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Abstract

Fouling involves the unwanted deposition and build-up of solid material on
surfaces within a process. This problem is widely encountered in multiphase
and solid phase processing in many industries including oil and gas,
pharmaceutical and fine chemical manufacturing sectors. Although it is
acknowledged to impact both batch and continuous processing methods it
poses a particular challenge to the controlled operation of continuous
crystallisation processes where extended operation under
non-equilibrium conditions is required. Whilst the factors impacting on fouling
have been proposed, there have been only a relatively limited number of
studies into fouling mechanisms to date. With increased interest in deploying
continuous crystallisation processes for pharmaceutical manufacturing, the
motivation for this work was to develop an improved understanding of the

influence of material properties and process conditions on fouling processes.

In this work, a number of studies were conducted in which key materials and
process parameters were investigated. These have included different
materials of construction (MOCS), process conditions (flow, supersaturation,
temperature gradients (AT)) and crystallising solutions (solute and solvent).
Primary fouling studies were conducted using a small scale batch
crystallisation setup to explore the influence on MOCs, supersaturation and
agitation rate upon both bulk crystal nucleation and surface fouling of
paracetamol. The prominent fouling mechanism was found to be particle
deposition which was influenced by supersaturation, agitation rate, different

MOCs and exposure time.

Fouling is known to occur on heat exchange interfaces due to the localised
supersaturation that can be generated e.g. in a plug flow continuous cooling
crystalliser. A novel surface induced continuous crystallisation fouling
assessment platform (C-FAP) was developed in conjunction with Cambridge
Reactor Design (CRD). The C-FAP was evaluated as an assessment tool by
exploring different MOCs and process conditions upon fouling and fouling

mechanisms via in situ imaging and temperature measurement. The platform



was characterised and used to explore surface induction mechanisms in which
initiation and growth was strongly influenced by different MOCs, with stainless
steel showing a greater tendency than PTFE, in addition to the degree of
supersaturation. The temperature difference across the MOC interface (ATyoc)

was demonstrated to influence nucleation and growth to varying extents.

An ideal scenario would be to be able to predict or rule out unfavourable
combinations of solute, solvent and MOC properties early in process design to
avoid late stage problems. A screen was carried out to assess the potential to
develop a multivariate predictive model for fouling propensity and fouling
behaviour. The models provide insight into the most influential parameters
comprising MOC, solute, solvent and process descriptors to steer subsequent
experiments. The importance of MOC properties and process conditions was
highlighted for all models. A variety of assessment tools were demonstrated
within this work in which recommendations for fouling evaluation were

provided in addition to methods to further develop fouling understanding.



‘Sometimes you can only find Heaven by slowly backing away from Hell’
Carrie Fisher
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Chapter 1. Introduction



1.1 Background

Crystallisation is a key unit operation in the manufacture of chemicals including
pharmaceutical and fine chemical compounds.? It is essential that crystalline
product obtained from a crystallisation process meets target product
specifications typically including purity, particle size distribution (PSD),
polymorphic form and morphology/crystal habit.? These attributes dictate the
performance of the chemical product in subsequent processing and end
product use. To obtain a crystalline product within specification, a high degree
of system understanding involved within a crystallisation process is required.
The pharmaceutical industry is increasingly implementing Quality-by-Design
(QbD) approaches to ensure product quality.® QbD seeks to assure consistent
quality through fundamental understanding of the dependence of critical
quality attributes (CQASs) on critical process parameters (CPPs) and critical
material properties (CMPs).4>

Crystallisation remains a complex multi-phase process involving various
processes such as nucleation, growth, attrition, agglomeration and phase
transitions.® Fouling is another process to potentially occur during
crystallisation. The unwanted or uncontrolled deposition of solute as a solid
mass upon the internal surfaces within a vessel can have significant operation
conseqguences yet remains a poorly characterised process. Fouling is defined
as the unwanted deposition upon equipment surfaces.” A number of terms are
used within literature to describe fouling including encrustation and scaling®
however inconsistent terminology is prevalent within literature. Therefore, only
the term fouling is used throughout this work. The accumulation of crystalline
material above the solution/air interface can also be described as fouling.’
However, this specific interfacial phenomena was not a research interest within

the present work.

Whilst a diverse array of research studies have been conducted to further
understand the array of fundamental crystallisation processes listed above, the
causes and mechanisms of fouling have received relatively limited attention.

Although significant work has been conducted involving the fouling of heat



exchanger surfaces by inorganics®1?, research regarding the fouling of small
organic molecules such as pharmaceutical compounds within crystallising
systems has not been extensively conducted with only a small number of

studies reported in the literature.”12-15

Fouling can impact on the process economics, resources and energy
utilisation of any process that it affects.'6-1” Typically industrial processes are
designed with the intention to avoid or limit fouling whilst obtaining the desired
product at maximum yield.!’® Given that crystallisations operate far from
equilibrium under supersaturated conditions, a driving force for solute
deposition is generated.'® Whilst the target is for solute molecules to grow into
crystals within suspension, equipment surfaces exposed to the process fluid
potentially provide a competing surface for adsorption and crystallisation

processes to occur upon.

In the design of a crystallisation process, fundamental understanding of fouling
mechanisms and their processes would contribute greatly towards process
development i.e. to avoid conditions that promote fouling and develop
strategies to mitigate surface fouling.?%?! Generic fouling initiation
mechanisms have been proposed by Vendel and Rasmuson'? (Figure 1.1)
which comprises both crystallisation and particulate processes. Once fouling
has been initiated and a stable crystalline mass has formed, subsequent
growth ensues with crystal material detachment a possibility. In addition to
different mechanistic processes involved with fouling, a wide range of
parameters notably material properties and process parameters can
additionally influence fouling and associated mechanisms.®'” However few
further investigations have been conducted attempting to measure and define
fundamental fouling mechanisms of organic compounds in crystallisation
processes and establish the relationship between key physical, material or

process parameters with the mechanism and extent of fouling that results.
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Figure 1.1: Proposed mechanisms for fouling adapted from Vendel and Rasmuson
including proposed generic initiation processes.’

Solid interfaces have a distinct role in influencing numerous processes within
a crystallising system as shown in Figure 1.2. One notable research field which
has been probed within inorganic fouling studies is exploring fouling upon heat
transfer surfaces manufactured from different materials of construction (MOC).
There are a number of examples where differences in fouling have been
identified between different investigatory MOCs under specified
conditions?1-?? (described in detail within (a) Materials of construction). Within
conventional crystalliser platforms, whether operated as a batch or continuous
crystalliser, a supersaturated crystallising solution is in contact with a variety
of surfaces including vessel walls, impellers, baffles, transfer pipes and other
crystalliser components with fouling potentially occurring upon any exposed
MOC. Exploring the influence of different MOCs upon crystallisation fouling in
addition to investigating process parameters and solution properties will
enhance fundamental fouling understanding (Figure 1.3).
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Figure 1.2: The function of solid interfaces impacting upon crystallisation related
aspects and processes.”?32
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Figure 1.3: Crystallisation system properties impacting upon fouling.



There is considerable interest in the continuous manufacturing of
pharmaceuticals in which the continuous crystallisation step is vital for end-to-
end manufacture.?6-2” A key interest herein is understanding crystallisation
fouling mechanisms in continuous crystallisers, although any findings may be
related to batch crystallisation processes. Mitigating or limiting fouling within a
continuous crystalliser is highly desirable as these configurations are typically
required to operate for extended periods of time to achieve the required
product quantity. The goal is to provide an enhanced insight into fouling
mechanisms from which continuous crystallisation campaigns can be
conducted with little to no fouling present. Insight into fouling mechanisms will
help direct future operational strategies to minimise fouling and the
requirement for regular cleaning. Additionally, in the design of a continuous
crystallisation process, understanding the influence of MOC properties,
process parameters and solution properties of a specific crystallising system
can inform useful compatibility relationships and specific parameter
combinations that should be evaded e.g. roughened surface can promote
surface induced fouling.?® The notion of entering a new molecular entity (NME)
into a continuous crystallisation process is traditionally challenging and is often
associated with a trial and error approach. To address time, material and
economic considerations, a systematic approach is desirable before arriving
at a logical decision.?® Assessing the fouling potential of a newly investigated
system is therefore critical in the design of continuous crystallisation campaign.
From a modelling perspective, exploiting the capability to predict fouling
behaviour of an NME would considerably enhance process development
decision making, leading to the creation of robust processes.

1.2 Continuous manufacturing of pharmaceuticals

The concept of continuous manufacturing is well established in other
industries. It has been employed in a number of manufacturing sectors
including oil and gas, chemicals, plastics and catalysis for decades.*

However, historically the fine chemical and pharmaceutical industries have



operated primarily using batch methods.3! Pharmaceuticals have historically
been high margin products for decades however, recently with drug patent
expirations and the desire to reduce operating expenditure, there is a need to
improve current manufacturing and process technologies to compensate.3?-33
Consequently, continuous manufacturing of chemicals has received notable

interest both from academia and pharmaceutical companies.32:34-36

Manufacturing processes involved in the pharmaceutical industry are diverse
and typically divided into two major stages namely primary and secondary
processing (Figure 1.4). Primary processing involves the production of an
active pharmaceutical ingredient (API) which includes chemical synthesis
followed by work-up and crystallisation stages.?® The product from the
crystallisation stage is then isolated and dried to produce a dry, pure, free-
flowing powder prior to secondary processing. Secondary processing
comprises a variety of processes to formulate a medicine from a primary
processed API with typical processes including powder blending, extrusion,
granulation, tableting and encapsulation.33” Resultant formulations are
packaged and transferred to storage and transfer facilities prior to distribution
to pharmacies and patients. As a consequence of this make to stock approach,

inventory levels can be considerable across the industry.3?

Work-up Filtration and drying

Raw Primary Secondary Storage and
materials processing processing distribution

Synthesis

Crystallisation Formulation

Figure 1.4: High-level overview of stages in the pharmaceutical supply chain.

The crystallisation stage in principle links the primary and secondary
processing stages and is therefore a crucial manufacturing step. A

crystallisation stage is designed to control the physical properties of an API. At



present, the processes involved in crystallisation remain poorly understood

and still creates issues within an industrial manufacturing setting.3®

Batch pharmaceutical manufacturing has evolved to get medicines into
regulated patient markets as rapidly as possible. Regulation is potentially
restrictive and consequently limiting innovation within manufacturing
technologies. Batch manufacturing processes have a number of associated
problems including difficulties in process scale up, batch-to-batch variation and
poor homogenous processing conditions. The consequence of these
manufacturing issues may generate a product which may not meet quality

specifications.?32

The concept of end-to-end continuous pharmaceutical manufacturing is
attractive with a number of advantages in contrast to conventional
manufacturing methods.3%-4° Batch manufacturing operations tend to process
large quantities of chemicals and solvents at any given time within one
location. Continuous operations potentially allow hazardous or dangerous
materials to be managed and processed in a safer and more efficient
manner.?®. From an economic perspective, continuous manufacturing can
potentially be a more attractive method of manufacturing with an associated
reduction in energy expenditure and waste.®> The equipment footprint
associated with continuous manufacturing can be considerably lower
compared to batch equipment, reducing the capital costs associated with
plants and providing more flexibility in deployment of assets.*! Research by
Teoh et al. compared a chemical synthesis step via both continuous and batch
operation in which the benefits of continuous processing were demonstrated.
It was found continuous processes had greater than 66% less inventory at any
point of time in addition to a significantly better volume reaction efficiency
(10.8 kg/hour/m3 for batch process in contrast to 34 kg/hour/m?3).#2 Zhang and
co-workers explored the use of continuous crystallisation in the manufacture
of aliskiren hemifumarate in which the continuous crystallisation step
generated crystal purity greater than 99% and a yield of 91.4%.*® From a
regulatory perspective, the concept of continuous manufacturing has been

highlighted by the Food and Drug Administration (FDA) as a potential



approach to improve product quality®? and assure supply in which the FDA has

recently encouraged and supported its implementation.**

However, the adoption of novel processing technologies within the
pharmaceutical industry presents a number of challengges. One of the major
issues preventing the adoption of continuous manufacturing is altering the
mind-set of key stakeholders and employees within existing organisations
which have traditionally embraced batch manufacturing methods.®? The
acceptance of continuous process submissions i.e. new market authorisations
by regulatory agencies including Medicines and Healthcare Products
Regulatory Agency (MHRA), European Medicines Agency (EMA) and FDA is
also still required to demonstrate feasibility and regulatory acceptance. The
previously highlighted agencies are highly regulated ultimately for
safeguarding their associated patient populations. At present, existing
pharmaceutical manufacturing facilities chiefly employ batch methods
therefore the prospect of operating continuously would require considerable
investment to reconfigure operations, workflows and up skill staff.1:3245
However pharmaceutical companies are recognising continuous
manufacturing advantages and conversion of batch-to-continuous
manufacturing has already commenced. Selected pharmaceutical companies,
namely Vertex and Janssen, have embraced continuous processing
approaches in the manufacture of drugs such as Orkambi® and Prezista®

(Figure 1.5) in which both have received FDA approval.4®
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Figure 1.5: Chemical structures of APIs present in Orkambi® [(a) lumacaftor and (b)
ivacaftor)] and Prezista® [(c) darunavir]. Both medicines are continuously processed
in their manufacture.

1.3 Fundamentals of crystallisation

1.3.1 Introduction to crystallisation

Crystallisation is a widely utilised purification and separation technique within
the fine chemical and pharmaceutical manufacturing industries.® Within the
pharmaceutical sector, 90% of APIs are estimated to have a crystalline
structure.*” From a simplistic perspective, crystallisation involves a phase
change from a solute in liquid or solution state to a crystalline solid. There a
number of diverse crystallisation methods employed both in industry and
academia comprising cooling, melting, evaporation and anti-solvent stages
with, in particular instances, a combination of methods being utilised.48
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Crystallisation comprises two distinct phases namely nucleation and crystal
growth.? Nucleation is a critical step in controlling the subsequent
crystallisation process and involves the generation of crystal nuclei from a
supersaturated solution.? Crystal growth encompasses the growth of the nuclei
into an observable crystal (Figure 1.6). In order for crystallisation to occur a

driving force, namely supersaturation, is essential.®

OH: m—ﬁ—

Supersaturation Pre-nucleation Critical-size Crystal growth
cluster nuclei

Figure 1.6: Schematic highlighting the nucleation and growth of a crystal.*®

1.3.2 Phase equilibria

When a solution is saturated, the chemical potential of the solution phase (1)
and the solid phase (ug) are equal. Therefore, the difference in chemical

potential between the two phases (Au) at equilibrium is zero.6%°

Au=p,—ps=0 (1.1)

A positive chemical potential difference (Au +ve) indicates that a solution is
supersaturated whilst conversely a negative chemical potential difference
(A -ve) signifies an undersaturated solution.®® The chemical potential of the
solid phase (us) and the solution phase (u;) can also be described in terms of

standard potential (1) and standard activity (a and a*).
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UL = Up + RTlna (12)

Us = Up + RTIna* (1.3)

Furthermore Equation 1.2 and Equation 1.3 can be reconfigured as:

Ap  a (1.4)
ﬁ = IH(E) =InS
Where
Au = Chemical potential difference (kJ/kmol)
R = Universal gas constant (8.314 kJ/kmol.K)
T = Absolute temperature (K)
a = Standard activity of solution phase
a* = Standard activity of crystalline phase
S = Supersaturation
Where S is:
S = expH/RT) (1.5)

Supersaturation is typically expressed in two common ways namely
supersaturation ratio (S) and relative supersaturation (o). Supersaturation ratio

is defined by:

P (1.6)
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Where ¢ = actual solution concentration and c¢* = equilibrium solution

concentration. Relative supersaturation can be expressed as:

c—c* (1.7)

An idealised solubility curve is illustrated in Figure 1.7. Typically the
temperature — concentration phase diagram consists of three zones termed
the stable, metastable and labile zones. The stable zone is located underneath
the solubility curve in which a solution within this zone is termed as
undersatuated and crystallisation cannot occur. Altering the solubility of a
solution by methods such as cooling (Figure 1.7), anti-solvent addition or
evaporation (Figure 1.7) will result in supersaturation generation. Within the
metastable zone, crystallisation can occur however primary nucleation cannot
occur spontaneously and requires some method of initiation. Further alteration
of the composition of a solution will result in it entering into the labile zone an

consequently spontaneous nucleation occur.®

For a typical cooling crystallisation, the difference in temperature between the
point of solubility, Ts,;, and spontaneous nucleation, Ty,., as illustrated in

Figure 1.7 is defined as the metastable zone width (MSZW), ATyszw:

ATyszw = Tsor — Tuc (1-8)

MSZW can be measured by a number of techniques comprising imaging,
turbidity measurement and focused beam reflectance measurement
(FBRM).>1-%2 MSZW measurements can be employed to probe the influence of
process parameters upon nucleation kinetics and ultimately enhance
crystallisation system understanding and control. Influential parameters

acknowledged to affect nucleation include temperature profile, solution history,
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hydrodynamics, rate in which supersaturation is generated and notably the
presence of different MOCs.6:53

Supersolubility curve Solubility curve
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o c
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Figure 1.7: A general solubility curve which highlights the key regions: stable,
metastable and labile zones. The temperature difference between the equilibrium
solubility curve (T,,;) and supersolubility curve (T,,,.) is known as the MSZW 554

1.3.3 Nucleation mechanisms

For crystallisation to occur, the generation of nuclei is an essential first step.
Although poorly understood from first principles, there are a number of theories
that can be used to describe experimental behaviour.*>5 At present nucleation
studies are based upon empirical formulas and theories in which control is
achieved by varying experimental parameters until the desired target outcome
is met. Within an industrial setting, a view to simplify control is taken around
nucleation using designs to avoid spontaneous nucleation and rely upon

seeding strategies.%®

Nucleation is the kinetically controlled first stage of a crystallisation process in

governing the initial formation of crystal embryos.*®5” An overview of
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nucleation mechanisms is illustrated in Figure 1.8. The generation of crystal
nuclei can form spontaneously (homogeneous nucleation) or be induced
(heterogeneous nucleation and secondary nucleation). Nucleation is typically
divided into two categories: Primary nucleation refers to the generation of
nuclei whilst secondary nucleation requires the presence of crystalline material
(termed seeds) to induce nucleation®. Primary nucleation can be further
categorised into homogeneous nucleation and heterogeneous nucleation.
Whilst homogeneous nucleation occurs spontaneously, heterogeneous

nucleation requires the presence of an foreign surface to induce nucleation.?

Secondary

Heterogeneous
(foreign body
induction)

Homogeneous
(spontaneous)

Figure 1.8: Hierarchal types of nucleation.?

1.33.1 Homogeneous nucleation

Crystallisation processes have been investigated extensively for decades.
However, fundamental understanding of how a stable nucleus forms under
homogenous conditions remains a challenge. It is considered that for
nucleation to occur, an energy barrier must be overcome. Classical nucleation
theory (CNT) dictates that the formation and dissolution of solute clusters is

occurring simultaneously within a saturated solution. Within a supersaturated
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solution, the movement of molecules is restricted in which the generation of
solute clusters is favourable. The propensity of a formed solute cluster to
become stable nuclei is dictated by the energy associated with its formation
and growth. The overall energy difference (AG) between a solute particle and
solute in solution can be termed as the summation of the surface excess free

energy (AGs) and the volume excess free energy (AG,).5>°

AG = AG, + AG; (2.9)
Amrr3A
AG, = — I (1.10)
3v
AGg = 47'[7A2)/I1‘Lterfacial (1.11)
Where
r = Radius of the nuclei (m)
v = Molecular volume (m?)
Au = Difference in chemical potential (kJ/kmol)
Yinterfacial = Interfacial surface energy (mJ/m?)

The summation of AG, and AG, results in AG to pass through a maximum which
relates to the critical free energy difference, AG.,;;, and related nuclei radius,
1., which is the minimum solute cluster size in order for it to remain a stable
entity (Figure 1.6).

2yv (1.12)

T, = A
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The energy required for the formation of critical nucleus can be expressed as:

16my®  Amyr? (1.13)

The rate of nucleation, J, according to CNT can be expressed as an Arrhenius-

type expression:®

J = Aginericexp A/ KT (1.14)
Where
] = Number of nuclei formed per unit time per unit volume
(#/s.m?3)
Aginetic = Kinetic rate constant (#/s.m?)
k = Boltzmann constant (1.3805 x10-22 J/K)
T = Temperature (K)

The dependence of nucleation rate upon supersaturation ratio can also be
expressed as:

Brn 1.15
J = Akinetie(S)exp(~ e (49
Where
Brherm = Thermodynamic rate constant
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Although CNT is traditionally utilised in the prediction of nucleation rates and
to explain differences in observed rates, its validity when comparing to
measured nucleation rates is debatable with large differences in associated
values by potentially several orders of magnitude. CNT has a number of
assumptions associated within its theory.*® The first assumption is that nuclei
are considered as spherical droplets. Secondly, it is presumed that the
formation of nuclei is by single addition of solute monomers at a time and the
nuclei formed has the same structure as the generated crystal. Another
consideration concerning CNT is that the size of the nuclei is the only factor
used to determine whether a formed nuclei is stable or unstable. Another
theory has been proposed namely the two-step nucleation model.*®58 This
proposed model relates to the formation of a dense liquid phase prior to
nucleation which had been observed by a number of authors investigating
protein crystallisation.>®-%0 |t has been proposed that solute molecules rapidly
merge into disordered clusters before transitioning into an ordered cluster
structure or nuclei. However, fundamental understanding of this mechanism

remains a challenge.

1.3.3.2 Heterogeneous nucleation

The notion of nucleation occurring under homogenous conditions is a rarity in
practical circumstances which nucleation typically relies upon some method of
induction.® The presence of a foreign surface can provide this induction and
can take a number of physical forms which include dust particles, internal
vessel surface, impellers etc. Essentially any surface in contact with a
crystallising solution can potentially induce nucleation in the presence of
supersaturation. In heterogeneous nucleating conditions which are more
prominent, the presence of a foreign surface can result in nucleation at lower
ranges of supercooling in contrast to true homogenous nucleation. The overall
free energy (AG) change associated with the generation of a critical nucleus
under heterogeneous conditions (AG',;;) must be less than the resultant free

energy change (AG,,;;) related to homogenous nucleation.®

18



AG’crit = PAGi; (1-16)

Where the correction factor (or free energy ratio), @, can be determined from

Equation 1.16% which is calculated via the contact angle of a nuclei (Oyyciews)-

® = (2 + cos eNucleus)(l — COS HNucleus)z (1-17)
4

Figure 1.9 highlights the three segments of contact comprising two solid
surfaces (namely substrate and crystalline solid nuclei) and a solution from

which the contact angle can be determined.®

Vel

Crystalline material _
Solution

Figure 1.9: Contact angle schematic highlighting three different phases and
associated interfacial energies.

