recycle-line across the process setup (Figure 7.6)

leading to temperature loss.

Across all process conditions for both TAK-438 & TAK-117 there was no
observed temperature increase to the processing solution from indirect
ultrasound to the feed vessel. Hence, the feed vessel was able to maintain

constant temperature (45°C & 35°C) throughout each experiment.

7.3.3. Estimation of Nucleation Kinetics

The results for both APIs demonstrate a considerable impact of indirect
ultrasound (Figure 7.5 & Figure 7.6) on the crystallisation behaviour
specifically in terms of mean induction times (Table 7.2 & Table 7.4), total
count trends (Figure 7.8 & Figure 7.16) and concentration profiles

(Figure 7.14 & Figure 7.21).

As the indirect ultrasound platform has the potential to be deployed as a
continuous nucleator, a quantitative measure of the nucleation rate is
essential. This will firstly help to give an indication of the ease and extent
at which a given API will nucleate under the influence of ultrasound, the
number of nuclei and subsequent seeds generated as well as providing
control over the growth surface for crystallisation. Moreover, estimation of
the nucleate rate can allow for the prediction of key product attributes such

as the particle size distribution.
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In this section, extraction of TAK-438 and TAK-117 nucleation rate values
is estimated from the various experimental conditions tested with and
without ultrasound (Table 7.1). Parameter estimation through the process
modelling platform gCRYSTAL 4.2.0 (described in section 3.2.3.2) is used
for a quantitative analysis of the primary nucleation rate when applying
ultrasound power. Whilst the purpose of this section is for experimental
data fitting and kinetic estimation, further work comprising of model
validation, optimisation and prediction for product attributes is out with
the scope of this work as well as a detailed modelling study on the indirect

ultrasound mechanism.

To estimate the nucleation kinetics of TAK-438 in MeOH:H20 (70:30) and
TAK-117 in DMSO from the control and ultrasound applied experiments,
physical properties such as molecular weight, density, solubility, etc., were
configured in the global specifications module within the gCRYSTAL 4.2.0
user interface (Figure 7.23). A model of the reactor vessel was then built in
gCRYSTAL 4.2.0 using an MSMPR unit operation configured in batch
mode (Figure 7.23) to represent the experimental batch stirred-tank
crystalliser. The MSMPR unit configured in the flowsheet, models the
crystallisation slurry by means of a well-mixed single compartment which
assumes that the mixing time is much lower than the time scales of
nucleation, growth and agglomeration (Schéll et al., 2007). Under this
assumption, the energy dissipation from the stirrer can be averaged over

the whole crystalliser and hence the mechanism for the particle formation
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can be assumed to be independent on the position within the crystalliser
(Marchisio et al., 2006, Vicum et al., 2004). Other assumptions state that
the liquid and solid phases in the bulk are in thermal and mechanical

equilibrium, that is, same temperature and pressure.

Time invariant controls configured for the model flowsheet include mass of
crystals in the slurry and solution composition which was retrieved from
experimental concentration profiles via HPLC from the sampling method
(described in section 7.2.4.1). PSD data from the Malvern Mastersizer 2000
(laser diffraction) captured at different experimental time points
(section 7.2.4.1) was used for the PSD location parameter (characterisation
of the model distribution) and PSD standard deviation. Temperature
profiles (TC) were input as piecewise constant as there was no cooling in

the reactor.

Temperature_controller001

_@ PSD_sensor001 Liquid_composition_sensor001

— d @
Global_specifications001 —— ~{
I_

Blank_outlet001

o
T Crystallizer_MSMPR001
Blank_inlet001

Figure 7.23 Schematic of flowsheet model used to describe the
crystallisation of both APIs in their respective solutions and for parameter
estimation. Typical experimental inputs include process temperature
profile (TC), solution concentration (A), particle size measurements
(PSD sensor) with selected models (for primary nucleation & growth) and

operating conditions in the crystalliser MSMPR unit.
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The model selected for the computation of the primary nucleation rate
considers an Arrhenius type reaction with an energy barrier for the
formation of a stable nucleus (Mullin, 1997). Primary nucleation kinetic
parameters to be estimated were thus selected as power law kinetics
(equation 7.2) with the driving force expressed as the absolute

supersaturation (c*) (equation 7.3):

. —16my3v? Eq 7.2
/= AP 3T (ns)?
c*= C—C(Tq) Eq 7.3

Here, the primary nucleation rate constant (/) = m3 s-1 e.g. the number of
nucleil formed per unit time per unit volume, temperature (T), degree of
supersaturation (S) and interfacial tension (y) are the three main variables

which govern the rate of nucleation.