The contact angle of the nucleus and associated surface energies are denoted

by the expression:®

Vst = Yes + V1 €OS Onycieus (1-18)
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Where yq, v, and y,. correspond to the interfacial energies associated to
foreign surface and liquid of interest, crystalline phase and liquid of interest
and crystalline nuclei and foreign surface, respectively. The determined angle
between the crystalline material and the foreign surface (Oyycieus) relates to
the interfacial energy contributions highlighted previously. When the angle is
between 0° and 180° the overall free energy required for nucleation is less that
that required for homogeneous nucleation hence favouring heterogeneous

nucleation.®

1.3.3.3 Secondary nucleation

Secondary nucleation is the most prevalently occurring nucleation method
within industrial crystallisation processes. Secondary nucleation occurs where
parent crystals/seeds are added into a solution. The presence of parent
crystals results in inducing new nuclei generation mainly through contact
methods (Figure 1.10).62 Crystals can be subjected to hydrodynamic
conditions within a crystalliser resulting in potential damage. Crystals can
collide with a number of physical surfaces including vessel walls, impeller,
baffles and each other. This can result in crystals breaking into smaller
fragments/crystals and nuclei within the bulk solution. Additionally
hydrodynamic shear forces have the potential to generate secondary nuclei
from exposed crystal surfaces (Figure 1.10).°° One distinct advantage of
secondary nucleation in a crystallisation includes directing nucleation of
desired polymorphic form. However, potential issues with secondary
nucleation comprise the generation of crystal fines which results in a crystalline
product with a wide PSD.650
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Figure 1.10: Schematic illustration highlighting the mechanisms of secondary
nucleation.®?

1.3.4 Crystal growth

Following the generation of nuclei, these stable entities grow into larger
crystalline particles via crystal growth in the presence of supersaturation.
There are a number of factors relevant to crystal growth from which growth
theories have been proposed including surface energy, molecular adsorption
and diffusion.® Crystal growth is generally considered to consist of two stages
where primarily solute molecules within the bulk solution diffuse to and adsorb
onto the crystal face followed by adsorbed molecules integrating into the
crystal lattice structure with both stages occurring under different
concentrations. Surface defects and the presence of impurities can also impact
crystal growth although these effects are hard to predict.53

Crystal growth theories involving surface energy assume crystals grow and
form a shape to minimise surface area. The surface energy theory has a
number of considerable limitations in which important crystallisation
parameters such as supersaturation and solution movement cannot be
explained in terms of crystal growth. Evidence regarding this theory is limited
therefore it is generally not utilised to describe crystal growth.® Simple

considerations such as this are not sufficient on its own to describe growth.
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The adsorption layer theory was suggested by Volmer.5! It is considered that
solute molecules reach the surface of a crystal and become loosely adsorbed.
However, these molecules are free to move across the crystal surface (surface
diffusion) whilst having a dynamic equilibrium between the bulk solution and
the adsorbed solute layer. The adsorbed solute molecules will attach into the
lattice structure where the attractive forces are greatest and will occur in a step-
wise fashion until a whole new plane crystal face is achieved. After a new plane
crystal face has been formed, for growth to continue, a new crystallisation
centre must form. It is proposed solute growth units form a monolayer island
nucleus with further solute growth units adding to this feature in order to
complete the next plane. From a mechanistic perspective it is widely accepted
that crystals do not grow in a perfect layer by layer manner as described by
Volmer's model. It is considered most crystals contain dislocations (Figure
1.11) on their surface which results in the generation of steps or kinks which
can act as potential sites for solute growth units to incorporate® as illustrated

in Figure 1.12.

(b)

Ve Vago(s)
1’\

Figure 1.11: Atomic force microscopy (AFM) micrograph showing (a) a dislocation
core from which (b) spiral growth of L-cystine occurs.®
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Kink
Terrace

Figure 1.12: Schematic highlighting the three different growth locations on crystal
surface namely kinks, steps and terraces. In terms of energetics, kink locations are
more favourable for growth followed by step locations. Growth upon terraces is the
least favourable for attachment of growth units.®

The diffusion theory associated with crystal growth was proposed by Noyes
and Whitney®® and is grounded on the difference between the concentration at
a solid crystal face and concentration of the bulk solution to drive crystal
growth. Also, it is assumed that crystallisation is the reverse of dissolution.%®
The crystal growth rate is governed by the concentration difference between

the crystal surface and the bulk solution is defined as:

dm . 1.19
dt = kmAcrystai (Cpuik — €) ( )

Where

m = Solid mass deposited (kg)

t = Time duration in which deposition occurs (S)
k. = Mass transfer coefficient (kg/(m?2.s))

Acrystal = Surface area of crystal (m?)
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Culk Solute concentration within the bulk (kg/kg)

o
I

Equilibrium saturation concentration (kg/kg)

The diffusion theory was then further developed by Berthoud®’ and Valeton®®
in which it was proposed that two steps were involved in crystal growth (Figure
1.13) i.e. diffusion of solute molecules to the surface of a crystal followed by
the integration of molecules in the crystalline structure via a first order reaction.
It is generally accepted that the diffusion step is related linearly to the
concentration difference. Similar to other crystal growth theories, the diffusion
theory has limitations however crystal growth rates have been measured by
employing this theory.®

dm 1.20
E = deCrystal(CBulk - Ci) ( )

dm . 1.21
E = krACrystal (ci—¢") ( )

Where

kg4 = Mass transfer coefficient (kg/(m?2.s))

k, = Integration rate coefficient (kg/(m?2.s))

Ci = Solute concentration at interface (kg/kg)
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Figure 1.13: Diffusion theory of crystal growth across adsorption and diffusion
stagnant layers (two step concentration driving forces).®

In reality measurement of solute concentration at the interface is incredibly

difficult therefore c; is replaced by an overall concentration driving force

(c —c").

dm . 1.22
E = kGACrystal(C —c")9 ( )

Where
ke = Overall crystal growth coefficient (kg/(m?2.s))
g = Order of growth process
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Equation 1.22 can be rearranged into:

_ldm (1.23)

Where
R; = Mass deposition rate (kg/(m?2.s))
Ac = Crystal growth driving force [cgy i — ¢*] (kg/kg)

Crystal growth is crystal face specific with different growth rates associated
with different crystal faces. An example of different crystal face chemistries of
phenytoin are shown in Figure 1.14 which ultimately dictate subsequent crystal
growth. Crystal morphology is dependent upon associated crystal face growth
rates in which the slowest growing face having the largest influence of crystal
morphology.®:%° Imaging techniques have been employed to measure crystal
growth rates including optical microscopy’® and atomic force microscopy
(AFM)."* Miyazaki and co-workers employed AFM to investigate the elongation
growth rate of nifedipine in the presence and absence of selected polymers??
highlighting the sensitivity of this approach.
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Figure 1.14: Phenytoin packing arrangement highlighting anisotropic surface
chemistries in particular (0,-1,-1,1) and (0,1,-1,1) faces (CCDC reference PHYDAN).”

From a fundamental approach, studying single crystal growth can be used to
obtain individual crystal face growth rates. Regarding crystalliser design,
crystal growth rates are typically expressed in terms of mass produced per unit
time per unit area of crystal surface rather than individual face growth rates.

The overall linear growth rate, ¢ (m/s), can be expressed as:®

1 1 1.24
i — (1.24)
G=——"7F
(apcrystN)gt
Where
m; = Initial crystal mass (kg)
my = Final crystal mass (kg)
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a = Volume shape factor

Pcryst = Crystal density (kg/m?3)

=
I

Number of individual crystals

t = Time (s)

1.3.5 Considerations associated with crystallisation processes

Crystallisation processes and their basic design are often difficult due to the
complexity of multiphase processes. However, for a given crystallisation
process the generated crystalline product, as described previously, must meet
specified regulatory requirements in which product quality is governed by
CQA.%8 In relation to pharmaceuticals, the most critical attribute for a crystalline
product is chemical purity as this is vital in terms of patient safety upon
administration.” Other important specified properties relate to physical phase
purity i.e. polymorphic form and also particle properties including morphology
and PSD.” Polymorphic form and PSD can influence the performance of a
drug formulation via altering bioavailability and consequently clinical
outcome.”® The crystallisation step in pharmaceutical manufacturing is
commonly followed by further downstream processes. The physicochemical
properties of generated crystalline product can have a considerable influence
upon downstream processes e.g. needle crystal morphology potentially
causing filtration issues. Therefore, it is vital that satisfactory understanding of
a given crystallisation process is achieved to have confidence in developing a

robust process.

A number of issues can arise during a crystallisation campaign that can
ultimately impact a crystalline product in addition to process productivity.
Crystalline particles generated from a crystallisation process can potentially be
affected by encountered environments. Attrition can arise with crystals
colliding with solid surfaces present within a crystalliser or by crystal-crystal

collisions. Attrition results in the generation of fines that alter PSD and also
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decrease crystal quality due to fragmentation.®°0 Additionally, crystalline
particles generated from a crystallisation process have the potential to
physically interact through processes such as aggregation or agglomeration
which can be an undesirable outcome.”” A common problem which arises
frequently with crystallisation in continuous flow is the formation of blockages
which can halt a successful crystallisation campaign. As a result, equipment is
typically designed to prevent blockages from occurring.”®"® The accumulation
of crystalline deposits can limit the operational efficiency of process equipment
by decreasing heat transfer and mass transfer. Therefore, fouling during a

crystallisation campaign should be avoided.

1.4 Fouling literature review

1.4.1 Fouling introduction

Fouling is defined as the unwanted deposition of crystalline material upon a
surface!’ and, within both batch and continuous crystallisation processes, is
considered as a significant detriment to quality and control.82 The
consequences of fouling is variable and dependent upon what stage the
fouling deposit has developed to, from a minor reduction in heat transfer to
catastrophic unstable crystalliser operation. Typically, the fouled layer consists
of solute molecules from the crystallising system. Therefore, a reduction in
product crystal yield is anticipated when fouling has occurred.” Fouling of
surfaces utilised for heat transfer such as vessel walls can result in a reduction
in heat transfer due to the crystalline layer’s insulating properties. This results
in altered thermal conditions within a crystalliser with reduced product quality
in addition to increased energy consumption to compensate for the reduction
in heat transfer efficiency.!” Fouling within pipe-line structures such as the
continuous oscillatory baffled crystalliser (COBC), as illustrated in Figure 1.15
(@), results in cross-sectional narrowing and, in extreme cases, complete
structure blockage which can create dangerous pressure build-ups.® Fouled

deposits are unstable and are liable to detach under shear stress.8! Large
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detached fouled masses are capable of damaging equipment including
agitators or pumps in addition to blocking inlet and outlet openings.® Probes
and sensors in contact with a crystallising system can potentially foul’, as
illustrated in Figure 1.15 (b) and (c), where fouling can affect the reliability of
process information being gathered.?2-82 For a given continuous crystallisation
process, it is generally anticipated that fouling will eventually occur at some
stage during its operation. Dependent upon the extent of fouling, a fouled
crystalliser will be required to be shut-down and cleaned which is costly in
terms of time and resources. Both the physical consequences and economic
challenges of fouling make it an phenomena which should be prevented or

limited as much as possible®* to allow extended crystalliser operation.

Figure 1.15: (a) Crystallisation fouling present upon the internal surface of an
operational COBC. (b) An image of a clean Fourier transform infrared spectroscopy
(FTIR) probe with (c) resultant fouling upon all exposed surfaces after solution
exposure as identified by Borissova et al.®3
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From a crystallisation perspective, fouling can potentially occur on any surface
in contact with a supersaturated solution. The most prominent cause for fouling
to occur in a crystalliser is the generation of local high supersaturation such as
cooling jackets, as observed in Figure 1.16, where a large temperature
difference (AT) exists between the cooled surface and the bulk solution. This
IS a particular issue in cooling crystallisation processes where a solid surface
is employed for indirect heating/cooling. The actual local supersaturation at the
surface is uncertain and is also dependent upon the hydrodynamics conditions
within a crystalliser.® Local supersaturation can also be caused by
vapour-liquor interfaces (as highlighted in 1.1 Background; this phenomena
will not be investigated), inadequate agitation and flow stream interactions
which are principally related to reactive or anti-solvent crystallisation
techniques. Brown and co-workers experienced fouling in the anti-solvent
continuous crystallisation of salicylic acid which subsequently limited the
operational capacity of the crystalliser.®> Fouling can be considered as a
crystallisation process albeit an unwanted process as it is influenced by
supersaturation. Therefore, relationships associated with nucleation, growth
and agglomeration processes can potentially be related to fouling. Duncan and
Phillips® and Shock®’ determined a connection between the MSZW of a
crystallising solution and its potential to foul. It was determined that the
supersaturation range in which fouling was unlikely to occur is the same as the
MSZW for nucleation within the bulk. Ritter found that increasing
supersaturation resulted in a decrease in fouling induction time highlighting the

importance of supersaturation on fouling.®®
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Figure 1.16: Image of L-glutamic acid fouling upon the internal heat transfer surface
of a jacketed COBC® in which COBC straight ‘11’ had become fouled at the glass
interfaces where heat transfer occurs.

Fouling can still ensue even went great effort has been dedicated to controlling
supersaturation. Molecular level relationships comprising interactions with
solute and solvent molecules and a surface can potentially result in fouling to
occur e.g. hydrogen bonding and van der Waals (vdW) forces. In order to
comprehend these interactions, the solute and solvent molecular properties
such as hydrophobicity, polarity and 3D-structure must be taken into account
in addition to the inherent properties of the material substrate the fouled

surface is constructed from.8°

1.4.2 Previous fouling studies

1.4.2.1 Overview of fouling literature and measurements

Fouling research comprises a variety of diverse fouling types such as corrosion
fouling, microbiological fouling and reaction fouling. However, the basis of this
literature review focuses upon reports relevant to crystallisation fouling.
Extensive studies have been focused on heat exchanger fouling by inorganic
compounds in which outcomes and learnings can be related to organic
compounds such as pharmaceuticals. The bulk of the present literature review
focuses on findings from heat exchanger fouling research. However, a small
number of crystallisation fouling studies involving organic systems have also
been highlighted.
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Within heat exchanger fouling, the fouling process is progressive and consists
of two distinct stages namely an induction period and a fouling period
(Figure 1.17).8° Within the induction period, initial crystals are formed and
grow upon the surface in which notably these deposits have a negligible effect
upon the overall heat transfer coefficient (U). Notably initial crystals deposited
upon the surface can potentially enhance heat transfer due to increased
surface roughness and enhanced turbulence.®® However, as more crystals
form/grow and reach a critical value the fouling process progresses into the
fouling period where heat transfer is impacted. Within the fouling period the
crystalline deposits further grow and develop into a more compact, crystalline
layer. As the fouling layer progresses, the heat transfer efficiency between the
crystallising system and the fouled surface decreases. Within heat exchanger
fouling studies, the impact of fouling on heat transfer is utilised to measure
fouling quantitatively termed fouling resistance (Rf) which is defined as:

1 1
peo L1 (1.25)
Us U

Where Uy and U, are the overall heat transfer coefficients when the surface is

fouled and clean, respectively. Fouling resistance is determined at a given
frequency which provides several details regarding fouling. Once fouling
begins to impact heat transfer, a fouling induction time can be determined
which is distinctly different to tradition crystallisation induction time definition
(detailed further in Chapter 7 Fouling assessments in novel flow platform).
Also, a rate expression can be deduced from the gradient of the fouling slope
in terms of heat transfer in addition to evaluating the extent of fouling based
upon the magnitude of difference between the fouling resistance values at the
induction time and fouling resistance as fouling continues towards reaching a

plateau.
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Figure 1.17: Typical fouling curve highlighting the induction period and fouling period
in relation to heat transfer.

The fouling period consists of two simultaneously competing processes
namely deposition and removal (Figure 1.18). A generic fouling rate (%)

comprised of deposition rate (m,) and removal rate (m,.)) can be described in

terms of mass deposition rate and fouling resistance.”:°

dmf _

(1.26)
qr - Ma "My = Rf
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Figure 1.18: Schematic highlighting deposition and removal of crystalline material on
a fouled surface contributing to the fouling rate.

Itis considered that the deposition process associated with fouling is a function
of nucleation rate. The removal process is strongly dictated by the relativities
of shear stress due to the hydrodynamics and the strength of adhesive forces
between the fouled mass and surface. Additionally, deposition typically occurs
from a moving solution which exerts shear stress at a given surface. Therefore,
the fouling material must have sufficient adhesive and/or cohesive interactions
associated with generated particles and the fouling surface which supersedes

associated shear removal forces.8°

1.4.2.2 Overview of fouling parameters

For a given fouling system it is beneficial to distinguish between process and
interface conditions (Figure 1.19) both of which are a function of the crystalline
fouling layer.®? Process conditions which are acknowledged to impact fouling
include the crystallising system (solvent and solute properties),
supersaturation, pH, flow velocity and hydrodynamic regime and the
introduction of additives. Interface conditions which can influence fouling
behaviour comprises surface temperature, surface energy and contributing

components, surface roughness, surface topography, number of nucleation
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sites, surface type and also the aging of the encrusted layer. It should be noted

that the previous two lists are by no means exhaustive.
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Figure 1.19: Adapted figure from Geddert et al. highlighting contributing parameters
to influence crystallisation and particle processes associated with fouling.®?

The properties of the surfaces in contact with a crystallising solution are
important in impacting fouling in addition to influencing the crystallisation
process. Interfacial properties including surface roughness, wettability and
surface energy possessed by a surface are the important in influencing

adhesion processes.”

Surface roughness is acknowledged to impact nucleation processes and also
the adhesion of particles.?2939% The roughening of a surface alters its
wettability in addition to altering nucleus contact angle (Oyycieus)- The rate of
primary heterogeneous nucleation, J, (nuclei per unit time per unit surface

area) is described as:

36



] = AKineticexp(_AGhet/(kT)) (1'27)

From a molecular perspective, it is perceived that preferential orientation at a
surface occurs. Solute molecules incline to orient the hydrophobic fragment of
its structure towards a hydrophobic surface and the hydrophilic fragment of the
molecule towards an hydrophilic medium and vice-versa for a hydrophilic
surface.” These molecular interactions may result in solute molecular
pre-ordering or potentially generating local concentration to promote
nucleation. However, the previously mentioned molecular interactions would
be solute/solvent system specific and generalisation of molecular interactions
is challenging.

1.4.2.3 Factors impacting fouling
(@) Materials of construction

With an industrial manufacturing setting, process equipment can be
constructed and fabricated from a variety of different materials ultimately
dependent on the designated purpose e.g. Hastelloy®, stainless steel,
borosilicate etc. Different materials have inherently diverse properties
comprising physicochemical, mechanical and thermal properties which
contribute to a successful crystallisation campaign. As highlighted beforehand,
abundant and extensive research has been conducted in the fouling of heat
exchangers and, furthermore, the influence of different materials of
construction (MOC) from which heat exchangers have been constructed of has

been a notable area of research regarding inorganic solution fouling.

i) Metallic MOCs

Typically, metallic MOCs have been investigated in heat transfer studies as
heat exchange surfaces primarily due to their inherent high thermal

conductivity. Additionally, these materials are robust and have been
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traditionally utilised for decades within heat exchangers®® and chemical
processing equipment®’ successfully. Kazi explored heat transfer fouling on
different heat exchanger pipe MOCs by visually observing the progressive
deposition under the specific solution conditions.®® The experimental set-up
comprised of test pipes constructed from copper, aluminium, brass or stainless
steel that were centrally located in a cylindrical tank which comprised a
concentric vertical agitator that provided constant and uniform flow conditions
near the explored pipe surface. The importance of a MOC’s thermal
conductivity in relation to fouling was demonstrated by Kazi where larger
extents of fouling (mass deposited per unit area) were found with MOCs with
increasing thermal conductivity values. Additionally, the investigated metallic
substrates were also compared to sand-blast roughened counterparts to
assess the impact of surface finishing upon fouling. It was found increasing the
surface roughness resulted in increased fouling at given conditions. The
importance of MOC thermal properties in addition to surface finishing in

relation to fouling was highlighted within this study.

The fouling of metallic substrates by inorganic compounds was additionally
explored by Forster and co-workers.?l MOCs explored included copper,
aluminium, steel and brass with differences in fouling induction time were
identified under identical process conditions (Figure 1.20). It was found the
MOC with the largest surface energy, namely copper, had the lowest induction
time. However, trends between determined induction time values and the

surface energy of a MOC could not be correlated.
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Figure 1.20: Fouling resistance curves versus time for a range of metallic MOCs
under identical process conditions highlighting the impact of different MOCs upon
fouling induction time.?!

More recent research by Al-Janabi et al. explored various metallic materials
(specifically austenitic alloys) and their heat transfer performance due to forced
calcium sulphate fouling.®® It was found that Hastelloy® C-276 and standard
stainless steel had similar fouling induction times however SMO254 type
stainless steel had a significantly larger induction time value under identical
process conditions. The roughness effects of the investigated substrates was
neglected within this research as the average roughness values (Ra) were
within the range of 0.12 um to 0.18 um which have been proposed to most
likely not influence fouling. The principal judgment from this research relates
to the surface energy of MOCs. It was proposed that the electron donor
component of the total surface energy of a substrate was significant for fouling
in particular influencing the fouling rate. One explanation for this fouling

behaviour relates to electron donor component values in which lower values
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indicate strong interactions between the surface and the fouled deposit. This
paper proposes that the total surface energy of a substrate as a single
parameter in relation to fouling is debatable and its contributory components

of surface energy require consideration.

The impact of different surface finishes of metallic materials on fouling have
also been probed. Surface polishing alters the roughness profile of a surface
in which surface roughness is defined as the randomly, closely spaced
irregularities present at the material’s surface.'®® From a chemical processing
perspective, construction materials within equipment and instrumentation
should be adequately smooth with the absence of problematic surface
defects®’. In terms of engineering fundamentals, surface roughness can be
undesirable as it can result in friction and drag. However, on the contrary,
surface roughness can be desirable since it can potentially allow a given
surface to increase convective heat and mass transfer owed to agitation within
the viscous sub-layer.1% Notably transfer rates are highly dependent upon the
nature of the roughened surface i.e. distribution of the roughened projections,

shape, size and projection orientation.102

Al-Janabi investigated shot peened stainless steel surfaces and its impact on
calcium sulphate fouling during convective heat transfer.1%® The shot peening
process involves bombarding the MOC surface with metal shots. This
treatment improves stress-corrosion resistance properties of the MOC
however increases the surface roughness. It was determined that the
substrates with a larger roughness value (shot peened surfaces) had lower
fouling induction time values in contrast to the smoother, original stainless
steel. The significance of roughened surfaces in inducing nucleation were
highlighted. Research by Geddert et al. explored the effect of different
polishing treatments on stainless steel on the fouling of calcium sulphate as
heat transfer surfaces.® Explored treatments comprised using grinding papers
with different grit sizes, polishing paste and electropolishing that created
stainless steel surfaces of different roughness values. Average roughness
depth values (Rz) of surfaces ranged from greater than 4 um to less than 1 um

associated with electropolished stainless steel. It was found that the induction

40



time associated with electropolished steel was considerably larger than any of
the mechanically polished surfaces in addition unmodified substrate (Figure
1.21). The notion of increasing surface roughness can potentially increase the
number of nucleation sites with associated reduced required nucleation
energy. However describing fouling with a single roughness parameter is
uncertain as numerous are utilised and understanding the full contributions of

roughness is necessary.

2 15
stainless steel
= 1 mean roughness depth »
— 44 T | —— induction time |
- —
o O =
| : 3
2 B
© 34 1o o
& E
B T =
U =
= S
= 24 . m n 16 5
= , s =
ra _D
£ ag" k=
c
m 1= Dz' GD] ; 14
5] % |
= 1 L z = |
A 1E &
[l on =
0 o o | B 2 0
L= = D =
= Eh = i W e w ]

Figure 1.21: Influence of surface treatments upon surface roughness and fouling
induction time.®

The impact of surface roughness upon adhesive strength of the fouling layer
has additionally been explored by Keysar et al. who investigated the adhesive
strength of calcium carbonate layers upon mild steel surfaces under well-
defined conditions.® It was found that the surface roughness exerted a marked
effect on the tenacity of the calcium carbonate deposit with the tensile stress
needed to dislodge calcium carbonate deposits adhered to a rough surface
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determined to be thirty times greater in contrast to requirements to dislodge
calcium carbonate adhered to a smooth surface. Herz et al. demonstrated that
the average surface roughness (Ra) has a distinct impact on determined heat
transfer due to fouling.1%* It was observed that heat transfer coefficient values
decreased faster as the surface roughness increased (Figure 1.22) with the
prominent reason being that rougher surfaces have more nucleation sites

resulting in faster fouling induction.
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Figure 1.22: Fouling resistance curves versus time for different surface roughness
(Ra) values of stainless steel substrates.%*

Bogacz et al. recently investigated the impact of modifying surface roughness,
and resulting wetting properties, of stainless steel substrates.'%> Within this
work it was found that the wettability of a substrate has a more significant
influence on heat transfer fouling curves in comparison with surface

roughness.
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(i)  Other MOCs

In addition to heat transfer fouling studies of metallic materials, other MOC
types have also been explored including polymers. Heat transfer surfaces
typically require sufficient thermal characteristics notably thermal conductivity
to allow adequate heat transfer across a surface. Polymer coatings of heat
exchangers have been utilised to extend operation duration. However, the
addition of polymer to a metallic surface decreases heat transfer efficiency in
addition to altering other surface properties. The use of polytetrafluoroethylene
(PTFE) as a coating for heat exchangers to mitigate crystallisation fouling has
been highlighted by Zhao.°® Numerous stainless steel surfaces were
fabricated with different PTFE content coatings in which it was found that the
mass per unit area of fouled calcium sulphate deposits for all coated substrates
were lower in contrast to untreated stainless steel (Figure 1.23). Notably from
this research it is proposed that the surface energy of the coating is significant

in influencing the adhesion of calcium sulphate deposits.
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Figure 1.23: The impact of varying dispersive surface energy values of stainless
steel/different PTFE-coated stainless steel substrates upon calcium sulphate
deposition.1%

Drieser et al. explored the fouling of calcium sulphate on polyetheretherketone
(PEEK) performing as a heat transfer interface within a batch crystallisation
set-up.1%” It was concluded that PEEK surfaces had considerable advantages

in terms of fouling kinetics and extent of fouling in contrast to the investigated
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stainless steel material. In terms of fouling induction times, stainless steel
fouled instantaneously with no induction period whilst, under identical process
conditions, a probed PEEK surface composed of Aptiv® 1000 had a fouling
induction time of approximately 10 hours highlighting its potential as a heat
exchange material to mitigate fouling. It was emphasised that explaining
fouling is not simplistic and is complicated by overlapping of energetic and
topographical parameters. The utilisation of polymers as heat exchange
surfaces is not novel. Rankin and Adamson explored the deposition of
magnesium hydroxide upon various MOC surfaces including stainless steel,
copper-nickel alloys and different Teflon™ polymer treated surfaces from
flowing seawater evaporating under atmospheric boiling conditions. The initial
fouling formation was demonstrated to be a strong function of the material’s
surface. However, as the fouling layer grows the fouling rate essentially
becomes independent of the material surface. In terms of fouling adhesion to
the investigated surfaces, it was found that there was very little difference
between the various metallic surfaces of similar roughness however adhesion
to Teflon™ branded surfaces were determined to be approximately ten times

weaker in contrast to metallic surfaces.??

Within a research laboratory setting, borosilicate is generally used in the
construction of equipment including crystallisers. Tachtatzis et al. explored the
fouling of L-glutamic acid (LGA) on the internal glass surface of an oscillatory
baffled crystalliser (OBC) which acts as a heat transfer surface highlighting
that even with the lack of physical features fouling at smooth heat transfer
surfaces with lower thermal conductivity values can still foul.1%8 LGA fouling

upon borosilicate was also identified by Briggs and co-workers.*®

Predominately research regarding the fouling of MOCs typically involves their
utilisation as a heat transfer interface. However, fouling additionally occurs at
interfaces here heat transfer is not its function such as materials used to
construct impellers®3, baffles!* and other crystalliser fittings.'® Liang et al.
investigated the influence of stirrer construction material and its operational
parameters upon the primary nucleation of LGA within a batch crystalliser set-

up. Retreat curve impellers employed were constructed from either Perspex®
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(Poly(methyl methacrylate) (PMMA)) or stainless steel.>3 Authors observed
evidence of crystals attached to the surface of both stirrers indicating
nucleation initially started upon the surface of the stirrer instead of
preferentially cooled regions located adjacent to the crystalliser wall. Overall,
this research study revealed a heterogeneous nucleation mechanism involving
a surface induced process upon the surface of a stirrer that resultantly became
fouled. The surface properties and material of construction have an influential

effect on the overall crystallisation process.

A number of fouling studies have been conducted by Vendel and Rasmuson
to explore fouling mechanisms related to crystallisation fouling by exploring
different MOCs.”12 MOCs explored in both fouling studies were stainless steel
and Teflon™ in which differences in fouling initiation were observed. Vendel
and Rasmuson originally explored two initiation mechanisms namely catalytic
nucleation and collision initiation.” An experimental method was developed by
which nucleation on a solid surface was investigated at controlled local
supersaturation without the interference of particle deposition. In agitated
solutions, crystals may form and deposit before they reach detectable size,
when it becomes difficult to distinguish between particle deposition and crystal
nucleation therefore solutions were quiescent. A variety of compounds were
probed however it was determined that Teflon™ has a strong catalytic effect
on inducing nucleation in comparison to stainless steel. It was proposed that
Teflon™, a hydrophobic material, and reasonably hydrophobic molecules the
crystal contact angle will be smaller and nucleation at the surface will be
promoted. Collision initiation experimentation found differences between
MOCs. Vendel and Rasmuson continued their research into collision initiation
mechanisms of fouling at hydrodynamic conditions resembling those in an
agitated crystalliser.'? Stainless steel and Teflon™ were once again probed
with more fouled crystals generated on roughened stainless steel in contrast

to Teflon™,
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(b) Process conditions

Alike to MOCs and exploring their inherent properties, modification of process
conditions have also been explored within heat exchanger fouling research.
Operational parameters that are acknowledged to influence fouling to a
significant level include fluid velocity, fluid flow regime, surface/local

temperature and bulk fluid temperature.'”1°

(1) Hydrodynamics

The influence of hydrodynamics on fouling has additionally been probed.
Hydrodynamic conditions in relation to fouling has been explored by Forster et
al. where stationary/constant and pulsating flow conditions were explored.?!
For stationary flow conditions, an increase in fluid velocity resulted in an
increase in fouling induction times. Pulsating flow conditions created a wide
range of responses from instantaneous fouling with a negligible induction
period to no detectable fouling detection after 500 hours. Wang recently
explored crystallisation fouling of calcium carbonate in a double shell heat
exchanger more specifically investigating the impact of different flow
velocities/Reynolds numbers (Re) upon fouling resistance.'®® Wang
determined that at lower Reynolds number flows (Re < 2100) the mean growth
rate of fouling increased with increasing Reynolds number however at larger
values (Re > 2100) the mean growth rate of fouling decreases with increasing
Reynolds number. Bogcaz et al. explored different solution flow rates in the
crystallisation fouling of magnesium sulphate heptahydrate in which it was
found that fouling occurred firstly in the highest explored flow rates for all
explored conditions.'%° Additionally, increasing solution flow rate also
increased the fouled deposit’'s mass which is characteristic of a diffusion
related mechanism. Fluid velocity can impact fouling via a number of ways.
The transfer of solute molecules from bulk to surface interface is associated
with diffusion controlled processes and increasing fluid velocity enhances
diffusion process and resultantly causes more fouling. However in most

instances as fluid velocity increases towards higher values fouling
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decreases — increasing flow velocity increases the fluid shear stress at the
surface which can remove more deposited crystalline material which is
ultimately dependent on the adhesion strength.'”:®® Chen et al. obtained
agreeable results where fouling rate and asymptomatic fouling resistance
values increased and fouling induction times decreased with decreasing fluid

velocities!'? as shown in Figure 1.24.
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Figure 1.24: The influence of flow velocity upon fouling resistance curves for calcium
carbonate fouling.'*°

(i) Temperature

The surface temperature can also increase, decrease or have no impact upon
fouling and is system dependent.'”% For inverse soluble inorganic solutes
increasing surface temperature increases fouling owing to larger concentration
gradients however for normal solubility solutes cooling of the surface results in
increased fouling. The surface temperature, in addition to contributions from
the bulk solution temperature, dictate local supersaturation. Bansal and Muller-
Steinhagen explored numerous process parameters which influence fouling
one of which was the average heat exchanger wall temperature.'? It was
determined that larger average wall temperatures were associated with higher
fouling rates. Additionally, this research also visually revealed that the location
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where the hot stream entered the heat exchanger presented a larger extent of
crystalline fouling due to a greater temperature difference (AT). Quan also
examined the effect of surface temperature of a heat exchanger upon fouling
resistance with respect to time in which it was determined that increasing the
surface temperature increases fouling resistance values.'!? Drieser et al. also
explored the impact of increasing substrate temperature which resulted in
decreased fouling induction times, increased fouling rates and also increased

fouling extent in terms of heat transfer.%7

In addition to the local surface temperature on which fouling can occur, the
temperature of the bulk solution can impact fouling. For organic solutes
decreasing the bulk solution temperature enhances the rate of crystal
formation which ultimately can be deposited on a surface. Bulk crystallisation
iIs governed by supersaturation which is dependent upon the bulk solution
temperature. Paakkodnen et al. explored the impact of crystallisation on fouling
upon stainless steel heat transfer surfaces.*® Within the research two different
elements of fouling were investigated which included surface nucleation and
composite fouling. In terms of experimental setup, composite fouling
comprising particle deposition and surface nucleation was explored with no
inline filter present whilst exclusively surface nucleation was explored by
filtering out formed crystalline materials prior to substrate exposure. It was
found that the combination of both surface crystal growth and particles
deposited onto the surface via bulk crystallisation resulted in a significant
increase in fouling resistance highlighting the importance of crystallising
system understanding in particular to the generation of particles in bulk. The
importance of fluid flow velocity and surface temperature are also
demonstrated within this research. In addition to generating particles in
suspension, the bulk solution temperature may contribute towards localised
surface temperature and therefore impact local fouling via local surface

nucleation.
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(c) Solution properties

It is generally considered that fouling is solute and solvent system specific
since fouling does not always ensue in addition to differing fouling responses
under similar process conditions. Vendel and Rasmuson explored a variety of
different organic and inorganic solutes and their fouling on stainless steel and
Teflon™ substrates under identical conditions in which considerable
differences in fouling behaviour between investigated fouling molecules was
highlighted.” Nyvit and Veverka investigated the fouling of various fouling
molecules upon cooled surfaces in which different timescales for fouling to
occur were identified as illustrated in Figure 1.25. A correlation between
MSZW and time for fouling to occur was proposed for a variety of crystallising
solutes with a narrow MSZW associated with a small experimental timescale

for fouling to occur.®
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Figure 1.25: Nyvilt and Veverka'’s plot illustrating critical time for scaling/fouling as a
function of MSZW for various fouling molecules.*®
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The physicochemical properties of the solute and solvent molecule and their
interactions ultimately contribute towards the generation of supersaturation
which is essential for fouling to occur. The role of solvents and their properties
are acknowledged to impact crystallisation processes such as
agglomeration!4, polymorphism?*> and crystal morphology.*'¢ Therefore, it is

reasonable to assume it will additionally influence fouling.

1424 Fouling mitigation

Fouling within a crystallisation process is anticipated to eventually occur
throughout its operation. Mitigating fouling from occurring is highly desirable to
extend a crystalliser's operation in particular for continuous campaigns.
Continuous manufacturing plants are expected to operate for approximately
50 weeks successively a year according to one author underlining the
necessity to prevent system failure.! To combat fouling from occurring a
number of approaches can be taken including mechanical and chemical
methods. Mechanical methods often require a crystallisation process to be
halted which are not suited for continuous operations. Generally mechanical
methods only provide a partial solution with chemical methods more appealing
with examples including the addition of additives, modification of pH and
degassing.l’'” The use of chemical additives can potentially result in
undesired product contamination or have an adverse effect on the
crystallisation environment. For highly regulated organisations such as those
within the pharmaceutical industry, the chemical additive approach to mitigate
fouling is often dismissed. However, the addition of additives as a technique to
mitigate fouling occurring has been successfully demonstrated by numerous
authors in relation to heat exchanger fouling in addition to organic
crystallisation research. Powell et al. examined the use of a common drug
excipient, hydroxyl propyl methyl cellulose (HPMC), as an additive during the
continuous crystallisation of paracetamol as a method to enhance
crystallisation control.1*® The presence of HPMC was found to suppress

nucleation and crystal growth in addition to successfully mitigating fouling for
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an extended period of time. This notable research would not require the
removal of the additive as it may be employed as a drug excipient. A recent
publication by Lapidot and Heng highlighted the addition of functionalised silica
particles within a crystallising calcium sulphate system as a means to mitigate

fouling.1%®

Surface modification of a substrate is an attractive approach to mitigate fouling
occurring on crystalliser surfaces. Within research literature there are
numerous reports highlighting the use of modified substrates to control and
modify nucleation e.g. altering nucleation induction times!?® or polymorphic
form.24 Within heat exchanger studies surface modifications have been utilised
to mitigate crystallisation fouling. In order to evaluate the anti-fouling potential
of a surface modifications method, the impact on extending the fouling
induction time must be assessed against the financial cost associated with
such a modification.*? One such surface modification that has been
extensively employed to mitigate fouling is coating surfaces in particular with
polymers such as PTFE primarily due to its well established non-stick
properties. However, low thermal conductivity, poor abrasion resistance and
difficulty in adhering the polymer onto metallic substrates inhibits its industrial

application in addition to its high financial cost.*??

The formation of a fouled deposit upon a surface can be considered in terms
of attractive forces between the deposit and the surface. The first step of the
fouling process on a heat exchange surface is the formation of a crystal phase
on its surface from the solution. The phase transition from solution to solid is
driven by the minimisation of the free energy of the crystallising system. Low
levels of fouling are typically anticipated on substrates which have low surface
energies such as PTFE, fluorinated ethylene propylene (FEP) and other
hydrophobic related materials.*?2 However research by Forster et al. explored
a variety of different polymer coatings as a means to mitigate fouling of heat
exchangers in which it was determined no considerable difference in terms of
fouling induction time between metallic substrates and fluorinated polymer
coated substrates.?! It was proposed that the topography of the fluorinated

polymer coatings was the principal reason for not observing distinct fouling
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induction time differences with surface defects supporting the formation of

stable nuclei.

In addition to coatings, other surface modifications have been probed to
mitigate fouling. The intentional incorporation of impurities onto a surface via
innovative surface modification techniques may be used to target lower
surface energies and essentially present a barrier to fouling. Miller-
Steinhagen et al. investigated SiFs* ion implantation onto steel to reduce
calcium sulphate fouling using a closed flow loop system.'?? Miiller-Steinhagen
and co-workers determined that the implanted heat transfer surface was
shown to reduce calcium sulphate dihydrate fouling significantly, with a
measured increase in water contact angle of approximately 20° and a resultant
reduction in wetting behaviour. However, the robustness of such surface
modifications is debateable in particular regarding long term stability and,
regarding pharmaceutical crystallisation processes, concern around fragments
entering product stream. Superomniphobic surfaces have also been
highlighted as one strategy to mitigate fouling due to their advanced repellent

qualities.'?3

The application of ultrasound has been applied for fouling mitigation. Within
the last number of decades ultrasound technology has experienced a
significant in development and utilisation including implementation at industrial
manufacturing scales.'?#1?5 Sonication has been utilised by a number of
research investigators in particular concerning continuous crystallisation.1#126-
127 Siddique et al. successfully conducted continuous sonocrystallisation
campaigns of lactose monohydrate with no problematic fouling.t?®
Sonocrystallisation has been demonstrated to influence nucleation including
reductions in induction time and MSZW however it is challenging to predict
exactly how sonication will impact a crystallisation process. There are two
proposed methods in which sonication can impact fouling.?6128 The first
method comprises the vibration of the surface which resultantly detaches
adhered crystalline material. The second method involves the formation of
cavitation bubbles near to the solid-liquid interface. The formed bubbles

collapse resulting in shock waves that within the locality remove fouled
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material. The effectiveness of sonication in mitigating crystallisation fouling is
contentious as demonstrated by Narducci et al. where sonication had a notable
effect in reducing fouling on non-cooled surfaces (Figure 1.26 (a) and (b))
however fouling was comparable for sonicated and non-sonicated cooled

surfaces.14

(b)

Figure 1.26: Images of fouled surfaces under (a) silent conditions and (b) sonication.
Fouling was more prominent under silent conditions.*

Other techniques employed to mitigate or reduce fouling include changing the
operational conditions. Notably however altering crystallising operating
conditions to impact fouling will resultantly impact the crystalline product.
Operational parameters which can be altered to contest fouling comprises the
application of thermal shock (rapid increase or decrease in temperature) and
increasing shear stress by pulsation, increase in flow velocity or reverse flow.%®
Additionally, the use of seed crystals is acknowledged as a strategy to prevent
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fouling from occurring or limits its impact.'®1?° Continuous seeding has been

used to avoid fouling in successful continuous crystallisation campaigns.8130

1.4.2.5 Fouling measurement methods

Within fouling literature a number of different techniques to measure fouling
have been utilised as summarised in Table 1.1. Additionally theoretically
appropriate measurement techniques from related disciplines which are not
routinely/have not been used to measure fouling are also detailed (Table 1.1).
The most prevalently employed technique within heat exchanger fouling
literature is assessing the impact of the fouling deposits on overall heat transfer
coefficients and resultantly calculating fouling resistance (Rf). However, this
type of measurement has not been performed routinely for organic crystallising
systems. Other fouling measurements related to heat exchanger fouling
include determining pressure drop and examining the fouled deposit via
elementary techniques which are potentially applicable to organic
crystallisation fouling. The use of imaging methods to monitor fouling has been
routinely used including within organic crystallisation fouling. Tachtatzis et al.
employed imaging methods in conjunction with statistical methods to detect
early fouling indications which can allow corrective actions to be taken.1°® More
sophisticated non-invasive measurements which have the potential to be
utilised in measuring fouling have been highlighted Table 1.1 however their
use is not established.
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Table 1.1: Summary of measurements from literature utilised to describe fouling.

Pressure drop

measurements. Monitoring changes in pressure drop
due to the presence of a fouled solid within a system.
Measurements can be made using a differential
pressure sensor.

Foulin o
outing Description Ref.
measurement
Fouling Fouling resistance (Rf) can be calculated from | g ;3
: deviations in overall heat transfer coefficient values
resistance/heat .
via temperature trends across heat transfer surfaces. | ,131-
transfer . oo . .
measurement (See Equation 1.25). Fouling information obtained -
include fouling induction time (onset), rate of fouling
and extent.
Fouled deposit | Simple method to assess extent of fouling by | 8133
mass and mass | measuring change in weight. Mass coverage and | _;3,
coverage mass deposition rates can be determined.
A simple technique dependent on reasonable access
Fouled deposit | to the fouled deposit. Techniques include the use of a | 17,135
thickness micro-meter, travelling microscope or callipers to
measure deposit thickness.
The use of microscopic techniques such as optical
.| microscopy, atomic force microscopy or scanning | 7,13e-
Fouled deposit electron microscopy to evaluate fouled single crystals
morphology  and I | ; . » 139
deposit distribution and__crysta ine layer formation upon a surface.
Additionally, the number of crystals formed on a
surface can be determined.
Considered as an alternative to heat transfer .
17,14

-141
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Table 1.1 continued...

Images collecting at a given frequency to monitor the
initiation and development of fouling. Imaging sources | 7.95.1
include the use of commodity webcams, particle
imaging velocimetry measurement systems and
microscopic imaging techniques. Information that can | -144
be eluded comprise induction time and growth rates
in terms of area coverage.

Progressive 08,142

imaging of fouling

The use of conventional PAT probes traditionally used

Use of process . o
to monitor crystallisation processes have also been

145-

?encar:?/\tcl)(l:c?l (PAT) explored to monitor fouling. However these | ¢
probes g9y techniques have not been established and are not

traditionally employed.

Quartz crystal microbalance (QCM) is a highly
sensitive technique that can potentially detect thin | 147.
layer deposits and the development of the fouling
layer. It has limitations in implementing within a | 149
fouling system. Other acoustic methods have been
used to detect fouling.

Acoustic fouling
assessment
methods

A number of developed methods have been
demonstrated within research including tomography | 150-
Other non-invasive | techniques and ultrasonic time domain reflectometry.
techniques These methods are not established within | 151
crystallisation fouling research however have been
applied to other fouling disciplines.