After model development, the performed experiments with and without
ultrasound (controls) were imported into the gCRYSTAL folder of
“Experiments > Performed,” where the measured concentration profile
retrieved from HPLC during sampling, PSD retrieved from laser
diffraction also during sampling and temperature were manually inserted
and saved. On the successful inputs of the experimental data, a group of
kinetic parameters for TAK-438 and TAK-117 could be estimated using the
“Parameter Estimations” tool in the software. Several multiple tries of

initial guesses for lower and upper bounds for the crystallisation kinetic
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parameters were usually necessary to obtain a good agreement between
model predictions and experimental measurements. Recommended bounds
for parameter estimation can be from the gCRYSTAL 4.2.0 user guide

(gGCRYSTAL).

7.3.3.1. Modelling Analysis of TAK-438

For TAK-438, a nucleation rate constant (power law kinetics) of 15 log
(# / m3.s) and supersaturation order of 1 was selected for the primary
nucleation model as the initial guesses. The software expresses the
nucleation rate as a logarithm (log) for simplicity. The growth and
dissolution model consisted of manually selected power law kinetics (Davey
and Garside, 2006) with a growth rate constant of 0.00039 (m / s) and
supersaturation order of 1.98. No activation energy was applied for both
models. The initial guesses with appropriate lower and upper bounds for

parameter estimation were informed through initial range fittings.

The estimated results in Figure 7.24 shows a good fit when applying 20%
power amplitude as seen for the observed and predicted concentration (A)
and Dv50 (B) values. This is evident from the resultant weighted residual
of 3.47 which is significantly less than the x2-value (95%) of 16.919.
Increasing the amplitude to 80% shows the majority of predicted
concentrations to remain below the experimental values over the course of
the experiments (Figure 7.24, (C)). This disagreement is further reflected
in the weighted residual of 40.1687 which is greater than the x2-value

(95%) of 21.0261.
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Figure 7.24 Experimental and predicted concentration and Dv50 profiles
over time for 20% (A & B) and 80% (C & D) ultrasound conditions for
TAK-438. Due to lack of concentration and Dv50 experimental data tracked
over time for the control (batch & recycle) experiments as well as
Inaccurate concentration profiles for 40%, estimation of primary nucleation

kinetics was not possible for these conditions.

Furthermore, for 20% power amplitude, the initial predicted Dv50 is
33.11 um which is significantly lower than the experimental Dv50 71.8 ym
at 18000 (seconds) (Figure 7.24, (C)).Similarly for 80%, a Dv50 of 39.92 ym
1s predicted which is lower than the experimental 59.74 ym at 360
(seconds) (Figure 7.24, (D)). The disagreement between the Dv50s during

the initial phase of nucleation is attributed to the significant effect of
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ultrasound on reducing the mean induction time of TAK-438 and

consequently increasing the nucleation rate (Figure 7.24, (B & D)).

Therefore when compared to the calculated values, a larger experimental
Dv50 1s achieved at the first measurement point due to rapid nucleation
upon ultrasound start. As observed in Figure 7.23, a unit operation
accounting for ultrasound kinetics and application is yet to be built in a
gCRYSTAL flowsheet. Furthermore from Figure 7.24, (B & D), the
experimental Dv50s show a downward trend over time. For instance, at
80% power amplitude a size reduction from 59.76 xm (360 seconds) to
36.80 um (22680 seconds) occurs. The predicted Dv50s from the model
(Figure 7.24, (B & D)) are unable to follow a similar downward trend as the
size reduction is a result of de-agglomeration and particle breakage from

ultrasonication power that are not accounted for in the process model.