1.4.2.6 Modelling crystallisation fouling

Modelling of crystallisation processes has received notable interest within
recent years with conventional modelling approaches grounded on mass
balance, energy balance and crystal population equations.® Modelling related
to crystallisation is challenging due to the large number of factors that can
influence and contribute towards the process. Furthermore, fouling
complicates prediction of the performance of a crystalliser primarily due to the
uncertainty of when and where fouling initiates. Research by Peroni et al.
highlighted the importance of having a fouling contribution incorporated within

a crystallisation model to productively predict crystallisation behaviours and
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outcomes.*®? However, modelling of fouling is problematic due to the
complexity of fouling deposit formation and lack of reproducibility from fouling
measurements. Additionally, models to describe fouling often have a large
number of assumptions. Nevertheless, fouling models have been generated
by numerous authors. Recent research by Majumder and Nagy modelled a
crystallisation process within a plug flow crystalliser and incorporated a fouling
model in order to achieve a desired concentration profile in addition to
adequate PSD.®2 The fouling aspect of the generated model includes
mechanistic processes comprising transfer of solute molecules towards the
surface, integration of solute molecules into the fouled mass and also
detachment. Having greater understanding of fouling mechanisms can lead to
enhanced crystalliser modelling capabilities in particular concerning qualitative
predictions.

1.4.2.7 Mechanisms related to crystallisation fouling

Although elementary processes related to crystallisation and particle
interactions can be used to generally describe fouling, fundamental
understanding of mechanisms involved in crystallisation fouling are currently
limited. The stages involved in heat exchange fouling are well established
comprising an induction phase and fouling phase as previously detailed. For
organic crystallising fouling systems, the previously stated fouling stages have
not been established however are considered to be relevant in addition to
fouling occurring on non-heat transfer surfaces. Research by Vendel and
Rasmuson proposed the sequential stages involved in crystallisation fouling in
addition to highlighting important fouling initiation mechanisms. These initiation
mechanisms are illustrated in Figure 1.27 in addition to elementary

crystallisation and particulate processes.?1?
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Figure 1.27: Adapted schematic figure highlighting initiation and growth mechanisms
of crystallisation fouling involving fundamental crystallisation and particulate
processes.%1?

Vendel and Rasmuson originally explored two initiation mechanisms relating
to crystallisation fouling namely collision induced nucleation and catalysed
nucleation.” It was determined from this work that the presence of a solid
surface may catalyse primary nucleation with resulting fouling however this
was only identified at higher levels of supersaturation. Additionally, within this
research exploring fouling initiation via collision nucleation, it was identified
that parent crystals that gently collide and slide down the solid surface can
ultimately leave a trail of crystalline material on the surface. Surface-attached
nuclei were generated at the surface at relatively low levels of supersaturation
within the MSZW. The importance of secondary nucleation and hydrodynamic
conditions within a crystallising system upon crystallisation fouling were
highlighted. Relating to fouling mechanisms this research emphasises
wall/surface nucleation and crystal/surface collisions as important initiation
mechanisms however to what extent each contributes within a typical
crystallisation campaign was not evaluated. Fouling initiation mechanisms
were highlighted to be influenced by supersaturation in which catalysed
induction was found at high levels of supersaturation. Additionally, within this
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work a variety of different compounds were investigated in addition to different
MOCs in which a wide range of fouling responses were identified (Figure 1.28).
This raises queries regarding the importance of both the crystallising system

and also the construction materials that are in contact with the crystallising

system.
Compound Steel Plate® Teflon Plate®

Potassium bromide Slide off at AT 3.0-5.0°C (2) At bottom at AT 4.0°C (1)

Sodium sulfate Slide off at AT 1.0-3.0°C (2) At bottom at AT 1.5°C (1)

Adipic acid Crust initiation at AT 4.0°C (1) Crust initiation at AT 4.0°C (1)

Citric acid Slide off at AT 8.0-15.0°C (5) Crust initiation at AT 9.0-15.0°C (4)
No nucleation at AT 4.0-7.0°C (2) No nucleation at AT 4.0-8.0°C (3)

Glycine Slide off at AT 8.0°C (1) Crust initiation at AT 6.0°C (1)
No nucleation at AT 5.0-6.0°C (2)

Succinic acid Crust initiation at AT 0.5-5.0°C (8) Crust initiation at AT 2.0-5.0°C (6}

No nucleation at AT 1.0°C (1)

Figure 1.28: Image of tabulated results from Vendel and Rasmuson’s research
regarding collision initiation in which diverse fouling outcomes were identified for
explored MOCs and solute molecules.’

Vendel and Rasmuson further researched fouling initiation mechanisms in
particular establishing to what extent collision initiation of fouling would occur
at hydrodynamic conditions resembling those in an agitated crystalliser.'?
Initiation of fouling was determined to occur at levels of supersaturation
distinctly below the MSZW for all explored MOCs. On explored rough steel
substrates, fouling initiation increased with increasing suspension flow rate
towards the substrate, with increasing size of crystals suspended in the flow
and also with increasing levels of supersaturation highlighting the contributions
of process and system parameters upon initiation. A lower extent of fouling,
in terms of number of fouled crystals, was initiated on smooth steel and
Teflon™ substrates in contrast to explored rough steel substrates. The
principal learning from this research that fouling can be initiated by crystals
colliding with a given substrate highlighting its importance with a crystallisation
process where generated crystals can collide with the surface of crystalliser
equipment. This investigation further emphasises the importance of the
hydrodynamics in crystallisers and the impact of operational parameters used

within a crystallisation campaign has on initiating fouling.
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Vendel and Rasmuson explored initiation mechanisms by using experimental
techniques to explore each mechanistic process individually however fouling
is anticipated to comprise a composite of mechanisms. Findings from inorganic
fouling systems may have applicability to traditional normal solubility fouling
systems in terms of mechanisms. Paakkodnen et al. investigated two fouling
mechanisms namely surface nucleation and composite fouling (comprising
surface nucleation and bulk generated particle deposition).'*3 The composite
fouling had a significant increase in fouling resistance in contrast to fouling due
to surface nucleation alone. The learning from this research, in relation to
Vendel and Rasmuson’s work, emphasises the importance of not treating
fouling as a single mechanistic process and that multiple mechanisms may be
involved. Additionally it underlines the impact an additional fouling mechanism
on the overall fouling process.

1.5 Motivation for research

At present the number of crystallisation fouling studies, notably fouling
mechanism studies, are limited yet still remains a key operational issue.’
Proposed initiation mechanisms highlighted by researchers are relatively
generic and it is not known to what extent each initiation mechanism occurs.
Establishing what the most prominent fouling mechanism is for a given
crystallisation process is required to propose specific mitigation strategies. In
addition to fouling initiation mechanisms, fouling growth mechanisms are not
traditionally probed however crystallisation and particle processes are
considered again to be appropriate. Additionally, within a crystallisation
process numerous parameters, as detailed in previously, are acknowledged to
influence fouling however, similar to fouling mechanisms, the contribution of
each parameter is not established and which parameters are considered as
most important. Relating these parameters to fouling mechanisms allows for
further fundamental fouling understanding. Ultimately by enhancing fouling
mechanism understanding overall crystallisation process understanding will be

enhanced (Figure 1.29). A series of suggestions on how to evaluate fouling
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was expected as an outcome from this work in addition to proposing practical

advice for future continuous crystallisation campaigns.

Solution
properties

Nucleation

Process
understanding

Process
conditions

Figure 1.29: Schematic of the relationship between processes and parameters
leading to process understanding.”:919.53133.153
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Chapter 2. Aims and objectives
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2.1 Aims

The overall aim of the research described within this thesis is to enhance the
understanding of fouling mechanisms relevant to continuous crystallisation.
The principal goal is to understand which factors influence crystallisation
fouling and determine conditions where fouling occurs and relate these to
fouling mechanisms. To achieve this a number of experimental approaches
were conducted. Four research areas included MOC characterisation,
crystallisation fouling investigations, assessment platform design and
generation of fouling models. Ultimately a systematic approach to evaluate
fouling was the targeted outcome for this work in addition to practical

recommendations.
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2.2 Objectives

A variety of objectives were targeted in order to meet the proposed thesis aims.
e The initial focus of research was regarding MOC characterisation in
which a diverse array of MOCs used within process equipment were
pursued.
o Characterise using experimentally determined results and data
from literature.
o Experimentally characterise using contact angle goniometry and
atomic force microscopy.
o Create a MOC characterisation dataset.
o Assess diversity via principal component analysis.
e To develop a number of fouling setups to probe fouling mechanisms.
o Configure a small scale batch crystallisation setup to explore
nucleation and fouling.
o Develop and manufacture a continuous flow assessment
platform for fouling.
e Explore a variety of different MOCs and process parameters within the
small scale batch crystallisation setup.
o Assess investigated parameters upon nucleation via statistical
approach.
o Assess investigated parameters upon fouling behaviour.
e Explore a variety of different MOCs, process parameters and solutions
within the continuous flow fouling assessment platform.
o Assess investigated parameters upon surface induced fouling on
nucleation and growth via imaging and temperature methods.
o Comparison of measurement methods.
e Develop predictive models for both setups and determine most
influential parameters.
e Propose a fouling assessment methodology encompassing

investigated fouling mechanisms.
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Chapter 3. Materials and methods
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3.1 Materials

A number of chemicals were utilised in this work. Chemicals used for
crystallisation fouling experiments are detailed in Table 3.1. Chemicals utilised
for other purposes within experimental chapters are highlighted where

appropriate.

Table 3.1: List of chemicals used in subsequent crystallisation fouling experiments
detailing purity and source location (abbreviations for chemicals used herein are
detailed within brackets).

Chemical Purity Sourced from
Paracetamol (PCM) = 98% Sigma-Aldrich
Lovastatin (LOV) Not stated Molekula
Adipic acid (AA) = 99% Fluka

Aspirin (ASP) = 99% Sigma-Aldrich
Anhydrous carbamazepine (CBZ) Not stated Molekula
Deionised water Not stated :)nu-rr;ggast(iaoi I\sﬂ;git-gmirzﬁﬁlrisgies)
1-propanol =99.9% Sigma-Aldrich
2-propanol (IPA) = 99.5% Sigma-Aldrich
Methyl isobutyl ketone (MIBK) = 98.5% Sigma-Aldrich
1-butanol = 99% BDH

A variety of different MOCs were investigated within this work which are
detailed in Table 3.2. All explored MOCs were intended to be of equivalent
thickness (1 mm). However, the nearest commercially available thickness
value for silicon carbide (SiC) was 3 mm. All MOCs were explored as received
in addition to selected surface treatments for probed metallic alloys. Metallic

alloys which were selected for investigation were subjected to mechanical
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polishing (280 grit polishing) and electropolishing (EP) (both conducted by
MPE Limited). Investigated MOCs were either machined via company supplier

or by in-house workshop to stated dimensions defined in Table 3.2.
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Table 3.2: Investigated MOCs including details on thickness, source location and dimensions each MOC is machined to for subsequent

experimental chapters.

MOC Thickness | Source Chapter 5 Chapter 7 Chapter 8
(mm) dimensions (mm) dimensions (mm) | dimensions (mm)

Borosilicate 1 Scott Glass (Stirling) - - @25
Quartz 1 Scott Glass (Stirling) - - @25
Hastelloy® C276 as received (C276 as Goodfellow

. 1 . - - @25
received) (Cambridge)
Hastelloy® C276 280 grit polished 1 Goodfellow i i @25
(C276 280 grit) (Cambridge)
Hastelloy® C276 electro polished 1 Goodfellow i i @25
(C276 EP) (Cambridge)

Goodfellow
Polyether ether ketone (PEEK) 1 (Cambridge) - - @25
RS components 71 x 8 rectangular
Polytetrafluoroethylene (PTFE) 1 (Corby) coupon @25 @25
. . . 3M (Kempten, ) )

Silicon carbide (SiC) 3 Germany) @25
Stainless steel 316L as received (SS 1 Goodfellow 71 x 8 rectangular @25 @25
316L as received) (Cambridge) coupon
Stainless steel 316L 280 grit polished 1 Goodfellow i i @25
(SS 316L 280 grit polished) (Cambridge)
Stainless steel 316L electro polished 1 Goodfellow i i @25
(SS 316L EP) (Cambridge)




3.2 Methods

The present thesis consists of three distinct research areas: MOC
characterisation, statistical and computational approaches and crystallisation
fouling experimental methods. Within this chapter each research approach will
be explored with a particular emphasis on MOC characterisation methods. An
overview of statistical approaches and crystallisation approaches are
additionally highlighted with more detail regarding specific explored conditions

provided in subsequent experimental chapters.

3.2.1 MOC characterisation

Numerous techniques were employed to characterise each unique MOC
(including materials with selected surface treatments). Analytical techniques
which were utilised included contact angle goniometry (CAG) and atomic force

microscopy (AFM).

3.21.1 Contact angle goniometry
@) Introduction

The angle at which the liquid interface meets a solid substrate is termed the

contact angle (6p,opiec)- Contact angle theory detailed earlier to describe

heterogeneous nucleation (1.3.3.2 Heterogeneous nucleation) is applicable to
a liquid droplet’s contact angle. CAG is a technique which uses a probe solvent
(e.g. water, ethylene glycol etc.) to quantify the wettability of a surface via
Young’s equation (Equation 3.1). Young’s equation dictates there is a
relationship between the contact angle, the surface tension of a probe liquid,
the surface tension between the probe solvent and solid and the surface

energy of the solid which is defined by:*%*
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Ysv = Vst T Vi COS 9Droplet (3.1)

Where v, ¥ and y;, are the solid-vapour, solid-liquid and liquid-vapour
interfacial energies, respectively. With respect to utilising water as a probe
liquid, determined contact angle values provide details on whether a surface
is hydrophilic (6 < 90°) or hydrophobic (6 > 90°) as illustrated in Figure 3.4.
The application of a solvent droplet onto a surface creates a droplet phase in
which its shape is governed by intermolecular interactions of liquid molecules

and total surface energy is minimised.>

6 <90° 6 =90° 6 >90°
hydrophilic hydrophobic

Figure 3.1: Schematic diagrams highlighting different wetting behaviours of water
upon differing solid substrates.

A number of methods can be utilised to measure contact angles with the static
sessile drop technique being the most practical.’®> In addition to obtaining
wetting properties, determining the contact angle of selected probe solvents
can be used to determine the surface energy (y) of a given solid substrate (y;)
The Good and van Oss acid-base method is an approach for calculating the
surface free energy of a solid from determined contact angle values of at least
three probe liquids. The Good and van Oss acid-base method requires y; to
be calculated prior to determining y, (or ys,). It determines the total surface
free energy of a solid in addition to determining its dispersive and polar
components.'%6 According to the Lewis acid-base theory, polar interactions
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occur between an electron acceptor and an electron donor. The geometric
mean of these two opposing contributions are utilised in determining surface

energy. The Good and van Oss method formula is defined as:

Vst = Vsv + Yw — 2(\/V$UWV{;;W + \/VS_!I;)/ITJ + \/)/s;)/l-; ) (32)

Where y!W y*andy~ are interfacial tension contributions of dispersive
component, polar electron acceptor component and polar electron donator

component, respectively.

(b) Methodology

A Kruss DSA30 goniometer was employed to determine the contact angle
formed by each unique MOC for a range of solvents by using the drop shape
analyser ADVANCE software (Kruss) (Figure 3.2 (a) and (b)). The system was
operated manually to create a droplet of 10 pL that was left for a period of ten
seconds on the surface prior to measurement. For each solvent and unique
MOC explored at least ten replicates were conducted on at least three different
samples to obtain average values at room temperature. Furthermore, the
surface energy of each investigated material can be determined by probing
solvents with varied polarity and obtaining associated contact angles. Probing
solvents were water (HPLC grade, Sigma-Aldrich), diiodomethane (99%,
contains copper as stabiliser, Sigma-Aldrich) and ethylene glycol (99.8%,
Sigma-Aldrich). The method selected for determining surface energies and
surface energy components was the Good and van Oss three-liquid formula®
via an in-house Visual Basic program.®” The three solvents employed in
calculating surface energies and their associated surface energy components
are displayed in Table 3.3. In addition to determining the total surface energy
of each material (y;), the components that contribute to the total value including

the dispersive and polar surface energy components were determined.
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(b)

Figure 3.2: (a) CAG setup including software interface and (b) close up view of
goniometer stage, light source, camera and droplet source.
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Table 3.3: Probe solvents used to calculate surface energy values via CAG including
liguid surface energy components.%8

Surface energy components (mJ/m?)
Probing solvents 14} " v Vi
Water 72.8 21.8 255 255
Diiodomethane 50.8 50.8 0 0
Ethylene glycol 48 29 1.92 47

3.21.2 Atomic force microscopy
€) Introduction

Scanning probe microscopy (SPM) methods utilise a sharp probe to image and
measure properties of an investigated material surface. One such scanning
probe microscopy technique is AFM. AFM utilises a cantilever probe that scans
over a selected investigated area and can generate a 3D image to provide
height and topographical data of an investigated surface. A simple schematic
of an AFM system is illustrated in Figure 3.3. The AFM probe is rastered in the
x and y directions across a surface via a piezo-electric scanner. The probe
scans across the sample and interacts with the structural features of a
surface.'®® In order to detect very small displacements, an optical lever system
is employed in which a laser beam is focused onto the end of the cantilever
and reflects onto a photodiode detector. As the cantilever becomes displaced,
the reflection angle of the laser beam also changes. An electrical signal based
upon this displacement is then sent to a detector.6® AFM typically operates in
two modes namely contact mode and tapping mode. In tapping mode a
cantilever oscillates at or close to the cantilever’s resonance frequency as it

rasters over a surface. This mode has several advantages including less time
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at the surface, less drag and also less damage to sensitive samples. Contact
mode is the most widely employed AFM method in which the probe is in
contact with a surface in which the cantilever is fixed at constant force or

constant height.16!

Detector and
feedback

Photodiode Laser

Cantilever

Investigated
surface

Piezoelectric scanner

Figure 3.3: Schematic of an AFM system and necessary components.®°

(b) Methodology

AFM height micrographs for each MOC were obtained by using the Bruker
Dimension FastScan AFM instrument which was equipped with the ICON
scanner (Figure 3.4 (a) and (b)). AFM micrographs were acquired using
ScanAsyst® mode at room temperature. ScanAsyst® is a PeakForce
Tapping® based image optimization technique that generates high resolution
AFM micrographs. ScanAsyst® air probes (Bruker) were used for all

investigations with a nominal spring constant of 0.4 N/m and a nominal tip
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radius of 2 nm. The scan rate employed was surface specific which varied
between 0.0099 — 1 Hz due differences in topography. The selected area
probed was 50 pm?. Generated micrographs were of 512 x 512 pixel
resolution. All AFM data was analysed using NanoScope Analysis 1.5 software
(Bruker). Additionally, first order flattening was applied to all height

micrographs.

Figure 3.4: (a) Bruker FastScan AFM setup and (b) close up view.

75



In addition to obtaining height micrographs, the arithmetic average roughness

(Ra) value was determined for each MOC which is defined as:

N
1
S i (3.3)
Ra NZIZ]I
j=1

Ra is the arithmetic average of the absolute of surface height deviation values
between a mean plane and a given value. An average Ra value was
determined based upon the Ra values of five individual micrographs for each
unique MOC.

3.2.1.3 Other methods

A variety of other measurement methods to characterise each MOC were
available e.g. hardness however were outwith the scope of the current study
(as described in 4.1.3 Descriptors from literature). The following references

provide more details for the interested reader.162-167

3.2.2 Statistical and computational approaches

A variety of different methods were employed to evaluate and model
experimental data and experimental conditions. Approaches used included
principal component analysis (PCA) and Design of Experiments (DOE).
Computational fluid dynamics (CFD) was used to simulate conditions within

given crystalliser configurations.

3.221 PCA

PCA is a statistical multivariate technique which is used to reduce the

dimensionality of a dataset of quantitative dependent variables. The purpose
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of PCA is to extract the important information detailed within a dataset into a
set of new variables termed principal components.'®® Principal components
are generated from linear combinations of the original data variables. The
primary principal component generated relates to direction of limit bound
variance and thereafter each principal component generated accounts towards
the remaining variance. PCA allows the diversity or clustering of data to be
assessed.'%%-170 Within this work PCA is conducted using SIMCA 14.1 software
(UMetrics) to assess dataset diversity. Original data variables which had zero
variance were removed from datasets for PCA.

3.2.2.2 DOE

DOE is a statistical method which incorporates planning, conducting, analysis
and interpretation of experimental results via the influence of investigated
parameters.1’-172 Traditional laboratory experimental practices employ slow,
labour intensive approaches whilst DOE methods typically reduce overall
experimental workload and time whilst achieving similar or better experimental
outcome. In DOE approaches, the type of experimental design employed is
dependent upon the desired outcome i.e. screening to assess influence of
each parameter, factorial designs to find detailed experimental processes and
full factorial design with optimization to establish enhanced process detail for
all investigated conditions.*’?> A number of designs can be used including full
factorial, D-optimal and reduced combinatorial designs all of which have their
inherent advantages and disadvantages in terms of information acquired,
detail and timescale to perform.172-173 D-optimal and reduced combinatorial
DOE designs were used within this work via MODDE Pro 11 software
(UMetrics).

D-optimal designs are tailored for a given problem and are based upon an
iterative search algorithm. The advantages of this type of design include
exceptional flexibility and can be used where no classical design exists. D-
optimal designs essentially maximise the information obtained within the

selected experimental run sequence in relation to the selected model.1”® D-
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optimal designs allow the estimation of parameters without bias and minimum
variance whilst minimising the number of experiments required. D-optimal
designs typically require less experimental runs in comparison to full factorial
design (Figure 3.5).174
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Full factorial design D-optimal design

Figure 3.5: Examples of visual experimental designs for full factorial and D-optimal
designs.

Reduced combinatorial designs are created using a strict combinatorial
perspective in which all factors are subject to a balanced distribution. The
proposed number of experiments is minimised within this design however

enough detail is generated to allow adequate screening.1’3

Statistics to describe each created model included (i) R?, (ii) Q2, (iii) model
validity and (iv) reproducibility which are described in Table 3.4. R? and Q? are

also relevant to PCA.
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Table 3.4: Statistics employed by MODDE to describe generated models in addition
to associated equations.'’®

Statistic Equation Description

R? is a measure of how close

R?2 1 SSres experimental data is being to a

SStot fited regression line i.e.

measuring the goodness of fit.

Q? is a measure of a model’s

5 PRESS o - _

Q 1- predictive  abilty and s
SStot

determined by cross validation.

Model validity

1+ 0.57647 log, Pior

Model

when replicated experiments

validity is calculated

have been conducted.

Reproducibility — statistics is
o MS,, calculated when replicated
Reproducibility 1- _
MS¢or experiments  have  been
conducted.
Where:
SSres = Sum of squares of the residual, corrected for the mean
SStot = Total sum of squares of Y corrected for the mean
PRESS = Prediction residual sum of squares
Diof = p-value for the lack-of-fit test
MS,, = Mean square of the pure error
MS;o; = Total mean square of Y
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Acceptable model statistic values have been described by Dennison and co-

workersl’®> and Bhatia et al.1’® which are detailed in Table 3.5.

Table 3.5: Accepted model statistics from literature.

Model statistic Dennison and co- Bhatia and co-workers
workers accepted accepted statistic values'’®

statistic values1’

R? No information provided. As near to 1 as possible.

2 > 0.5 (> 0.1 can be classified as a
Q >0.5 o
significant model.)

> 0.25 indicates an acceptable
Model validity >0.25 model. (< 0.25 suggests a lack of fit

for the model.)

Values < 0.5 indicates large error
Reproducibility >0.5 within the model and a lack of

control within the experimentation.

3.2.2.3 CFD

COMSOL Multiphysics® 5.2a software (COMSOL) was used to simulate the
fluid dynamics within a given structure under selected conditions. Models were
constructed using measured dimensions obtained from investigated physical
structures. Concentration and shear distributions were estimated using laminar

flow and distribution of dilute species physics settings.
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3.2.3 Crystallisation fouling experiments

Two crystallisation platforms were utilised to explore fouling which comprised
() an in-house constructed small scale batch crystallisation set up and (ii) a
continuous flow fouling assessment platform adapted from the Zebrafish
platform (manufactured and designed by Cambridge Reactor Design (CRD)).

3.23.1 Small scale multiple batch crystallisation setup

To enable parallel experiments, an incubator was assembled to allow multiple
samples to be observed under constant conditions. A setup was constructed
to potentially modify and investigate a number of parameters namely
environment temperature and agitation rate. Additionally, the setup also

comprised imaging methods to monitor crystallisation events.

A fan incubator (Stuart S160D) was utilised to maintain a selected environment
temperature which was blacked out to prevent exposure to external light
sources. To maintain constant lighting for optical observation within the
incubator, a compact axial white LED light (dimensions 50x50 mm, DCM
Sistemes) was employed. Within the incubator, a 15-position stirrer plate
(ThermoFisher Scientific) was used to control agitation rate. A series of
Logitech C525 HD webcams (Logitech) were positioned within the incubator
to monitor 10 stir plate positions (5 cameras parallel on each side) (Figure 3.6
(@)). The Logitech C525 HD webcams were capable of acquiring high
resolution images (1280 x 720 pixels). Additionally, a black background was
also employed to enhance imaging contrast (Figure 3.6 (b)). Other additional
information including other materials, crystallisation methods and explored
parameters are detailed in later chapters (see Chapter 5 Investigating
nucleation and fouling processes in a batch crystallisation of paracetamol in

water).
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(b)

Figure 3.6: () Internal contents of the incubator with the multi-position stir plate with
5 webcams positioned either side. (b) Additionally for imaging purposes, a black
background was used to enhance contrast allowing identification crystallisation
events within an experimental vial.

3.2.3.2 Zebrafish platform

The Zebrafish platform is a corrosion test system that is manufactured and
designed by Cambridge Reactor Design (CRD) as shown within Figure 3.7.

The Zebrafish platform is a continuous recycle platform which consists of a
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unique flow cell, gear pump, glass vessel and a Polar Bear Plus unit (CRD)
which heats and cools the platform’s glass vessel. The flow cell was designed
to hold a test material coupon in which electrochemical conditions could be
modified. Additionally the temperature of the investigated fluid and its
associated flow rate can be accurately controlled. However, for proposed
fouling studies within continuous flow a number of modifications were
necessary which are described later (see Chapter 6 Development of a

continuous flow assessment platform for fouling).

Figure 3.7: Library image of the Zebrafish platform.t”’
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Chapter 4. MOC characterisation and evaluation

for fouling studies
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4.1 Selection of materials of construction (MOCs) and

characterisation

4.1.1 Introduction to materials of construction

In process development, the selection of process equipment and materials
used in their construction requires consideration. For a given process, the most
economical MOC that fulfils process and mechanical specifications over a
stated operational duration should be utilised.”® MOC considerations that

require to be evaluated before use include:’®

e Mechanical properties (strength, stiffness, hardness etc.) and also its
resistance to wear and tear.

e The influence of extremely high and low temperatures including thermal
cycling upon the mechanical properties.

e Resistance to corrosive environments.

e Specific requirements for a stated process e.g. satisfactory thermal
conductivity or electrical resistance.

e Availability in standard or specified sizes and dimensions.

e MOC cost and also the cost of fabrication.

e The capability of the material to be fabricated comprising welding and

casting capability.

Another notable influential factor requiring consideration includes MOC
robustness and the possibility of MOC contamination into the process product
stream.17%180 For extreme process conditions, MOCs should be capable of
handling such conditions whilst avoiding unwanted dangerous events from

occurring e.g. high pressure build-up.18!

Diverse MOCs can potentially be utilised for a given process ranging from
traditional metallic alloys to plastic polymers to glass-like materials ultimately
to meet the demands of a given process.’®? Regarding crystallisation
processes, a variety of materials can be used in the construction of a

crystalliser platform with borosilicate®, fluorinated ethylene propylene (FEP)*83
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and stainless steel’?® prime examples from literature. Additionally, different
MOCs have been used in the construction of auxiliary components and fittings
associated with a crystalliser such as stirrer shafts, paddles and baffles.>3184
Furthermore MOCs used in the construction of PAT probes consist of several
components such as optical windows!® and housing unit materials for the

probe'®® which are exposed to the crystallising solution.

The present research thesis proposed to investigate the influence of different
MOCs upon fouling with the specific aim to further fundamental understanding
of fouling mechanisms. A variety of MOCs with exceptionally different
properties were targeted which have a role within crystallisation processes.
Any MOC that is in physical contact with a crystallising solution was of interest
from which a shortlist of MOCs was created. The MOC shortlist included
traditional, routinely-used materials to more innovative materials that have
been demonstrated in chemical processes within recent years which may have
a use in crystallisation processes in the future.’®” MOCs proposed to be
investigated within subsequent fouling research are highlighted within Figure
4.1.

- .

Polymer Glass Ceramic

*Borosilicate b (-SiC

*Stainless

steel 316L *Quartz
*Hastelloy®
C276
\_ \_ \_ /L

Figure 4.1: Different MOC types explored within this chapter including metals,
polymers, glass-like materials and ceramics in addition to specific MOCs for each

group.

The intention of this chapter was to assess the diversity of the previously
highlighted MOCs by developing a MOC characterisation dataset. In order to
assess MOC diversity, the properties of each MOC had to be determined. The

characterisation of each MOC was conducted by an array of analytical
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technigues in addition to acquiring established descriptors from research
literature. MOC characterisation included acquiring quantitative data

comprising physicochemical, thermal and mechanical properties.

4.1.2 Materials to be explored

A general description of each investigated MOC within this chapter is detailed

herein.

4121 Stainless steel 316L

Stainless steel is used extensively in manufacture of vessels'®® and other
auxiliary components such as thermocouples.*®® Within the pharmaceutical
and food industries, stainless steel 316L is commonly employed as a MOC in
the construction of process equipment such as crystallisers (Figure 4.2).1% In
contrast with conventional steel, stainless steel does not willingly undergo
corrosion or rust processes. The inherent resistance to corrosion associated
with stainless steel is due to the elemental presence of chromium (content
> 12%) with the larger the content of chromium, the greater resistance to
oxidising corrosion conditions. Additionally, nickel is added to the alloy to
enhance corrosion resistance due to non-oxidising conditions. Different grades
of stainless steel exist in addition to a wide variety of finishes available. Both
factors must be considered dependent upon the environment the alloy will be
exposed to and for what operational duration.®? Within this study, stainless
steel 316L was probed.
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Figure 4.2: A commercially available COBC constructed from stainless steel 316L by
Alconbury Weston Ltd.*%?

Stainless steel 316L also contains molybdenum in addition to the other
compositional metallic components to further improve its resistance to
reduction conditions. This ultimately allows the exposure of stainless steel
316L to solutions containing chlorides.'®? In addition to stainless steel’s
corrosion resistance properties, it has ideal physical and mechanical
properties that allow it to perform as an excellent MOC for process equipment.
Stainless steel 316L is a robust material with excellent tensile properties in
addition to having exceptional welding properties allowing the creation,
fabrication and formation of reactors and other equipment components. The
thermal conductivity properties of stainless steel have been exploited in the
construction of heat exchangers due to its high thermal conductivity.®?
Stainless steel has been extensively researched as a heat transfer surface in
heat exchanger studies where fouling is a frequent observation.?°:193-194 Herein

stainless steel 316L is denoted by SS 316L or stainless steel.
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41.2.2 Hastelloy® C276

Hastelloy® is a metallic alloy manufactured by Haynes International and is
composed primarily of nickel in addition to containing molybdenum, chromium
and iron to lesser quantities. Similar to stainless steel, Hastelloy® also has a
variety of different types and grades with varying elemental content.
Hastelloy® C22 has been used in the construction of PAT probes!®® which has
minor variations in elemental composition compared to other grades such as
Hastelloy® C276. For the purposes of this thesis, Hastelloy® C276 was
explored to represent this variety of material as Hastelloy® C22 could not be
sourced. Hastelloy® C276 has an exceptional resistance profile against
corrosion with tungsten added to the alloy to enhance its resistance to highly
corrosive, acidic environments. The large compositional content of nickel and
molybdenum in Hastelloy® C276 allows resistance to pitting and crevice
corrosion within a reducing environment. The inclusion of chromium, similar to
stainless steel, promotes resistance to oxidising conditions. In terms of
fabrication, Hastelloy® C276 has resistance to grain boundary generation
caused by welding which allows this welded component to be utilised as is for
most chemical processes without any further surface treatment.1%-197 Similar
to stainless steel, Hastelloy® C276 has been investigated as a heat transfer
surface due to its notable thermal conductivity. Fouling has also been
experienced upon heat exchangers.®® Herein Hastelloy® C276 is denoted by
C276.

41.2.3 PTFE

PTFE is a synthetic fluorinated polymer manufactured from the compound
tetrafluoroethylene (Figure 4.3). It is a hydrophobic thermoplastic that is used
commonly in an industrial setting primarily to confer its repellent/anti-stick
quality commonly as a coating or as a fabricated component.®2 Within an
industrial setting, PTFE is commonly used as machined parts such as
bellows!®® or baffles?® or as a surface coating for parts such as impellers?°! or

temperature probes.>* PTFE can be worked at temperature approaching
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250°C. In terms of chemical resistance, PTFE is resistant to most compounds
with the notable exceptions of alkali metal melts/solutions and fluorinated
compounds at extreme conditions i.e. high temperature and pressure which
will not realistically be found for routine crystallisation processes. One major
disadvantage of PTFE, as a construction material, is its associated expense in
which it is deemed expensive relative to other polymers. Additionally PTFE it
is regarded as a difficult MOC to manufacture and manipulate.*®? Another
dilemma around employing PTFE as a MOC is its wear and tear propensity
with PTFE fragments always a concern in particular if entering the product
stream and causing product contamination as demonstrated by Pham and co-

workers.180

1
IR

Figure 4.3: Repeating chemical monomer unit for PTFE.

41.2.4 PEEK

PEEK is a polymer MOC that has been used for many engineering applications
due to its advantageous material properties. PEEK has a stable chemical
structure (Figure 4.4) which uniquely provides the material with excellent
mechanical, thermal and chemical resistance properties. PEEK can be
exposed to temperatures around 200°C for sustained periods of time without
any damaging effects.?> PEEK can be made into reinforced carbon fibre
components. Alike to PTFE, PEEK is an expensive MOC.2% |t is commonly
used as a MOC in the construction of small, precision components associated

with crystalliser equipment.'826
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Figure 4.4: Repeating chemical monomer unit for PEEK.
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4.1.25 Borosilicate

Borosilicate is a glass type which is routinely used in the construction of
vessels in particular for the small-scale manufacture of speciality molecules.*"®
The main advantages of borosilicate as a MOC include its relatively
inexpensive cost, can be used at elevated temperatures (up to 700°C) and
allows operators/researchers to observe internal contents due to its
transparent nature allowing processes including crystallisation to be
monitored.®® Another important property of borosilicate is its low thermal
expansion coefficient which resultantly increases its resistance to thermal
shock. Borosilicate glass has an excellent chemical resistance profile with
water, organic compounds and salt-containing solutions suited to borosilicate
glassware. However borosilicate cannot be subjected to hydrofluoric acid or
strong caustic solutions at extreme conditions e.g. elevated temperature.
However these conditions would not be commonplace within crystallisation

processes. 18

One negative aspect of borosilicate is its inherently low thermal conductivity in
contrast to other MOCs. However, in certain circumstances, borosilicate’s
thermal conductivity is sufficient for allowing necessary heat transfer for
cooling crystallisation i.e. meeting target internal temperature setpoints.®
Additionally borosilicate is subject to fracture and can easily be broken under

constant pressure which provides a long term robustness issue.?%*

91



4.1.2.6 Quartz

Quartz is an amorphous material that is composed principally of silicon dioxide.
Quartz has a larger operating temperature range in contrast to borosilicate.
The optical properties of quartz are exceptional in contrast to other glasses
owing to its superior purity.?%> Quartz has a wide transparency range that
extends from the near infrared (NIR) to the ultraviolet (UV) region making this
MOC ideal for optical windows used within spectroscopic probes.?%® Quartz is
a chemically inert material and, comparably to borosilicate, has exceptional
resistance to thermal shock.

4127 Silicon carbide

Silicon carbide (SiC) is a ceramic MOC that has been researched and
exploited over the last few decades notably in the construction of reactor
vessels for fine chemicals. Flow chemistry reactors constructed with SiC have
been commercialised by companies including ESK, Boostec and Chemtrix
(Figure 4.4) which allow chemical reactions to be performed in a continuous
method.297-208  Additionally, reactions which are not achievable within
borosilicate or metallic reactors due to corrosive reactions can be conducted
in a continuous process within SiC sintered reactors due to their outstanding
corrosion and chemical resistance profile. SiC reactors additionally absorbed
microwave energy which has a specific role for microwave related chemical
reactions. The inherent thermal properties of SiC make it an excellent MOC
where considerable heat transfer is required due to its large thermal
conductivity in addition to its thermo-mechanical stability. SiC has a
substantially large melting point of ~2700°C and a considerably low thermal
expansion coefficient that allows operation at more extreme conditions.??° The
selected grade of SiC for this research was grade C which is principally

employed in the construction of SiC flow reactors.
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Figure 4.5: Protrix® SiC flow reactor produced by Chemitrix.?1°

4.1.3 Descriptors from literature

The selection of MOCs for subsequent fouling studies was grounded on
current use within industrial chemical and crystallisation processes. A unique
dataset containing MOC properties was to be generated which included
guantitative descriptors from literature and, where appropriate, determine
guantitative descriptors experimentally. Parameters which could not be

guantified experimentally which were obtained from literature included:

e Thermal properties e.g. thermal conductivity and specific heat capacity.

e Mechanical properties e.g. Young’s modulus.

The initial proposal for obtaining MOC descriptors was to acquire as many
relevant properties to characterise each MOC in detail. Although other MOC
descriptors from literature were available, incomplete datasets and
incomparable data resulted in the exclusion of particular descriptors e.g. MOC
hardness. In addition, selected material descriptors were not included which
were deemed not to influence the crystallisation process e.g. electrical
properties.
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4131 Thermal conductivity

Thermal conductivity (1) is a measure of a material’s capacity to permit the
movement of heat due to a temperature gradient and its quantitative value
describes how proficient a material can conduct thermal energy.%211 Metallic
alloys are generally good conductors of heat whilst polymer materials such as
PTFE are described as poor heat conductors.?!? Thermal conductivity is a
significantly important material property in particular regarding cooling
crystallisation processes where sufficient heat transfer is required. Thermal
conductivity values at room temperature (RT) for each MOC from literature are
detailed in Table 4.1 where magnitudes of difference are identified between
MOC:s.

Table 4.1: Thermal conductivity values for each MOC from a variety of literature
sources (References detailed within table).

MOC Boro- Quartz C276 PEEK PTFE SiC SS316L
silicate
A (W/m.K) at
2 1.46 10.2 0.25 0.25 130 14
RT
Reference 213 214 198 214 214 215 216
4.1.3.2 Specific heat capacity

The specific heat capacity (C,) of a substance is the quantity of energy per unit
mass required to raise its temperature by 1°C.6 It provides an indication of how
demanding or undemanding a material is to raise its temperature in terms of
energy input. The specific heat capacity values at RT for each MOC from
literature sources are detailed in Table 4.2. The polymer materials have the
largest specific heat capacity values proposing that these materials require

larger inputs to increase the material’s temperature. The metallic alloys have
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the lowest associated specific heat capacity values which states that these

materials are undemanding in increasing their temperature.

Table 4.2: Specific heat capacity values for each MOC from literature sources
(References detailed within table).

MOC Boro- | Quartz | C276 PEEK PTFE SiC SS316L
silicate
C, (I/kg.K)
800 705 425 1340 1000 690 502
at RT
Reference 217 214 198 214 214 215 216
41.3.3 Young’s modulus

Young’s modulus (E) or modulus of elasticity is a mechanical property of a
material which is a measure of its stiffness.?!® The Young’s modulus of a
material is determined from the slope of its stress—strain curve within the
elastic deformation region.?*® Young’'s modulus values at RT obtained from

literature sources are shown in Table 4.3.

Table 4.3: Young's modulus values for each MOC from literature sources.
(References detailed within table).

MOC Boro- Quartz C276 PEEK PTFE SiC SS316L
silicate
E (GPa) at
64 73 205 3.85 0.55 430 200
RT
Referen ce 217 214 99 214 214 215 214
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Young’s modulus values for each MOC highlighted mechanical property
diversity with magnitudes of difference identified. The two investigated polymer
MOCs have the lowest values which suggest these materials have low
resistance to deformation in contrast other materials. The increase in Young’s
modulus correlates to an increase in material stiffness which is reflected in the
investigated materials with the largest values including the metallic alloys and
SiC.

4.1.4 Descriptors required to be determined experimentally

4141 Introduction

A number of additional MOC properties were determined by employing a
series of analytical techniques to acquire quantitative descriptors to further
supplement the exclusive MOC characterisation dataset. Although each
material has been characterised to variable extents in other research, the
MOCs which are to be investigated in subsequent fouling experiments are
uniquely specific to this research therefore each MOC including their different
finishes were characterised. Descriptors obtained from literature were deemed
to be constant even for different surface finishes. Each MOC was subjected to
a series of techniques comprising microscopy methods, surface roughness
assessment, wetting behaviour and surface energy analysis.

4142 Materials and methods
@) Materials

Investigated MOCs are detailed in Chapter 3 (see 3.1 Materials). MOC
coupons were cleaned with dilute Hellmanex Ill (Helma) surfactant aqueous
solution in an ultrasonic bath for 30 minutes. Prior to each analytical technique,
individual MOC coupons was rinsed with methanol and water in triplicate and

dried under gaseous nitrogen.
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(b) Methods

The methodology for each characterisation technique including CAG (with
surface energy analysis) and AFM (with Ra surface roughness assessment)
are described in detail within Chapter 3 (3.2.1.1 (b) Methodology and 3.2.1.2(b)
Methodology).

41.4.3 Results and discussion
@) CAG and surface energy

CAG was performed for all unigue MOCs to acquire qualitative wetting and
energetic data for the MOC characterisation dataset. Average contact angles
were determined for each MOC using three solvents namely water, ethylene
glycol and diiodomethane (see 3.2.1.1(b) Methodology) which are illustrated
in Figure 4.6 (a), (b) and (c). Average water contact angles determined ranged
from 38.6° for borosilicate towards values of 108° associated with PTFE
highlighting the different wetting behaviours of the investigated MOCs.
Investigated polymers had the largest water contact angles in which both
PEEK and PTFE are classified as hydrophobic which is in agreement with
current literature.??%-221 Average contact angles for ethylene glycol and
diiodomethane additionally yield a range of quantitative values underlining
different surface wetting behaviours for polar and non-polar solvents,
respectively. The influence of different polishing methods upon contact angle
measurements was small and non-significant for all probe solvents. The effect
of increasing surface roughness increases the surface area of liquid-solid
contact and alters subsequent contact angle due to modified interactions as
described by Wenzel.???
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Figure 4.6: Bar charts of average contact angle values (with standard deviations) for
(a) water, (b) ethylene glycol and (c) diiodomethane.
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Figure 4.6 continued...

The total surface energy of each unigue MOC was determined using average
contact angle values for probed solvents. The Lifshitz van der Waals (y£%) and
acid-base (yAP) surface energy components contributing to the total surface
energy of each unique MOC are displayed in Figure 4.7. All MOC total surface
energy values varied between 36 mJ/m? and 44 mJ/m? with the exception of
PTFE which had a distinctly lower surface energy value of 18 mJ/m?. The
influence of polishing methods had a small impact upon total surface energy

via altering droplet contact angles.
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Figure 4.7: Total surface energy including Lifshitz van der waals (y:%) and acidic-
base (y48) components for each unique MOC.

(b) AFM

AFM micrographs were obtained to acquire (i) surface topographical details
and (ii) Ra roughness data associated with each unique MOC (see 3.2.1.2(b)

Methodology).

() AFM height micrographs

Acquired AFM height micrographs demonstrated a diverse array of surface
topographies. Glass-like MOCs, namely borosilicate and quartz, had smooth
surface features with submicron defects detected. These were anticipated to
be residual dirt for borosilicate and, for quartz, identified defects were due to
mechanical polishing (Figure 4.8 (a) and (b)). Both MOCs can be defined as
micro-scale homogenous surfaces.
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Figure 4.8: AFM micrographs of (a) borosilicate and (b) quartz [scan area: 50 pm?].