7.3.3.2. Modelling Analysis of TAK-117

For TAK-117, a range of rate constants from 25 to 40 log (# /m3.s) and a
supersaturation order of 1 were selected for the primary nucleation model
as initial estimate bounds. The growth and dissolution model consisted of
manually selected power law kinetics (Davey and Garside, 2006) with a
rate constant of 8.8396 x 10-8 and 8.8396 x 10-8 (m / s) and supersaturation
order of 1.3 and 2. No activation energy was applied for both models. The
initial guesses with appropriate lower and upper bounds for parameter
estimation was informed through initial range fittings and through the

modelling platform suggested values (gGCRYSTAL).
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Figure 7.25 Experimental and predicted concentration profiles over time
for the recycle control (A), 40% (B) and 80% (C) conditions for TAK-117.
Due to lack of Dv50 experimental data tracked over time, predicted Dv50

profiles were not generated from start to end for each experiment.

The predicted recycle control concentrations (Figure 7.25, (A)) from
3600 to 18000 seconds other than at 14400 seconds display reasonable
agreement with the experimental values. This is reflected in the weighted
residual of 6.51 which is less than the x2-value (95%) of 12.60. For 40%
power amplitude (Figure 7.25, (B)), the predicted concentrations
(0.0143, 0.0092, 0.0072 mg / ml) are out of range with the experimental
values (0.0120, 0.0101, 0.0101 mg / ml) from 7560 seconds to 14760 seconds.
Hence the weighted residual was 12.9127 which was greater than the

x2-value (95%) of 9.49 indicating the model fit is poor. For 80%
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(Figure 7.25, (C)) it was difficult to obtain frequent PSD measurements
over time due to poor filterability (as described in section 7.3.2.2).
Nevertheless, a good fit was obtained (Figure 7.25, (C)) which had a
weighted residual of 5.4784 which was less than the x2-value (95%) of

7.81473.

The Dv50s for the recycle control were collected at 11340 seconds and
18000 seconds (end) in addition to 40% power amplitude at 7920 seconds
(mid-point) (Figure 7.26). The predicted Dv50s gave good agreement with
the recycle control and 40% power amplitude experiments as nucleation
occurred prior to applying ultrasound power (Figure 7.16 & Figure 7.17)
whereby once applying ultrasound power, there was minimal impact on the

particle size for TAK-117 (Figure 7.18 & Figure 7.19).
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Figure 7.26 Experimental and Dv50 values for the recycle control and 40%
ultrasound condition. Measured Dv50 for the 40% was obtained only at
7920 seconds whereas Dv50s for the recycle control were measured at

11340 seconds and 18000 seconds (end).
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As stated earlier, model validation tests with an extensive parameter
estimation study (growth and dissolution, secondary nucleation, breakage
etc.,) was out with the scope of this work. However, the experimental and
PBM modelling results (Figure 7.24, Figure 7.25 & Figure 7.26) provides a
preliminary attempt to estimate kinetics to explore the effect of ultrasound
in different systems. Whilst further work would be required to develop
validated models with targeted design of experiments, extraction of
primary nucleation rate values was achieved thus providing a reasonable
basis for quantitative comparison between the two investigated APIs

through the indirect ultrasound platform (Figure 7.27).

The effect of ultrasound power output on the primary nucleation rate is
shown for both APIs (Figure 7.27). For TAK-438, increasing the power
output from 53.33 KW / m2 to 239.97 KW / m2 increased primary nucleation
kinetics from 18.89 #/ m3.s to 23.99 # / m3.s (Figure 7.27). This observation
1s consistent with the induction time results as
239.97 KW / m2 had a mean induction time of 5 £ 5.51 min which is
considerably shorter than 30 min at 53.33 KW / m?2 power output

(Table 7.2).
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Figure 7.27 The primary nucleation rate and ultrasound power input is

shown for TAK-438 & TAK-117 experiments.

For TAK-117, the recycle control yielded a nucleation rate of 27.99 #/ m3.s
whereas applying a power output of 133.1 KW / m2 produced 28.03 #/ m3.s
(Figure 7.27). Similar nucleation rates for both conditions (recycle control
& 133.1 KW / m2) were observed as primary nucleation was induced from
the recycling effect for all conditions (described in section 7.3.2.1).
However, increasing ultrasound power to 239.97 KW / m2 had substantial
impact on nucleation kinetics with a rate value of 38.36 # / m3.s which
potentially indicates a minimum threshold is required to affect the

nucleation rate using ultrasound power (Figure 7.27).
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7.4. Summary

In this work, the impact of indirect ultrasound application on API
nucleation behaviour is demonstrated through a semi-continuous
crystallisation process. The approach successfully sonicated the process
stream without direct contact through generating and transferring

sufficient power efficiency to influence nucleation kinetics.