The surface structure of investigated metallic alloys varied considerably
(Figure 4.9 and 4.10). Stainless steel 316L received from suppliers had a grain
like structure consisting of nano-scale crevices (Figure 4.9 (a)). Mechanically
polished stainless steel has a distinctly different surface topography which is
rough and forms single direction troughs due to the polishing technique used
(Figure 4.9 (b)). Electropolished stainless steel 316L presented an extremely
flat structure with some nano-scale surface features. Electropolished stainless
steel had a distinctly different topography compared to as received material
(Figure 4.9 (c)).
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Figure 4.9: AFM micrographs of stainless steel 316L (a) as received, (b) 280 grit
mechanically polished and (c) electropolished [scan area: 50 pm?).

Acquired Hastelloy® C276 AFM micrographs reveal a different surface
topography for as received material compared to stainless steel yet the
polishing treatments yield comparable topographies to their counterparts
(Figure 4.10 (a), (b) and (c)). Hastelloy® C276 received and unmodified from
the supplier has a relatively smooth surface. However, it consists of a number
of grooves and surface defects with pits and fine scratches.
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Figure 4.10: AFM micrographs of Hastelloy® C276 (a) as received, (b) 280 grit
mechanically polished and (c) electropolished [scan area: 50 um?].

Investigated polymer MOCs, namely PTFE and PEEK, have different
topographies in contrast to the glass related and metallic MOCs. Each polymer
also differs between each other (Figure 4.11). PTFE has an uneven,
hetereogeneous surface with nanoscale and microscale features detected
(Figure 4.11 (a)). It contains groove like features on its surface from where it
has been machined. The surface properties of PEEK are distinct with an
uneven, irregular surface roughness with microscale surface features

projected out from its surface (Figure 4.11 (b)).
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Figure 4.11: AFM micrographs of (a) PTFE and (b) PEEK [scan area: 50 um?].
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The surface topography of SiC as shown in Figure 4.12 yields a drastic surface
structure that appears rough with very little repeating structure to it. It can be
observed that individual SiC particles of different sizes have been adhered
together to form a solid which is the basis of its surface via sintering. It is
classified as a heterogeneous surface with a large number of crevices and

gaps on its surface.

-1.3 pm

Figure 4.12: AFM micrograph of SiC [scan area: 50 pum?].

(i) Surface roughness measurement

The average submicron Ra roughness values that represents randomly
investigated 50 um? sections for each uniqgue MOC are displayed in Figure
4.13 (a) and (b). It was found that the average Ra values varied considerably
between each MOC and also between surface treatments. Average Ra values

for borosilicate and quartz were exceptionally small (Ra = ~1 nm) representing
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a smooth, homogenous surface for each (Figure 4.13 (b)). Determined Ra
values for investigated metallic alloys underlined the importance of polishing
upon surface roughness. As received Hastelloy® C276 and stainless steel
316L had respective average Ra roughness values of 45 nm and 104 nm whilst
electropolishing treatment resulted in notably lower Ra values of 19 nm and
33 nm, respectively. Electropolished metallic alloys had significantly smaller
Ra values reflecting a superiorly smoother surface. The influence of
mechanical 280 grit polishing upon the investigated alloys resulted in a
significantly larger Ra surface roughness in addition to increasing their
associated standard deviation highlighting a more irregular, heterogeneous
surface. A similar observation was identified by Hilbert and co-workers in which
different surface treatments of stainless steel resulted in different Ra values
where increasing Ra results were associated with larger standard
deviations.??® The investigated polymers, PTFE and PEEK, have large
differences in surface Ra values with PEEK having a larger average value with
a wider standard deviation value suggesting a heterogeneous surface. SiC had
a smaller Ra value compared to PEEK yet was considerably rougher than the
remaining unmodified MOC:s.
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Figure 4.13: Average Ra surface roughness values for (a) all unigue MOCs explored

and (b) glass-like MOCs.
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4.2 Assessment of MOC diversity

4.2.1 Overview of material properties

For each unique MOC, experimentally determined quantitative descriptors in
addition to acquired literature data were collated to generate an exclusive
MOC characterisation dataset which is detailed in Table 4.4. It was proposed
that the MOC dataset should be evaluated to assess the diversity of
investigated MOCs in addition to highlighting the MOC spread. The variance

within the data of Table 4.4 was assessed via principal component analysis.
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Table 4.4: MOC characterisation quantitative dataset comprising experimental determined results (blue columns) and literature values
(green columns).

Parameter | Roughness [Ra] | Water contact | Total surface | Thermal Specific heat | Young’s
(nm) angle [0] (°) energy [¥s] | conductivity [A4] | capacity [Cp] | modulus [E]

MOC (mJ/m?) at RT (W/m.K) (I/kg.K) (GPa)
Borosilicate 1.36 52.12 43.38 2 800 64
Quartz 1.09 38.6 44.16 1.46 705 73
C276 as received 45.67 64.22 40.42 10.42 425 205
C276 (280 grit) 434.9 59.45 43.07 10.42 425 205
C276 (EP) 19.98 65.15 40.95 10.42 425 205
PEEK 388 90.4 44.44 0.25 1340 3.85
PTFE 68.44 107.9 17.98 0.25 1000 0.55
SiC 280.3 46.1 36.52 130 690 430
SS sleL as 104.7 75.82 43.74 16.3 502 200
received
SS 316L (280 grit) 608.6 73.45 43.75 16.3 502 200
SS 316L (EP) 33.15 79.53 42.75 16.3 502 200




4.2.2 Assessment of MOC diversity

Principal component analysis (PCA) was conducted as a method to assess
variance within the MOC characterisation dataset (see 3.2.2.1 PCA). Allesg
and co-workers employed PCA as a statistical method to assess solvent
diversity used within a polymorph screen highlighting its application in
assessing differences within a given quantitative dataset.??* Two principal
components were used in this analysis. The use of the first two principal
components describes 65.6% of the variance within the dataset.

A bi-plot containing scores and loadings information is displayed in Figure 4.14
consisting of the 15t and 2" components. Cluster groupings of MOC is
identified in particular for the glass-like materials and metallic MOCs with SiC,
PEEK and PTFE discretely unique. The objective from this statistical analysis
was to assess each MOCs range of properties via PCA. Figure 4.14 shows
that the investigated MOCs are distinctly diverse in terms of quantitative
descriptors. Additionally the positioning of the coloured MOC descriptors

support each MOC'’s position.

From Figure 4.14 it is shown the dataset is diverse and as a collection should
be investigated for a wide spread fouling study (see Chapter 8 Multivariate
modelling of fouling responses and parameter evaluation). However, it was
anticipated that selected fouling studies would only probe a small selection of
MOCs. Two distinctly different MOCs from Figure 4.14 were stainless steel (as
received) and PTFE which were selected for initial fouling studies (Chapter 5
Investigating nucleation and fouling processes in a batch crystallisation of
paracetamol in water and Chapter 7 Fouling assessments in novel flow

platform).

The generated PCA biplot describes the interrelationship between MOC
descriptors e.g. an inverse correlation was identified between water contact
angle and surface energy whilst a direct correlation between water contact

angle and specific heat capacity was identified.
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Figure 4.14: Biplot containing MOC descriptors (black circles) and distribution of unique MOCs (coloured inverse triangles). Metallic MOCs
and glass-like MOCs are both individually grouped whilst other MOCs are uniquely different.



4.3 Summary

The purpose of this work was to establish an unique dataset describing various
MOCs relevant to crystallisation processes. This comprised both determining
gualitative MOC descriptors experimentally in addition to acquiring data from
literature sources. The benefit of this exclusive MOC dataset allows future
fouling research outcomes to be related to a diverse set of MOC properties.
Additionally, the development of a MOC characterisation dataset and
consequently PCA biplot provides a measure of how different MOCs are from
one another when comparing to all MOCs within the dataset. This work

provides a meaningful tool to enable the assessments and selection of MOCs.

The outcome from the generated dataset and bi-plot informed on which MOCs
should be explored in subsequent fouling studies. Although some clustering
was identified, it was decided that all investigated MOCs should be subject to
fouling studies due to their unique properties in addition to differing material
types. The outcome from the PCA analysis did not warrant any exclusions and
also highlights relationships between MOC descriptors.
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Chapter 5. Investigating nucleation and fouling
processes in a batch crystallisation of paracetamol in

water

112



5.1 Introduction

Nucleation is the critical step in controlling a crystallisation process (see 1.3.3
Nucleation mechanisms).>’ In terms of primary nucleation, heterogeneous
nucleation is induced by the presence of a foreign surface with true
homogenous nucleation generally accepted as a rare event under practical
conditions. From an industrial perspective, secondary nucleation is commonly
exploited where seed crystals are added to avoid any reliance on primary
nucleation and enhance process robustness.?”®> However heterogeneous
nucleation is typically found in industrial crystallisation processes where
seeding has not been employed and rely upon foreign surfaces to induce

nucleation.®

Theoretically, heterogeneous nucleation can occur on any surface in contact
with a supersaturated solution. There is repeated evidence of heterogeneous
nucleation initiating upon the internal surfaces within a crystalliser leading to
fouling.'®>3 However identifying where nucleation initiates upon the surface is
a challenge. The influence of different MOCs upon nucleation kinetics primarily
upon MSZW values has been demonstrated by a number of studies in which
different MOC surfaces properties were used to explain the observed
effects.53184 Liang et al. investigated the impact of impellers constructed from
different MOCs within a batch stirred vessel upon the MSZW associated with
the cooling crystallisation of L-glutamic acid (LGA) in water. Impellers
constructed of stainless steel were found to have a narrower MSZW in contrast
to Perspex® impellers with significant differences determined for a range of
explored process conditions. Nucleation upon the stirrer surface was
presumed to be the initial nucleation mechanism. The energy required to form
a critically stable LGA nuclei on stainless steel was lower than Perspex® due
to a smaller associated free energy ratio () (See 1.3.3.2 Heterogeneous
nucleation) which was concluded to be the principal cause for differences in
nucleation kinetics. Liang also highlighted that surface induced nuclei were
subject to detachment. If hydrodynamic shear forces exceeded adhesion
forces, LGA particles could detach and become suspended within the bulk.

113



The suspended LGA particles were liable to attrition where hydrodynamics and
the hardness of MOC are of importance.>® Collisions between agitator and
suspended particles are significant in relation to secondary nucleation in which
the probability of a collision is directly proportional to the rotational agitation
rate.® Ni and Liao determined the MSZW for different crystallisation conditions
within a batch OBR in which baffle inserts composed of different MOCs,
namely stainless steel and polyvinylidene difluoride (PVDF), were
investigated. Ni and Liao found crystallisation conditions involving stainless
steel baffles had smaller MSZW (ATys;w = 18°C) in contrast to PVDF
(ATyszw = 24°C) with the effect attributed to differences in surface

roughness.18

In addition to traditional MOCs influencing nucleation kinetics, nucleation
studies investigating innovative research materials have been conducted. A
publication by Diao et al. explored the effect of different polymer substrates on
the nucleation induction times of aspirin from solution.'?® It was found that
poly(4-acryloylmorpholine) and poly(2-carboxyethyl acrylate) cross linked with
divinylbenzene substrates significantly reduced aspirin induction times in
contrast to other less polar polymers explored e.g. polystyrene highlighting the
importance of physicochemical interactions between substrate and solute
molecules in influencing nucleation processes. The presence of poly(4-
acryloylmorpholine) directed nucleation upon its surface as shown in Figure
5.1 (a) in contrast to its absence (Figure 5.1 (b)) where bulk nucleation occurs.
Authors proposed surface energetics, notably polar interactions, as their main
reasoning for differences in aspirin induction times. This work additionally
demonstrates the presence of additional functional surfaces within a

crystallisation process can considerably alter prominent nucleation processes.
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Figure 5.1: Aspirin crystals (a) nucleated on the poly (4-acryloylmorpholine) surface
whilst the absence of this polymer surface (b) resulted in bulk nucleation.'?

In addition to different material substrates influencing heterogeneous
nucleation, the impact of process parameters has been researched extensively
notably the effect of supersaturation and degree of mixing/agitation.
Supersaturation is the key driving force for nucleation to occur with increasing
supersaturation resulting in increased rate of nucleation via CNT (see 1.3.3.1
Homogeneous nucleation) as detailed by several researchers.®226 Kulkarni
and co-workers investigated the impact of different supersaturation ratios upon
induction time probability distributions from which kinetic (Agineric) and
thermodynamic (Brpnerm) Nucleation rate parameters were determined (see
1.3.3.1 Homogeneous nucleation).??” The impact of agitation on nucleation is
considered to be complex with authors proposing increasing agitation can
reduce the tendency of nucleation occurring or even reach a plateau.® The
influence of agitation has been shown by Liu and Rasmuson to reduce the
induction time for butyl paraben in ethanol solutions across a range of stirring
rates with a resultant increase in nucleation kinetics.??®6 Mitchell and co-
workers determined a linear decrease in induction time with increasing

agitation rate.?%° Within a stirred batch crystalliser, the agitation rate relates to
the energy dissipation (5) within the vessel.*®? Liu and Rasmuson established

a linear correlation between energy dissipation and induction time for butyl
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paraben.???

P
- can be calculated from:182

P PopN3DS (5.1)

v v,

Where

§ = Energy dissipation (power per unit volume) (W/m3)
P, = Dimensionless power number of the agitator

p = Fluid density (kg/m3)

Ng = Speed of the stirrer (rps)

D = Diameter of stirrer (m)

4 = Volume of liquid (m3)

Crystal nucleation upon a surface can also be associated with the initiation of
crystallisation fouling.” Liang et al. identified within their work that nucleation
occurred upon the rough surface of the impeller anchor before being fully
encased in crusts. Crystallisation fouling is acknowledged to comprise a
number of mechanistic processes as highlighted previously (see 1.4.2.7
Mechanisms related to crystallisation fouling). However, fundamental
understanding remains a challenge. Further understanding of the relationships
between nucleation mechanisms, fouling mechanisms and process
parameters are key towards improving process understanding and the design

of robust crystallisation processes.

An experimental method was created to explore the processes of nucleation
and fouling and probe the influence of two distinctly different MOCs (stainless
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steel and PTFE; as shown in Figure 4.14) and process parameters upon
fouling during the cooling crystallisation of paracetamol (PCM) (Figure 5.2).
Furthermore by probing and understanding the impact of experimental

parameters further insight into relevant fouling mechanisms could be deduced.

e = 6 - é
parameters

What is the
relationship?

Fouling mechanisms

Figure 5.2: Schematic summarising the aim of this experimental chapter. Various
process parameters and different MOCs were to be explored and investigate their
influence on both nucleation and fouling. Understanding the relationship between
nucleation and fouling with respect to further mechanistic understanding was desired.

5.2 Materials and methods

5.2.1 Materials

Materials used in this experimental chapter including chemicals, MOCs and
equipment are detailed in Chapter 3. PCM in water was the selected
investigatory crystallising system within this work in which its solubility curve is
shown in Figure 5.3. The chemical structure of PCM is illustrated in 5.4.
Crystallisation campaigns involving PCM have reported problematic fouling
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during operation as highlighted by several authors'8230-231 hence its

investigation within this chapter.

30 -
M Experimentally determined solubility values from Granberg et al.

Concentration (PCM g/kg water)

0 T T T T 1
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Figure 5.3: Temperature-dependent solubility curve for PCM in water.?%2

OH
O
N
H
Figure 5.4: Molecular chemical structure of PCM.
5.2.2 Methods
5.2.2.1 Basic crystallisation setup and investigatory method

A crystallisation setup was constructed to investigate the effects of two key

process parameters: supersaturation and agitation rate. Additionally, the setup
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also comprised an imaging system to constantly monitor crystallisation events

(see 3.2.3.1 Small scale multiple batch crystallisation setup).

A methodology was established to investigate supersaturation, agitation rate
and different MOCs upon crystallisation events: nucleation and fouling. The
crystallisation batch setup comprised of a series of glass borosilicate vials
(volume = 8 ml) which contained a PTFE-coated magnetic stir bar (Figure 5.5).
The MOC coupons to be investigated were inserted vertically as illustrated in
Figure 5.5 to a predetermined spatial configuration (insertion depth from
air/solution interface = 24 mm). The top of each sample vial was sealed with a

PTFE cap and paraffin film.

Y PTFE cap sealed with
Parafim® to fix position of
MOC coupon and seal
crystallisation vial.

MOC coupon inserted

f 3
£ : ' vertically to a depth of 24 mm
£ - from the air/solution interface.
N
3
£1
o~ PTFE-coated magnetic stirrer
-V

%& (Length = 10 mm, @ = 3 mm).

Figure 5.5: An example batch crystallisation vial containing an inserted MOC coupon
at a designated spatial configuration.

In the preparation of investigatory crystallisation vials, stock PCM solutions

were heated to 45°C and held for 30 minutes to ensure full dissolution. After
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dissolution, 6 ml of PCM solution was added to each investigatory vial (via a
0.2 um PTFE membrane syringe filter (Millipore)) which were maintained at
45°C for an additional 10 minutes thereafter. Vials were immediately
transferred to the preheated incubator which was maintained at 30°C. All
experimental vials were assumed to cool instantaneously due to the small
crystallisation volume cooling from 45°C to 30°C. At 30°C the solubility of PCM
in water is 17.39 g/kg water?®? and solution concentrations required to
generate supersaturation ratios of 1.2, 1.3 and 1.4 at 30°C are detailed in Table
5.1.

Table 5.1: PCM in water concentrations required to generate supersaturation ratios
of 1.2, 1.3 and 1.4 for crystallisation experiments at 30°C.

Supersaturation PCM in water concentration (g/kg solvent)
1.2 20.87
1.3 22.61
14 24.35

Individual vials were added to each designated positioning on the utilised stir
plate located within the incubator. In a typical experiment conducted, 10 vials
and their contents were investigated. To monitor crystallisation events
occurring within each investigated vial, images were acquired every
15 seconds using YAWCAM software (YAWCAM). Each webcam was
positioned and focused upon a planar surface of investigated MOCs whilst
monitoring the surrounding bulk solution (see Figure 3.5 within 3.2.3.1 Small

scale multiple batch crystallisation setup).

5222 Nucleation kinetics

Two nucleation kinetics measurements were determined within this research:
induction time data and nucleation rate. For each investigated condition,

induction time values were determined by visual detection via a series of
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recorded images. The time difference between the addition of vials into the
incubator until the point where solutions became turbid was considered as the
induction time. Constant supersaturation was assumed once all vials had been

added into the incubator. Induction time (t;,4) can be expressed as:®

tind = tr + tn + tg (52)

Where t,, t, and t, represent the system’s relaxation time, time to form stable
nuclei and time to grow to a detectable size, respectively. An eight hour time
limit was applied. Induction times were determined for a range of parameters
specifically supersaturation, agitation rate and different MOCs as detailed in
Table 5.2. Experiments were conducted for all process conditions where the
MOC coupon was absent from the crystallising vials.

Table 5.2: Parameters explored for induction time experiments.

Parameters Conditions investigated
Supersaturation at 30°C 12,1.3and 1.4
Agitation rate (AR) 130, 350 and 700 rpm
MOC Stainless steel 316L (SS) and PTFE

Twenty induction time values were targeted to represent each explored
condition. Induction time datasets obtained were then analysed via the
Kruskal-Wallis test (MINITAB software (MINITAB)) to assess the statistical
significance of differences between the measured induction time datasets. The
Kruskal-Wallis test is a non-parametric analytical technique used to evaluate
significant differences by testing whether two or more independent samples

come from identical populations.?®® It is of particular usefulness for data
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populations which are not normally distributed. The Kruskal-Wallis test

requires:3

e Sample populations should have distributions with similar shapes and
equal variances.

e Samples must be random and independent.

e Individual sample should contain of five or more measurements within

its population.

Nucleation rates (/) were also calculated for each explored condition using
associated average induction times. An inverse relationship between induction

time and nucleation rate is defined as:23°

Int;,g =—InjVv (5.3)
Where
tina = Induction time (s)
Ji = Nucleation rate (#/m3.s)
/4 = Solution volume (m3)
5.2.2.3 Fouling behaviour

A second series of experiments using the conditions investigated to determine
nucleation kinetics was carried out. Fouling upon MOC coupons was
investigated by carefully removing from individual vials at given time intervals
(2.5, 5.0, 7.5 and 10.0 minutes post-nucleation) to assess fouling with time
whilst not disturbing any deposited crystalline matter. Each condition was
explored in duplicate. Fouled material coupons were dried overnight in a
vacuum oven for further analysis. A DOE approach was considered with a
D-optimal design employed to investigate process parameters for stainless
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steel and PTFE (see 3.2.2.2 DOE). Process parameters explored for both
stainless steel and PTFE are detailed in Table 5.3. Both MOCs were
additionally explored at a near-central design space point (supersaturation
ratio 1.3, agitation rate 350 rpm).

Table 5.3: Experimental design for D-optimal DOE investigating supersaturation,
agitation rate, exposure time after nucleation and MOCs.

Supersaturation Agitation rate (rpm) MOC Sample times after
nucleation (mins)
1.2 130 PTFE 2.5,5.0, 7.5 and 10.0
1.2 700 PTFE 2.5,5.0, 7.5 and 10.0
1.2 130 Stainless steel 2.5,5.0,7.5and 10.0
1.2 700 Stainless steel 2.5,5.0,7.5and 10.0
1.3 350 Stainless steel 2.5,5.0,7.5and 10.0
1.3 350 PTFE 2.5,5.0, 7.5 and 10.0
14 130 PTFE 2.5,5.0, 7.5 and 10.0
14 700 PTFE 2.5,5.0, 7.5 and 10.0
14 130 Stainless steel 2.5,5.0,7.5and 10.0
14 700 Stainless steel 2.5,5.0,7.5and 10.0

The measurement fouling responses used for the DOE were (i) total mass
deposition upon MOC coupon (mass deposited on all planes; Figure 5.6) and
(ii) fouling area coverage on one selected surface (either plane 1 or 2; Figure
5.6).
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Figure 5.6: Schematic representing an investigatory MOC coupon specifically
highlighting the five planes on which fouling can occur.

Total mass deposition was determined by washing each fouled surface with
small volumes of methanol and dried via a vacuum oven. The fouling area
coverage was determined by obtaining micrographs using the Morphologi G3
(Malvern). The Morphologi G3 disperses dry particles onto a slide from which
particle size and shape information can be obtained.?*® However the
Morphologi G3 was employed within this work to collect a series of
micrographs of the fouled MOC coupon. Micrographs were collected at 2.5x
magnification and merged into a single image (Figure 5.7) which contains all
fouled PCM deposits present upon the selected investigatory plane. Image
analysis was performed using MATLAB software (MathWorks) to determine
the number of fouled pixels at the specified intensity range and coverted into
a total fouled area coverage (area per pixel = 8.35 x 10 mm?) via an in-house
generated algorithm. Average mass deposition, area coverage and mass
coverage plots against time were determined and linear fouling rates were

obtained. Models were generated for each fouling response.