A rapid initiation of nucleation (10 min) at high power amplitudes (80%)
was consistently delivered for TAK-438 compared to the slow induction
times of 2 to 5 hours without the presence of ultrasound. For TAK-117, the
recycling strategy without ultrasound power reduced the nucleation time.
However once power amplitude was applied, the nucleation rate
considerably increased from 27.99 to 38.36 # / m3.s. TAK-117 shows the
highest nucleation rate overall with increased response to ultrasound at
higher energy whereas little increase at low energy is seen. TAK-438 shows
a gradual increase in nucleation rate with increasing energy. Whilst
further work on detailing nucleation rate dependence is required, these
results highlight the potential for controlling nucleation rate as a function

power amplitude.

Tight PSDs for TAK-438 of different size bands (Dv50) of 71.07 um,
59.7 ym and 36.80 ym were achieved with increasing power amplitude.
Interestingly, as sufficient power input was continuously transferred to the
process stream, size reduction and de-agglomeration of particles occurred.

As a result, this had an additional effect on particle shape. This is most
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noticeable for TAK-438 as elongated rods became more circular shaped
particles. Hence, the indirect flow-cell strategy can be used for various
particle engineering applications for improving downstream particle

processing e.g., de-agglomeration of seeds.

As an alternative technique to traditional direct ultrasound use, numerous
advantages were seen with the indirect platform. Firstly, uniform power
efficiency was continuously transferred across the configured flow-cell for
prolonged periods of time across all experimental conditions (Table 7.1).
Another promising feature is the potential to accurately control the
supersaturation within the flow-cell through pressurized water (8 bar) for
temperature control independent of power amplitude (Figure 7.2). With
long enough residence times dictated by the flow-rate and length of the
flow-cell as well as temperature control, this would potentially allow the
platform to operate as a continuous nucleating device for crystallisation
processes. Furthermore, from the conducted experiments there was no
heating effects from indirect ultrasound being transferred directly back
into the collecting vessel. Heating effects from direct ultrasound is a
common problem which often leads to poorly controlled crystallisation

processes.

In this study, we implemented an indirect ultrasound platform as a means
for inducing nucleation and engineering of particle attributes. The strategy
presents as an appealing method for accelerating the rate of slowly

nucleating APIs as well as targeting various particle sizes, manipulating
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particle shape and continuous in situ seed generation. The quantification
of nucleation rate versus ultrasound energy provides a basis to deliver
precise control of growth surface through size and number of seed crystals
produced. Further work would be required to validate this approach and
optimise the experimental method to enable parameter estimation of
reliable kinetic modelling and to understand the underlining effect

ultrasound is having on nucleation.
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Chapter 8

Conclusions and Future Outlook
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8. Conclusions and Future Outlook

8.1. Conclusions

Crystallisation i1s a critical operation in pharmaceutical manufacturing
which ultimately dictates critical particle attributes that includes crystal
size, size distribution, shape, surface area and polymorphic form. These
properties can have considerable impact on downstream processing and
the final drug performance characteristics such as oral bioavailability.
Whilst significant research in recent years has demonstrated the ability to
design well-controlled processes, delivering tight control of particle
attributes by first-intent remains a considerable challenge. To meet the
required product specification, typically either multiple crystallisation
trials are conducted or external unit operations such as dry mechanical
milling are utilised for size reducing and de-agglomerating the crystallised

product.

To avoid these issues, the goal of this work was to investigate particle
engineering strategies which were easy to integrate with crystallisation to
achieve direct manipulation and control of particle attributes. As such,
high shear rotor-stator and indirect ultrasound devices were applied and
proven to provide a range of practically useful control over the process
outcomes. The results potentially enable a practitioner to deploy
alternative strategies in pharmaceutical manufacturing for targeting a

particular attribute specification such as particle size. This would save
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considerable time and cost by avoiding the need for multiple batch repeats

or further post-processing unit operations.

In chapter 4, wet milling was combined with a seeded cooling
crystallisation process for acetaminophen. By combining the two unit
operations into a single intensified process along with tuning of wet mill
process parameters, improved particle attributes (PSD & shapes) were
achieved in contrast to operating a batch cooling crystallisation alone. For
example, industrial batch crystallisation can often suffer from broad and
bimodal particle size and size distributions with wide spans which poses
issues for bulk powder processing (Kim et al., 2005). Alternatively, the
combined method was shown to consistently deliver monomodal particle
size and size distributions with narrow spans as well as de-agglomerated
(dispersed) suspensions. Along with high particle shape circularities and
low surface energies from 30 to 50 mdJ / m2, it is believed these improved
attributes would facilitate downstream processing such as flowability and
content uniformity. However, correlating the product attributes yielded
from the combined process to wider material properties was out with the

scope of this work.

Advanced real-time measurements through inline PAT (FBRM & PVM)
sensors with offline analysis highlighted additional challenges associated
with the combined process. The presence of wet milling during
crystallisation was shown to considerably affect mechanistic processes

such as breakage (mass fracture & attrition), secondary nucleation and
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growth rates which, although the experimental time interval of occurrence
was determined and desired product attributes were generated, numerical
estimation of rate kinetics was not estimated. This is important in
particular for process modelling and optimisation of the combined method
which can reduce the number of experiments required in a DoE.
Furthermore, whilst the energy dissipation rate (E*) model showed
promise to predict particle size for single experiments, the model was
unable to correlate to size when including different speed and teeth
configurations (Engstrom et al., 2013). The inability to unaccount for the
multitude of mechanisms (breakage, secondary nucleation, growth) as well
as the mechanical properties (Young’s modulus, hardness, etc.,) of the
compound were believed to be the main cause for the breakdown of the E*
model. These parameters would be important to include in future

mechanistic model development for rotor-stator wet milling of APIs.

Chapter 5 applied the combination approach to an unseeded cooling
crystallisation for acetaminophen which possesses a wide average
metastable zone width of 28.7°C + 0.8 (Brown et al., 2018). The effect of
cooling and high shear wet milling enhanced nucleation kinetics (< 15 min)
at moderate supersaturations across the process scales tested (1 L, 2 L &
10 L). However, the dependence of induction time vs high shear was not
achieved in this study and would be an important aspect to determine in
future work. Nevertheless, the WMC method produced desired particle

attributes of small size and size distributions (< 33 — 55 um) with tight
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spans (1 - 1.4) whilst simultaneously maintaining constant
supersaturation through an optimal cooling profile. It is noted, from both
chapter 4 and 5, the smallest particle size threshold reached for
acetaminophen was ~ 30 um through the recirculation mode. From the
range of wet mill process parameters tested, achieving lower sizes was
challenging. This is assumed to be from the mechanical properties and the
intermolecular framework comprising acetaminophen form 1 into a
compact and rigid herringbone crystal structure influencing the particle
size limit when undergoing fracturing processes such as size reduction

from mechanical milling.

The combined strategy was then successfully utilised as a robust
continuous seed generator by triggering nucleation which was configured
as an overall 3-stage continuous MSMPR through a highly intensified
approach. The proof-of-concept study mitigated the need for external seed
generation and common continuous crystallisation issues such as fouling
and encrustation as well as enabling the production of a stream of
consistent seed particles. For longer continuous crystallisation campaigns
(> 10 hr), it is recommended to develop a practical method to operate the
wet mill intermittently to alleviate processing issues in the rotor-stator
framework such as leakage and over-heating. Nonetheless, the combined
strategy was proven to be a flexible and modular platform for seed
generation which can potentially be deployed on-demand for

crystallisation processes.
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As shown, the integration of high shear wet milling produces
instantaneous changes (~ 50% size reduction within 30 min) to particle
suspensions. In chapter 6, a breakage only process was investigated with
the incorporation of inline sensors (FBRM & PVM), computational tools
and offline measurement techniques for quantitative estimation of size
and shape distributions. The use of multi-sensor analysis revealed key
insights into the performance, discrepancies and agreements between the
different measurement modes which has shown to be essential for process
understanding in chapters 4, 5 & 7. Situations arose where inline
measurements and computational tools outperformed with regards to
particle size and shape (aspect ratio) agreement in contrast to offline
analysis and vice-versa for different crystalline materials (acetaminophen,

benzoic acid and metformin HCL) during wet milling.