124



(a) (b)

Figure 5.7: Example of merged images of fouled MOC coupons in addition to images
after image analysis via MATLAB for (a) stainless steel and (b) PTFE.

5.2.2.4 CFD analysis

CFD analysis was performed as described in 3.2.2.3 CFD to predict shear
rates within an investigatory MOC-containing vial. Shear rates were
determined for the bulk solution and also within the locality of the MOC coupon

for all investigated agitation rates.

5.3 Results and discussion

5311 Nucleation kinetics

The effect of supersaturation, agitation rate and each MOC coupon on
nucleation was the initial research interest. Note that not all investigated vials
for each explored condition nucleated within the allocated eight hour
experiment time window (Figure 5.8) highlighting the stochastic nature of
nucleation. This led to an unequal population for each dataset. One prime
example is the investigatory condition comprising supersaturation 1.2 and
agitation rate of 130 rpm where only 35% of 14 stainless steel investigatory

vials nucleated within 8 hours in contrast to PTFE containing vials where 77%
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of 22 investigated vials nucleated. Vendel and Rasmuson found Teflon™ had
a catalytic nucleation effect for adipic acid and glycine solutions whilst stainless
steel was not identified to have this induction effect which may offer an
explanation to observed nucleation percentage differences between stainless
steel and PTFE as seen in Figure 5.8. The number of vials sampled for each
explored condition was varied in which notably PTFE had a larger total
sampled number in comparison to stainless steel vial numbers. Consequently
a situation arises where there is an increased probability for nucleation
occurring within 8 hours for PTFE due to its larger sample size. The sample
number for each condition ranged between 10 to 30 samples which is
considered to effectively represent the distribution of induction time data. The
number of samples to represent explored conditions varied widely within
induction time research with Kulkarni and co-workers??’ using 144 replicates
to determine induction time data for isonicotinamide in ethanol whilst llevbare
et al.2” determined induction times in triplicate for each explored condition in
the investigation of selected APIs. The effect of increasing supersaturation and
agitation rate across all data shows a potential trend in increasing nucleation

percentage however is not consistently found.
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Figure 5.8: Percentage of experimental vials that nucleated within 8 hours for all
explored conditions where n represents the total number of studied vials (n ranging
from 10 to 30).

Nucleation does not appear to be affected significantly by the presence of the
two MOC (Figure 5.8). This finding suggests that the initiation of nucleation is
occurring within the bulk solution, rather than at any of the surfaces in contact
with the solution. This is consistently observed regardless of which process
condition was explored. Examples of acquired images are displayed in Figure
5.9 which indicate the cloud points of both stainless steel (Figure 5.9 (a) and

(b)) and PTFE (Figure 5.9 (c) and (d)), respectively, under identical conditions.
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Figure 5.9: Recorded images obtained of the nucleation point of PCM in water for
supersaturation ratio 1.3 at an agitation rate of 350 rpm for stainless steel ((a) and
(b)) and PTFE ((c) and (d)). Images (a) and (c) are the first image obtained once the
prepared vials were added into the incubator with (b) and (d) the nucleation point from
which the time difference (induction time) was obtained. The addition of PTFE into the
investigatory vial resulted in bubble formation at its surface as observed in image (c).
Once agitation begins the surface of PTFE becomes wetted.

Although heterogeneous nucleation by the MOC was not confirmed,
heterogeneous nucleation is the likely primary nucleation mechanism (1.3.3.2
Heterogeneous nucleation). No statistically significant differences between
groups were identified in Figure 5.8 indicating the heterogeneous nucleation
process is occurring due to impurities in the solution and the influence of the
borosilicate vial. The detection method for nucleation was by visual
observation via webcams hence visual ability to identify the location of

nucleation was limited. Research by Little et al. utilised commodity webcams
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to study the nucleation of glycine from aqueous solutions in which the minimum
observable crystal size was estimated to be around 110 um which highlights
the sensitivity of webcam based techniques.?3 Nucleation may have initiated
at other locations at the sub-micron scale which would not be detected within
the present work. Nucleation may have occurred at the MOC coupon surface,
at other materials in contact with PCM solution or even within bulk however
this was not established. It was expected that nucleation would occur readily
upon the stainless steel surface due to a higher roughness value and providing
a higher number of nucleation sites.'® However as shown by Vendel and
Rasmuson, fluoropolymer surfaces can catalyse the nucleation of selected
organic molecules whilst stainless steel had no influence’ highlighting
nucleation uncertainty involving these two MOCs. Alternatively, nucleation
may have initiated at the surface of a MOC which nuclei rapidly detach due to
shear therefore it cannot be confirmed where nucleation began. However on
the basis of the data presented in Figure 5.8, the dominant nucleation process
is not affected by the investigated MOC surfaces.

For each condition, an unequal number of induction time values were
generated. In order to facilitate comparison and analysis, boxplots were
generated for each studied condition to highlight differences in the spread of
induction times (Figure 5.10) and assess data distribution. No significant
differences were considered with a high degree of overlap, in particular
comparing different MOCs under identical process conditions. Similar to
results identified within Figure 5.8, the lack of distinct influence of MOCs on
induction time suggests bulk nucleation mechanisms dominate in constrast to
surface-induced nucleation (Figure 5.10). A correlation is identifed with
increasing supersaturation and resulting decreasing induction time as is also
noted for increasing agitation rate. A large proportion of the generated boxplots
have a skewed distribution as shown in Figure 5.10. The distribution of
induction time data is shown to be influenced by different supersaturation
ratios as demonstarted by Jiang et al.?®® for m-aminobenzoic acid. The
influence of the number of datapoints contributing to boxplots and related

induction time ranges were noted with boxplots associated with larger numbers
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of datapoints having larger ranges. This is observed in particular for PTFE
boxplots (Figure 5.10). Although differences are observed within Figure 5.10,
there is no evidence of significant differences for the two MOCs tested based
upon the boxplots.
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Figure 5.10: Boxplots for all investigated conditions. The data plotted highlights
minimum and maximum values for dataset in addition to 25%, median and 75%
guartile values. Mean values are denoted by a filled circle icon. n represents the
number of investigated vials.

The nucleation rate was determined for each condition from calculated
average induction times using Equation 5.2. Nucleation rate values are shown
in Figure 5.11 for all explored supersaturation ratios, MOCs and agitation rates
(Figure 5.11 (a) 130 rpm, (b) 350 rpm and (c) 700 rpm).
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Figure 5.11: Nucleation rate calculated from average induction time values for
investigated MOCs, supersaturation ratios and agitation rates of (a) 130 rpm, (b) 350
rpm and (c) 700 rpm.
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Figure 5.11 continued...

It is observed that supersaturation and agitation rate had a distinct impact upon
nucleation rate which was to be expected. Figure 5.11 demonstrates that
increasing supersaturation results in an increase in nucleation rate which
relates to CNT® and is defined by Equation 1.14. Mitchell and co-workers also
established a similar trend in which nucleation rates were estimated to
increase for PCM in ethanol with increasing supersaturation.??¢ Additionally
the influence of increasing agitation rate on nucleation rate was evident
however reaches a plateau phase at 350 rpm with no apparent increase in
nucleation rate afterwards. This effect had been previously highlighted by
Mullin previously.® Small variations in nucleation rate were found between
investigated MOCs for all explored conditions. The nucleation rate of PCM for
investigated conditions involving stainless steel were expected to be larger
than PTFE due to rougher surface topography allowing more nucleation sites
in addition to research using stainless steel being demonstrated to influence
on nucleation rate as in research by Liang and co-workers.>® Differences in

nucleation rates were found for stainless steel and Perspex® impellers for LGA
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nucleation in which stainless steel predominately had larger nucleation rate
values. Additionally Liang explored the impact of agitation on nucleation rate
for each stirrer MOC in which no notable increase in nucleation rate was
observed with increasing agitation.>® Increasing agitation rate consequently
increases the shear conditions within a crystallising system. Forsyth and co-
workers determined a relationship between increasing average shear rate and
increasing nucleation rate of glycine within a Couette flow cell crystalliser set
up.240 It was noted within Figure 5.11 that the absence of a MOC coupon for
several conditions resulted in considerably larger nucleation rates compared
to the presence of MOCs. This is contrary to findings by Forsyth et al.?*° where
increasing the solid surface area contact to crystallising volume ratio increased
glycine nucleation rate. It was highlighted that increasing the exposure surface
area increases the number of potential nucleation site for subsequent
nucleation. However these findings relate to a Couette flow cell where the
hydrodynamic conditions are different compared to the small batch crystalliser
used herein and hence are not directly related to added surfaces within the

present study.

The Kruskal-Wallis test can be used to determine if there are statistically
significant differences between two or more independent variable groups upon
a continuous variable (see 5.2.2.2 Nucleation kinetics). The Kruskal-Wallis test
was performed to evaluate what parameters had a significant effect upon
induction time which could not be established based upon routine inspection
of generated boxplots (Figure 5.10). Callahan and Ni employed the Kruskal-
Wallis test as a statistical method to assess the significance of crystalliser
configuration upon the crystal percentage similarity to crystal seeds used.®
Application within crystallisation research is limited however it merits further
application in this case notably due to the absence of normal distributions in

the majority of datasets (Figure 5.10).

Induction time datasets were compared and analysed. The Kruskal-Wallis test

results are detailed in Table 5.4:
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Table 5.4: Kruskal-Wallis test results detailing p-values and assessment for
significance upon induction time. Significance effects were deemed with resultant p-
values < 0.05.

Dataset Parameter p-value Significant
difference (p-value
< 0.05)
Supersaturation 0.000 Significant
All data Agitation rate 0.08 Not significant
MOC 0.652 Not significant

The relationship between supersaturation and induction time has been well
established by a number of investigators2°0:241-242 which is in agreement with
the results detailed in Table 5.4 where significance was identified for all
datasets. Increasing agitation rate may be expected to decrease induction
time, as demonstrated by Liu and Rasmuson in the case of butyl paraben
nucleation.??® Kruskal-Wallis test results found that agitation rate did bot have
a significant effect upon nucleation. The impact of MOCs on induction time was
determined to be non-significant. The addition of a MOC coupon into a
crystallising system was hypothesised to decrease subsequent induction
times. Theoretically the addition of a MOC coupon increases the exposed solid
surface area in contact with the solution’s volume therefore increasing the
likelihood of nucleation to occur on a surface. The addition of a MOC coupon
within investigated vials perform partly as a baffle. Liu et al.??° investigated the
influence of stainless steel baffle inserts upon average induction time values.
It was found that stainless steel baffle inserts reduced associated induction
times for butyl paraben in comparison to baffle-free experiments underlining
the importance of additional solid projectiles within a crystallising system.22°
Different extents of induction time reduction due to baffle insertion were
identified for different agitators/paddles and respective agitation rates. Mitchell
et al. found the addition of baffles constructed from PTFE resulted in a
reduction in induction times of between 20 to 50 minutes in contrast to
induction times associated with the set up without baffles present.??° It was
therefore reasonable to foresee the addition of a MOC coupon would decrease

induction times and have a significant effect.
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No significant difference was identified in induction time overall between the
two MOCs namely stainless steel and PTFE. The properties of each MOC vary
considerably as indicated in Table 4.4 in which stainless steel has a rougher
topography, greater wetting behaviour and a larger surface energy in relation
to PTFE. However, relating specific surface properties to nucleation is
guestionable with contrasting information from literature involving surface
roughness'®®® and surface energy’°® contributions. The effect of different
MOCs upon primary nucleation within research literature is uncommon with
secondary nucleation typically further explored. Differences in nucleation
kinetics via altering MSZW due the presence of different MOCs has been
demonstrated by Liang et al.>® where stainless steel and Perspex® were
investigated which was related to their different inherent properties. The
presence of different MOCs was suggested would result in altered induction
times however using stated nucleation detection techniques did not reveal any

significant differences.

5.3.2 Fouling studies

5321 General observations

Across the conducted experiments a number of features were observed. PCM
particles suspended after bulk nucleation tended to deposit onto the coupon
surface (Figure 5.12 and Figure 5.13). This was observed for both MOCs albeit
to different extents and is explored further in later sections (5.3.2.2 DOE
results). Deposition of PCM patrticles onto the coupons occurred promptly after
nucleation and was found to be dynamic during the experiment with crystalline
material detaching from and reattaching over time (Figure 5.12).
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Figure 5.12: Schematic highlighting the relationship between nucleation and MOC
fouling for the crystallising PCM in water solution.

Observed fouling was not symmetrical and, on each major face, a dominant
region was mirrored on the opposite face. This is expected to relate to local
flow patterns around the coupon. The influence of agitation is anticipated to
impact the adhesion and cohesion processes of PCM particles and explored
MOCs. Research by Sharma and co-workers investigated the detachment of
colloidal particles of size range between 5 um to 40 um from glass and copper
substrates in which a critical flow velocity and consequential force was
identified after which particles would be removed.?*® Alander and co-workers
highlighted that PCM agglomeration is influenced by fluid shear rate via
increasing agitation rate in which agglomeration can be enhanced or
decreased.?** Agglomeration consists of collisions and particle adhesion
processes therefore findings relating to PCM agglomeration can be partly

applied to PCM particle and MOC substrate interactions.
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Figure 5.13: Images of stainless steel and PTFE at the nucleation point in a saturated
solution of PCM in water ((a) and (c), respectively) showing the different extents of
fouling after 10 minutes at supersaturation 1.2 and 700 rpm. [Yellow dashed outline
highlights the dominant location where fouling mainly occurs].

CFD simulations were computed to determine shear rates within the bulk fluid
and at the coupon surface (Table 5.5) where larger shear rates were found
within the bulk solution (see 3.2.2.3 CFD). The distribution of shear upon the
MOC coupon varied with increasing agitation rate in addition to larger shear
present mainly in one locality and also in the direction of fluid flow (Figure
5.14). These findings relate to the distribution of fouled particles as seen in

Figure 5.13 and further support the present research findings.
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Table 5.5: Table of simulated average shear rates within the bulk solution and at
coupon surface.

Agitation rate Shear rate bulk average (1/s) Shear rate coupon average (1/s)
(rpm)
130 6.2474 0.97458
350 21.292 10.599
700 46.973 31.117

I5

(@) (b) (€)

Figure 5.14: Shear rate distribution simulated upon exposed MOC coupon at
agitation rates of (a) 130 rpm, (b) 350 rpm and (c) 700 rpm.

5322 DOE results

Models for each fouling response were generated for all experimental data by
applying logarithmic transformations and fitting transformed data via multiple
linear regression (MLR). Models for each fouling response were generated by
using individual factors and factor-factor interactions. Models were edited by
removing non-significant terms to improve model statistics. A summary of fit
plot for each model is detailed in Figure 5.15 which describes statistics to
assess the strength and robustness of a model. Summary statistics and

acceptable values are described in detail in 3.2.2.2 DOE. All fouling models
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had R? and Q2 that were termed acceptable based upon Table 3.4. Model

reproducibility values illustrated in Figure 5.15 were satisfactory (as detailed in
Table 3.4) however model validity values for all fouling model responses were
all -0.2. The model validity term within MODDE software is capped at -0.2 and
the reason for this value is due to the large number of replicates resulting in
the model becoming oversensitive. The value for model validity is not
satisfactory however on the basis of respectable model statistics generated
fouling models are still valid. Each fouling response will be investigated
including associated model contour plots, expressions and other fouling data

interpretations.
1 B r2
| KoV
08 " | Model validity
’ [ Reproducibility
0.6
0.4
0.2 1
0 il
-0.2
Mass deposited (mg)~ Area coverage (mm2)~

Figure 5.15: Summary of fit plot for each fouling response model.

(@) Total mass deposited

The influence of MOCs, investigated process conditions and exposure time
upon PCM fouling mass are presented in Figure 5.16, Table 5.6 and Figure
5.17. Average total mass values of fouling PCM are illustrated in Figure 5.16
which shows fouling mass is influenced by different parameters to varied

extents. Average fouling mass is dependent on increasing exposure time to
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fouling conditions, increasing supersaturation and increasing agitation rate
with resultant increasing fouling PCM mass. Figure 5.16 also illustrated the
influence of different MOCs on PCM mass deposition in which larger fouling
mass values were found for stainless steel in contrast to PTFE at larger
agitation rates whilst other experimental conditions were identical. However at
lower agitation rates differences in fouling trends with time for each MOC were
comparable (Figure 5.16).

A contour plot was generated for PCM fouling mass which illustrates the
previously highlighted relationships between supersaturation, agitation rate
and exposure time that resulted in larger total fouling mass values (Figure
5.17). Notable differences were found between the contour plots for each
investigated MOC. Larger fouling mass values involving stainless steel were
identified in contrast to PTFE in particular concerning larger agitation rates
whilst at lower agitation rates the contour plots for stainless steel and PTFE
were comparable. The fouling mass unscaled model expressions for stainless
steel and PTFE are detailed in Equation 5.5 and Equation 5.6, respectively,

which can be used as a prediction tool.
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Mass depositeds (5.5)
= (—0.641011S — 0.000222486AR — 0.51969MO0C;s
—0.221371t + 0.00137946S5*AR + 0.2818735*MO0Css
+ 0.2443615*t + 0.000571836AR*MOCss + 2.38776E-SAR*t
—0.0138436M0Css*t) — 0.250164

Mass depositedprpg (5.6)
= (—0.641011S — 0.000222486AR + 0.51969MOCprrg
—0.221371t + 0.00137946S*AR — 0.2818735*MOCprrg
+0.2443615* + 0.000571836AR*MOCprpg
+ 2.38776E-5AR*t + 0.0138436 M OCprpp*t) — 0.250164

Where:
S = Supersaturation ratio
AR = Agitation rate (rpm)

MOCss, MOCprrg Material of construction (stainless steel and PTFE)

t = Time (minutes)

It is considered that PCM particles deposit upon each coupon from the bulk
PCM aqueous solution in contrast to surface nucleation and growth. There is
evidence from literature highlighting differences in particle deposition upon
various substrates. Rosmaninho et al. investigated the deposition of calcium
phosphate particles in a batch set-up upon stainless steel and also PTFE-
containing coated substrates (Ni-P—PTFE coating on stainless steel). It was
found the mass of calcium phosphate particles deposited upon stainless steel
was significantly larger than stainless steel substrates with Ni-P—-PTFE
coatings. Additionally Rosamaninho and co-workers conducted particle
detachment experiments in which Ni-P—PTFE coated substrates had a greater
removal percentage of calcium phosphate particles in contrast to stainless

steel which may provide an explanation to the observed PCM fouling
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behaviour.13* However different proposals were identified by Vendel and
Rasmuson in which it was suggested Teflon™ formed stronger adhesions
between its surface and investigated organic crystals in contrast to stainless
steel. This theory is proposed on the basis that crystals were hydrophobic in
nature and strongest adhesion arises between a hydrophobic surface and
hydrophobic crystal face. Both particle adhesion and surface catalytic
nucleation is governed by the work of adhesion.” Proposals by Vendel and
Rasmuson are based upon hydrophobic crystalline material interacting with a
hydrophobic surface however pure hydrophobic interactions are rare and

typically include a hydrophilic element.
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Figure 5.16: Average total mass deposited upon MOC material coupons at 2.5 minute
time intervals over 10 minutes for different agitation rates (130 rpm and 700 rpm) at
supersaturation (a) 1.2 and (b) 1.4. Error bars represent standard deviation values
and a non-weighted line of best fit was applied where Y intercept is not restricted and
employed for all data. A near centre condition (supersaturation 1.3 and 350 rpm) was
additionally investigated based upon experimental design as shown in image (c).
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Figure 5.17: 4D response contour plot for total mass deposited model (model expressions are detailed in Equation 5.5 and Equation 5.6).



(b)  Areacoverage

The influence of investigated MOCs, process conditions and exposure time
upon the fouling area coverage due to PCM particle deposition are detailed in
Figure 5.18, Table 5.7 and Figure 5.19. Figure 5.18 shows the average fouling
area coverage deposited upon each investigated MOC at selected conditions
for two supersaturation ratios (1.2 and 1.4). From Figure 5.18 it is shown, that
for both MOCs, larger average area coverage values were obtained when
subjected to a larger agitation rate of 700 rpm in contrast to lower agitation.
Similar to trends identified for average fouling total mass deposited at higher
and lower agitation rates investigated were found for average fouling area
coverage highlighting the importance of particle mass transfer. There is a
progressive increase in area coverage with respect to time for all MOCs
explored at 700 rpm. The impact of increasing supersaturation upon fouling
area coverage was not confirmed. However there was evidence of increased
fouling area coverage with increasing supersaturation. It was hypothesised
that increasing supersaturation would increase respective PCM nucleation rate
(Equation 1.14) and consequently number of particles available to
deposit/cover a MOC coupon. Increasing the number of generated patrticles in
suspension potentially allow more particles to adhere to the MOC coupon.
Average area coverage due to PCM particle deposition was found to be larger
for stainless steel than that of PTFE across investigated conditions however
significance is not considered. It is determined that stainless steel has larger
area coverage in comparison to PTFE in particular for explored conditions for
supersaturation ratio 1.4. Vendel and Rasmuson explored the fouling of
stainless steel and Teflon™ (fluorinated polymer substrate) via an impinging
jet to mimic particulate collision conditions within a crystalliser in which was
found stainless steel had more crystals adhered to its surface than Teflon™
substrates!? — this capability of stainless steel to adhere particles may explain
its associated larger area coverage. One explanation involving MOC
properties is the influence of surface roughness in which roughened surface
encourages particulate fouling due to particle entrapment.?*> Within research

literature area coverage measurements have not been utilised in crystallisation
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and fouling studies however related measurements such as crystal density
have been employed. Research by Diao et al. used crystal area density as a

measurement to assess nucleation on various polymer substrates.?°

Contour plots generated for the area coverage fouling model reveal increasing
supersaturation, agitation rate and fouling exposure time after bulk nucleation
resulted in larger area coverage (Figure 5.19) in which notable differences in
contour plots are observed for different agitation rates and different MOCs.
The fouling area coverage model expressions for stainless steel and PTFE are

detailed in Equation 5.7 and Equation 5.8, respectively.