In principle, improvements are still needed for accurate measurement of
PSD and shape distributions for different crystalline materials. FBRM &
PVM tools proved beneficial for process characterisation such as
potentially removing the need for sampling and dilution. However the
results emphasised the importance and influence of mechanical properties
and solvent selection when designing wet milling processes. This was
evident when using benzoic acid in water leading to bubbles persisting
throughout wet milling causing chord splitting and thus the accuracy of
the inline CLD measurements. The use of multi-sensor measurement tools

provides a significant step towards accurate solid phase characterisation
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for important attributes such as size and shape when undergoing complex
inline mechanical milling processes such as high shear wet milling.
Efficient monitoring tools as evident in this study also show the potential
application for future control strategies. For example, a recent study
operated a model-free control scheme using an online monitoring
technique (u-DISCO) with wet milling (Rajagopalan et al., 2019). The
control strategy successfully managed to steer three different seed
populations of two different needle-like compounds to desired target

average lengths.

The final experimental chapter (chapter 7) of this thesis presented indirect
ultrasound as a potential technique for particle engineering of APIs with
benefits compared with conventional direct ultrasound processes. The
indirect ultrasound flow-cell coupled with a crystalliser provided control
over the induction of nucleation and delivered the target particle size and
size distribution, span and shapes for the investigated APIs. The
extraction of nucleation rates using the gCRYSTAL process modelling
platform for TAK-438 (23.99 # / m3.s) and TAK-117 (38.36 #/ m3.s) at the
highest power output (239.97 KW / m?2) revealed the different propensity
of API’s to nucleate under the influence of indirect sonication. Research
studies surrounding the impact and process strategies for deploying
indirect ultrasound on crystalline materials is currently neglected in the
literature in comparison to direct ultrasound. However, this technique

provides capabilities for generating well-conditioned seeds as there is no
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direct contact with the processing stream and so avoids common issues

such as particle shedding.

Furthermore, whilst continuous ultrasound pulsing (indirectly) caused no
substantial heating effects or large operating sounds, it is recommended
to explore the efficiency of a single-pulse and multiple-pulse mode on the
induction of nucleation and particle attribute control. A key benefit of this
would be the ability to reduce energy consumption which would generate
great interest to industrial manufacturers for applications such as

scale-up.

8.2. Future Recommendations

Particle engineering through wet milling (rotor-stator and indirect
ultrasound) has shown capability for tailoring pharmaceutical compounds
with the desired attributes for performance in patients. Each chapter has
demonstrated a number of potential advantages from combining wet
milling with crystallisation in a recycle mode. However, several limitations
have also been observed and there are certain areas of interest which
require further scientific investigation to enable more general application

of this technology.

8.2.1. Mechanical Properties and Solvent Effects
In chapters 4 to 6, the effect of rotor-stator wet mill particle breakage was
presented. Mass fracture and attrition mechanisms occurred, however

only a limited range of material properties were tested. Hence further
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work would be required to understand the response performance of other
materials to the process conditions, for example across brittle materials

and more plastic systems such as ibuprofen.

As evident in chapter 6, mechanical and solvent properties can affect
particle dispersion during milling (Luner et al., 2012). Previous
development work for chapter 6 (unpublished) has shown the influence of
solvents to increase the propensity of particle suspensions to agglomerate,
foam and form bubbles during wet milling. Therefore, establishing
relationships between these solvent properties to wet milling operability

1s important for overall process optimisation, efficiency and predictability.

Knowledge of this would improve the milling efficiency. For instance,
knowing an APIs young’s modulus, elasticity, brittleness and hardness
values which can be measured through nanoindentation techniques is
important. This can then provide pre-determined knowledge on an APIs
tendency to break or fracture which would allow pre-selection of milling
parameters such as milling time and thus avoid over-milling of crystalline
materials. Mechanistic correlations against particle size could also be built
providing predictive capabilities of wet milling at different processing

scales.

8.2.2. Population Balance Modelling
Whilst not explicitly explored in this thesis, population balance models are

undoubtedly important for quantifying and describing complex rate
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processes that may occur simultaneously. For PBM development, carefully
designed and parametric estimation experiments need to be carried out for
extraction of the specific rate parameters describing nucleation, growth
and breakage. Recent advances in available commercial suites such as
gPROMS with built-in PBMs enable users to model unit operations such
as rotor-stator wet mills (Luciani et al., 2015). Key features of the wet mill
model include batch, fed-batch and continuous operation, transient
accumulation of material, breakage with equipment and operation relation
parameters and crystallisation mechanisms such as growth (mass transfer
and surface integration). An example of a configured flow-sheet in
gPROMS (PSE Enterprise Ltd.) is shown (Figure 8.1) containing a
rotor-stator wet mill attached to a crystalliser unit. Interfaces such as
these, present the opportunity in particular for experimentalists, for

process modelling, design and control.

Along with the mechanical and solvent property considerations, future
work could look to estimate the specific breakage rate and breakage
frequencies for a range of organic molecules through the recycle mode
(Figure 8.1). This could inform the development of a breakage
classification system which potentially, can provide essential knowledge
for predicting the particle size reduction performance during wet milling.
It can also be used to reveal and establish the relationship between the

particle shape and breakage characteristics.
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Wet mill
¢ unit

Figure 8.1 Example of a process flowsheet for modelling and simulation of

combining wet milling via the recycle-loop mode.

8.2.3. Continuous Single-Pass Milling

The single-pass mode i1s a promising approach for pharmaceutical
applications however only a few publications have been reported
(Yang et al., 2015). Establishing relationships between process parameters
and product attributes as well as recommended standardised process
configurations would provide the potential to enable an alternative
continuous seed generation strategy. Although this thesis has focused
primarily on the recycle-loop mode, proof-of-concept studies were
investigated (unpublished) using the single-pass approach for continuous
in situ seed generation. Seeds were then directly transferred to continuous
crystallisers for crystal growth to assess the performance

(Figure 8.2 and Figure 8.3).
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The process was tested on acetaminophen, lovastatin and metformin HCL,
which involved feeding through a saturated / supersaturated solution
through the high shear wet mill. An advantage of this approach over the
recycle-loop mode is the ability to generate smaller seed sizes. For
example, a size limit threshold of ~ 30 um was achieved for acetaminophen
through the recycle-loop mode whereas the single-pass mode generated
< 15 um seed particles. Therefore to reach even smaller seed sizes such as
1 um for providing optimum surface area for crystal growth, the single-
pass mode would require significant process optimisation and selection of
parameters such milling speed and configuration, mill temperature,

flow-rate and feed concentration which can be investigated in future work.

Net mill
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o’ o 4 B -
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Figure 8.2 Process configuration of a proof-of-concept demonstration for a
continuously seeded crystallisation of lovastatin in a moving baffled
oscillatory baffled crystalliser (MB-OBC). The rotor-stator wet mill
generated seeds through a single-pass of the feed solution which was then

subjected for growth in the MB-OBC platform.
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in situ'seed
generation

Feed inlet

Figure 8.3. Images of the same proof-of-concept study shown in Figure 8.2.
A zoomed in view of the direct seed transfer for growth is seen from the wet

mill (A) and continuous crystallisation across the baffled reactors (B).

From the explored proof-of-concept studies, it would be desirable to firstly
enable a workflow development on the susceptibility of APIs with different
MSZWs to nucleate under a high shear environment. This could then
inform the range of seed masses (loading) and seed sizes that can be
achieved from a single-pass. Secondly, upon devising a standardised
process configuration for a single-pass strategy, feedback control measures
could be implemented to provide control over the supersaturation
generation inside the wet mill as a function of temperature and the rotation
speed (rpm) both of which can be controlled independent of each other.
These control strategies could be used in conjunction with continuous
crystallisation strategies for instance for targeting and dialling different
particle sizes in the same continuous campaign simply by tuning the seed
generation stage. Ultimately, it is the seed generation stage which controls

the crystallisable product and thus the product particle size.
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