Area coveragess (5.7)
= (0.518559S + 0.00241038AR + 0.0740077MOCgg
—0.0116891t — 0.0008497135*AR + 0.07560565*t
+ 5.96034ESAR*MOCgs — 3.52816E-5AR*t) — 0.45238

Area coverageprpg (5.8)
= (0.518559S + 0.00241038AR — 0.0740077MOCprrg
—0.0116891t — 0.000849713S5*AR + 0.07560565*t
— 5.96034ESAR*MOCprrp — 3.52816E-5AR*t) — 0.45238
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Figure 5.18: Average area coverage upon MOC material coupons at 2.5 minute time
intervals over 10 minutes for different agitation rates (130 rpm and 700 rpm) at
supersaturation (a) 1.2 and (b) 1.4. Error bars represent standard deviation values. A
non-weighted line of best fit was applied where Y intercept is not restricted and
employed for all data. A near centre condition (supersaturation 1.3 and 350 rpm) was
additionally investigated as shown in image (c).
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Figure 5.19: 4D response contour plot for fouling area coverage model (model expressions are detailed in Equation 5.7 and Equation 5.8).



(c) Model validation

Although each fouling response model had adequate descriptive statistics, a
number of random validation experiments were conducted within the
designated fouling design space. Validation experimental conditions used
comprised investigating supersaturation ratio 1.2, agitation rate of 700 rpm and
stainless steel and PTFE were both probed. Table 5.6 reveal the additionally
determined experimental results for stainless steel and PTFE respectively, in
terms of total mass deposited, area coverage and mass coverage over the
initial 10 minutes post bulk nucleation. Additionally Table 5.6 reveal the model
predicted results for all fouling responses. It was found that for all fouling
responses, the predicted values within Table 5.6 are in close proximity to the
experimentally determined results highlighting each model’s validity in fouling

prediction.

Table 5.6: Experimental and predicted fouling response results related to (a) stainless
steel and (b) PTFE over the initial 10 minutes after bulk nucleation for supersaturation
ratio 1.2 and agitation rate of 700 rpm.

(a) Time after Total mass Total mass Area coverage | Area coverage
nucleation deposited deposited (mm?) predicted
(mins) (mg) predicted (mg) (mm?)

25 11 2.45 18.73 24.83
5.0 25 3.77 25.3 33.95
7.5 6.2 5.79 20.47 46.42
10.0 7.8 8.91 56.42 63.46
(b) Time after Total mass Total mass Area coverage | Area coverage
nucleation deposited deposited (mm?) predicted
(mins) (mg) predicted (mg) (mm?)
2.5 1.15 1.05 11.90 14.57
5.0 14 1.89 19.65 19.92
7.5 25 341 25.3 27.24
10.0 5.9 6.15 34.25 37.25
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5.4 Summary

The purpose of the present research was to establish fundamental
understanding of the relationship between nucleation and fouling and reveal
specific mechanistic insights under the conditions tested. A method was
designed using inexpensive commodity webcams to investigate the influence
of MOCs on nucleation and fouling. Further understanding of nucleation and
fouling mechanisms can be applied to any crystallisation campaign. However
application of this knowledge to continuous crystallisation is highly desirable
where process understanding is essential. Nucleation and fouling mechanisms
were probed under different supersaturation and agitation rates in the
presence of either stainless steel or PTFE coupons. A relationship between
nucleation and fouling was recognised in which the generation of PCM
particles within the bulk was followed by particle deposition onto the MOC

coupon. Although surface nucleation was not identified it cannot be neglected.

The applicability of the Kruskal-Wallis test to assess the significance of
process parameters and different MOC on nucleation was demonstrated.
Induction time and nucleation rate differences were identified for PCM in water
in terms of explored supersaturation ratios and agitation rates. The influence
of different MOCs upon bulk induction time was not found to be significant.
Additionally different MOCs had no notable effect upon bulk nucleation rate.

The principal fouling mechanism was highlighted to be particle deposition via
collisions between PCM particles and MOC surface. PCM fouling was
influenced by supersaturation and agitation rate notably in terms of mass
deposition and area coverage. Differences in fouling behaviour were found
between different MOCs under identical process conditions. The importance
of material surface properties upon fouling was underlined in which the
properties of stainless steel were subject to larger extents of fouling in contrast
to PTFE. However relating specific material properties to fouling behaviour

was not established. A model encompassing all explored process parameters

151



and MOC was created highlighting each parameters contribution with excellent

model statistic measurements and has been successfully validated.

From a process understanding perspective, the importance of crystalliser
operational parameters and the physical experiences particulates undergo
within the crystalliser can directly contribute towards fouling. Learnings from
this research can be related to MOC in contact with a supersaturated solution
that do not perform as heat transfer surfaces e.g. a PAT probe. However
further research is necessary regarding the fouling of MOC utilised for heat

exchange within a crystalliser environment.

The methodology and setup used within this work is useful as a rapid screen
to test fouling phenomena within batch systems where the deposition
propensity of a solute particle can be evaluated for a range of MOC.
Modifications of the utilised setup via other imaging approaches could provide
greater insight into nucleation and fouling initiation mechanisms e.g.

microscopic 3D observations.
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Chapter 6. Development of a continuous flow

assessment platform for fouling
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6.1 Introduction

Assessment of fouling mechanisms within a batch crystallisation system was
performed within Chapter 5. Evaluating fouling mechanisms in continuous flow
is desirable from which fouling mechanistic processes within batch and
continuous systems can be assessed. The Zebrafish platform (as detailed in
3.2.3.2 Zebrafish platform) was specifically designed to investigate corrosion
processes in which different process parameters, solutions and MOCs could
be probed. The properties and functionality of the Zebrafish platform highlights
its potential application for crystallisation fouling studies. In order for fouling to
be investigated in continuous flow, a number of modifications to the Zebrafish
platftorm were proposed. These are discussed herein regarding the
development of the continuous flow fouling assessment platform (C-FAP).

6.2 Proposed modifications

In conjunction with CRD, a number of proposed modifications were discussed
and conducted to allow fouling studies to be conducted. The objective was to
develop a platform which would be representable of a heat transfer surface

within a cooling crystallisation process.
Modifications which were made to the Zebrafish platform (Figure 6.1) included:
e A new bespoke flow cell design.

e The addition of a cold stream in contact with the rear of an investigated

MOC coupon to induce fouling on the solution side coupon surface.

e The addition of thermocouples to monitor the (i) solution temperature
before and after cell entry and also to monitor the (ii) cold stream
temperature before and after contact with the rear of MOC coupon.
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Figure 6.1: Image of the C-FAP set-up comprising a number of modifications.

6.2.1 Flow cell design

A number of obstacles were present with the Zebrafish platform’s conventional
electrochemical flow cell for it to be used for fouling studies (Figure 6.2). The
proposed novel flow cell should allow for imaging and thermal measurement
capabilities. The conventional flow cell required a number of modifications

including:

e Replacing one of the electrodes with an optical glass window to allow
internal monitoring via imaging. The optical window allows the fouling
of a selected MOC to be monitored.

e The electrochemical flow cell contained a nhumber of additional ports
which served no purpose for fouling research and were consequently
removed.

e The conventional flow cell accommodated an investigatory MOC
coupon, via a PTFE housing component, which interfaced the internal
environment of the flow cell and an electrode (Figure 6.2) — a minor
modification was conducted allowing the investigated MOC to be
exposed to the flow cell internal environment whilst the removal of the

electrode component (Figure 6.3). A PEEK insert which allowed the

155



temperature of an investigated MOC coupon to be altered via a cooling

fluid (Figure 6.3) was introduced to replace the electrode.

Figure 6.2: Library image of conventional corrosion flow cell for Zebrafish including
electrode positions and several ports.t’’

Flow cell MOC coupon
L
RS,
"C; GED GED GED GED GaED ToED o
Opt_lcal \fvmdow 'g
for imaging ©
% - cor o o a» e *
i :

PEEK component allowing
transfer of a cold stream to
the rear of the MOC
coupon

Figure 6.3: Schematic highlighting proposed alterations to conventional corrosion
flow cell [not illustrated to scale].
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Implemented flow cell modifications however did not result in fouling induction
at extreme conditions after initial fouling trials. Computational fluid dynamic
(CFD) simulations were performed using a model of the flow cell structure
(3.2.2.3 CFD) to assess the distribution of diluted species towards the MOC
coupon/solution interface (Figure 6.4). A key modification to the flow cell was
altering its entry and exit angle (increase entry and exit gradient by 20°) to
enhance directional flow towards the surface of the MOC coupon (Figure 6.5).
CFD results highlight some changes in species concentration however fouling

trials found this modification induced fouling upon the MOC coupon.
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Figure 6.4: CFD diluted species distribution of (a) original flow cell design and (b)
modified flow cell design.
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Figure 6.5: Final flow cell design based upon CFD results highlighting the modified
entry and exit angles. Additional ports for Pt100 sensor were incorporated which are
detailed in 6.2.3 Thermocouple addition.

6.2.2 Cold stream incorporation

The C-FAP was inspired upon a fouling evaluation set up proposed by Mullin®
and was demonstrated by Nyvit and Veverka®® as shown in Figure 6.6. Within
this set up a continually cooled insert was used to induce fouling on its surface
under defined process and solution conditions. Conditions could be assessed
in which fouling occurs in terms of the temperature difference between the bulk
solution and cooled projection (AT), supersaturation and solution flow rate.
Cooled projections e.g. cold finger were also used by Abohamra and Ulrich to
induce potassium sulphate fouling on various MOCs including Teflon™ steel
and glass.?4 Within the C-FAP, cooling of the MOC coupon was used to initiate
fouling upon its surface. To provide cooling of a MOC coupon surface, a Julabo
F25 chiller unit (Julabo) was employed in conjunction with a Bronkhorst mini
CORI-FLOW® (Bronkhorst) system to control coolant mass flow rate. The
coolant entry and exit from the MOC coupon was directed by the previously
highlighted PEEK component within the flow cell in counter-current
configuration. The coolant selected was water.
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Figure 6.6: Cold finger technigue fouling assessment set up used by Nyvit and
Veverka.'®

6.2.3 Thermocouple addition

Pt100 temperature sensors were incorporated into the C-FAP for numerous
purposes. Four Pt100 temperature sensors were added across the modified
flow cell to monitor the circulating solution temperature before (Tso. ine:) @nd
after (TsoL outier) Cell entry and also monitor cold stream temperature before
(TeoL inter) @nd after (Tcor outier) CONtact with the rear of a MOC coupon (Figure
6.7). Determining the temperature difference across the flow cell theoretically
allows heat transfer and the impact of fouling upon it to be evaluated via fouling
resistance (see 1.4.2.1 Overview of fouling literature and measurements).
Additionally the entry flow cell Pt100 sensor provides feedback to the Polar
Bear Plus unit (CRD) to drive heating/cooling of the vessel in order to obtain a
constant selected set point entry temperature. The controller temperature
feedback system uses a proportional—integral-derivative (PID) algorithm. PID
control is the most dominant control system for automation.?*” The advantages

of PID control include is simplicity, applicability and ease of use.?*® One

159



disadvantage of employing an PID algorithm for temperature control is the
potential for temperature overshoot in which takes substantial time to reach a

steady value.?*°

TSOL outlet

TCOL inlet

TCOL outlet

Figure 6.7: Addition of Pt100 sensors to monitor the temperature of the solution and
cold stream entering and exiting the bespoke flow cell.

A number of assumptions were made. It is assumed the temperature
difference across the investigated MOC (ATyoc) is the same as the two entry
temperature values of the hot (TsoL iner) @nd cold stream (T¢op iniet)- It IS
assumed that all investigated MOCs have identical heat transfer behaviour and

reach maximum heat transfer instantly.
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6.2.4 Additional modifications

The platform’s tubing was changed from standard silicon tubing to tubing which
is chemically compatible with a wide range of organic solutes and solvents.
Tubing which was employed within the C-FAP included GORE STA-PURE
PFL reinforced fluoroelastomer tubing (Gore) [3.2 mm OD; 1.6 mm ID] and
rigid PTFE tubing (RS components) since potentially aggressive solvents were
to be explored in subsequent experiments. The Zebrafish’s original gear pump
was replaced with a peristaltic pump (DriveSure PMD24CI114 (Watson-
Marlow)) primarily to allow suspensions of particles to potentially be explored.
Another addition to the platform was the incorporation of a Smart Controller
unit (CRD) which, in conjunction with Eurotherm iTools software (Eurotherm),
continuously acquires and stores Pt100 sensor temperature data concurrently.
An imaging set up (Figure 6.8) was constructed with a USB 3.0 monochrome
industrial camera (Sony), a commodity camera tripod and a compact axial
white LED light (dimensions 50x50 mm) (DCM Sistemes) to enhance imaging
contrast (Figure 6.8). YAWCAM software (www.yawcam.com) was employed

to obtain images at a given frequency.

—

Figure 6.8: Imaging setup comprising a light source, commodity tripod and camera.
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6.3 Capabilities

The C-FAP allows a number of fouling measurements to be made including
fouling resistance (Rf) via differences in heat transfer, fouling induction time
and fouling growth rate are described in greater detail (see Chapter 7 Fouling
assessments in novel flow platform). In addition, fouled material on the
investigated MOC can be easily removed from the continuous flow
environment allowing offline analysis of the fouled material including mass
measurement and microscopy techniques. The process conditions within the
platform can be well defined in terms of solution flow rate, solution entry
temperature, cold stream mass flow rate and cold stream temperature. The
temperature difference across the MOC can be controlled. Within the flow cell
any MOC coupon of designated dimensions can be examined in which its rear
side is cooled to induce fouling. Although the pump within the platform was
altered, the platform struggled to keep particles in suspension under normal
flow conditions. Particle settling was an issue within the bespoke flow cell
(Figure 6.9). For practical purposes the application of the platform is fixed for
solutions. Flow rates greater than terminal velocity would be necessary for

particle suspension.?>©

The operational capabilities of the C-FAP are detailed in Table 6.1. The C-FAP
has the ability to perform other surface investigations related to crystallisation
highlighting its practicality. Examples of such investigations are detailed in
Table 6.2.
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Figure 6.9: Settling of PCM particles during the circulation of a PCM suspension via
a peristaltic pump.

Table 6.1: Capabilities and technical data of the adapted crystallisation fouling
Zebrafish platform.

Parameter Operational capabilities
Vessel volume 500 ml
Flow cell volume 20 ml
Solution flow rate 20 — 100 ml/min
Water coolant flow rate (M¢,) 0 - 100 g/min
S0 N copen e cn
Moc bfi‘;';ﬂgﬁ\/f%gi:}:ge (with 2.5°C — 40°C (12.5°C — 36°C)
Solution te(r;ﬁe(rTe:)Lir:leetr)]tering flow 25°C — 60°C
Controlle_r temperature resolution 0.05°C
with Pt100 sensor
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Table 6.2: Potential investigations in which the C-FAP has the capacity to conduct.

Investigation Description

Explore different substrates acting as templates to
influence polymorph nucleation. The influence of
solution flow, solution temperature and substrate
cooling can be probed.

Polymorph screen

Crystal growth of an adhered single crystal to a
Single crystal growth rate substrate can be determined via 1D and 2D growth
rates.

6.4 Validation of C-FAP

The first solution investigated within the C-FAP platform was PCM in
3-methyl-1-butanol in which different temperature gradients (ATyoc = 17.4°C,
23.5°C and 28.7°C [dictated by the coolant temperature]) across the coupon
were explored in addition to different MOCs (C-276 as received and
borosilicate). The experimental outcome was to assess differences in fouling
induction time by imaging for all conditions explored. No fouling was identified
on borosilicate whilst PCM fouling was present on C-276 only at the ATyo¢
values of 23.5°C and 28.7°C (Figure 6.10). Determined fouling results reveal
differences under explored conditions and validate its use as a fouling
assessment platform. This assessment was a rapid screen however provided
further insight into fouling. A more thorough study is conducted within Chapter

7 to assess the application of the C-FAP.
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3 min.

Figure 6.10: Sequential images over a 12 hour period for (a) borosilicate and
(b) C-276 as received at ATyoc = 28.7°C.
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Chapter 7. Fouling assessments in novel flow

platform
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7.1 Introduction

Continuous crystallisation processes have numerous advantages over
traditional batch processing including improved product quality, reduction in
process inventories and enhanced process control.?641 Converting a batch
crystallisation process into continuous operation requires a great deal of

consideration prior to its implementation into a fully operational campaign.

Developing and establishing systematic approaches to evaluate individual
crystallisation aspects has been performed successfully previously.
Systematic approaches have been employed in polymorph screening?®1-252,
solvent selection?53-254 and crystalliser setup?>>-25¢ to methodically arrive to an
outcome. However, encompassing individual crystallisation processes and
aspects to arrive at a rational crystallisation design (Figure 7.1) is not routinely
conducted yet would be highly advantageous. The concept of developing a
workflow to arrive to a logical crystallisation design outcome has been
demonstrated by Wibowo and Ng.?>” Workflows have also been designed in
converting batch process into continuous. Teoh and co-workers provided a
methodology to assess the feasibility of converting fine chemical batch
processes into continuous operation in addition to defining key decision-
making stages during the assessment.*?

Solvent
selection

Design of a
crystallisation process

PAT
selection

Agglo- Crystal

Solubility meration growth

Figure 7.1: Selected examples of crystallisation processes and aspects contributing
towards the logical design of a crystallisation process. However, fouling contributions
are often neglected. Required details are process dependent therefore provided
examples are not exhaustive.

167



Continuous crystallisers are normally designed to operate for extended time
periods. However, at some stage throughout a crystallisation campaign,
fouling is expected to occur.5?6 The presence of significant fouling within a
continuous crystalliser would require the campaign to be halted as subsequent
continuation would lead to unstable processing conditions.819 During
continuous crystallisation, conditions within crystalliser are at non-equilibrium
in which fresh crystallising solution is constantly in contact with a given surface.
Rashid et al. utilised solubility, MSZW, growth and nucleation data to inform
the design of both batch and continuous crystallisation campaigns for the API,
ibuprofen. Breakage and agglomeration kinetics were considered in this
crystallisation design however the influence of fouling was not considered.2?%8
Generally the fouling propensity and behaviour of a crystallising system is not
probed prior to the initiation of a crystallisation campaign and is often neglected
without any comprehensive understanding. Briggs and co-workers altered the
cooling crystallisation of LGA to mitigate fouling by the use of seeds in
comparison to previously relying upon heterogeneous nucleation where fouling
was prominent.® Establishing the fouling propensity and fouling behaviour of
a crystallising system would be valuable to allow a successful campaign to
operate with fouling potential well understood and limit the undesirable effects
of fouling.

Evaluating the fouling potential of a crystallising system prior to initiating a
crystallisation campaign is highly beneficial to enhance process understanding
and ultimately prevent process system malfunction whilst meeting process and
product specifications. The experimental setup developed in Chapter 5
provided a rapid method for fouling assessment notably for MOC comparison
under identical process conditions. However this setup did not probe the
influence of cooling across a MOC i.e. ATyc upon crystallisation fouling.
Additionally the experimentation was not conducted within continuous flow.
Research by Geddert et al. employed a continuous flow setup to explore
calcium sulphate fouling on different MOC heat transfer surfaces under well-
defined thermal and hydrodynamic conditions (Figure 7.1).%? The C-FAP was
developed to evaluate the fouling propensity of a crystallising system in

168



continuous flow upon a cooled surface by promoting nucleation and
subsequent growth upon an investigatory MOC which is described in Chapter
6. These conditions may be representable of experiences within a continuous

crystallisation campaign i.e. cooling across borosilicate within a COBC.
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Figure 7.2: Continuous flow unit for fouling experiments utilised by Geddert and co-
workers.?? The temperature difference (4AT) across the flow cell can be calculated in
addition to calculating fouling resistance values.

The C-FAP was designed to allow a variety of different parameters to be
investigated namely solution flow rate, solution temperature, different
investigatory MOCs, MOC coupon temperature difference (ATyoc) and also
the ability to probe different solution systems (as detailed in 6.3 Capabilities).
In addition to exploring the fouling propensity of an investigated crystallising
system, understanding fouling progression is also beneficial in particular in

situations where fouling initiation is inevitable.
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Within heat transfer fouling studies, fouling resistance (Rf) measurements are
used to determine the fouling induction time which identifies when fouling
deposits begin to impact heat transfer.®1’ Considerable crystalline deposits
may be present on the heat transfer surface before heat transfer is affected.
Other methods have been employed to determine induction times. The first
detection of crystalline material within a crystallising system under constant
supersaturation is the traditional technique for determining an induction
time.®2%0 This technique can also be applied to initial identification of fouling
deposits upon a surface and, likewise, can similarly be termed as the fouling
induction time.1% Comparing each induction time definition would be beneficial
in establishing which technique is more applicable to continuous crystallisation
process understanding in addition to assessing C-FAP’s capabilities (Figure
7.3).
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Figure 7.3: Induction time measurements related to fouling including imaging and
temperature measurements. For both measurements, induction times and growth
kinetics can be determined.

The dominant fouling mechanism from Chapter 5 was particle deposition for

explored conditions. The influence of cooling the two diverse investigatory
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MOCs (stainless steel and PTFE) on fouling was not probed. Herein the
C-FAP was designed to probe surface induction and growth fouling
mechanisms which was evaluated using stainless steel and PTFE as test
MOCs. An experimental method was generated to explore the influence of
supersaturation, different ATy, solution flow rate and different MOCs upon
fouling behaviour within the C-FAP. In addition to exploring and contrasting
fouling induction times, fouling growth kinetics were determined to assess the
influence of explored system parameters on subsequent growth. The C-FAP
was briefly assessed within Chapter 6 to confirm fouling would take place and
differences were identified. However, a comprehensive assessment was
necessary. Overall the proposed measurements were proposed to validate the

C-FAP and its application for future fouling investigations.

7.2 Materials and methods

7.2.1 Materials

The C-FAP is described within Chapter 6. The investigated solution within the
C-FAP was PCM in water. MOCs coupons and their dimensions explored

within this work are detailed in Chapter 3.

7.2.2 Methods

7.2.2.1 Solution preparation and C-FAP setup

Both understaurated and supersaturated PCM in water solutions were
investigated in this work. The solubility of PCM in water at 52°C is 31.488 g/kg
solvent (polynomial fit using data from Granberg et al.?®?). Undersaturated
(supersaturation ratio = 0.96) and supersaturated (supersaturation ratio =
1.07) solutions were freshly prepared for each fouling experiment. Investigated
PCM in water solutions were heated to 55°C to ensure full dissolution for at

least 30 minutes prior to addition into the C-FAP.
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The configuration of the C-FAP is described in Chapter 6. The C-FAP was
circulated with blank solvent (deionised water) prior to the addition of solution
which was subsequently heated to and maintained at the set-point temperature
of 52°C i.e. Tso1 intet- The purpose of heating and circulating blank solvent was
to heat the internal surfaces within the platform. The addition of the
investigatory solution without preheated surfaces could result in unwanted
system nucleation that would require a significant period of time to dissolve.
The C-FAP was then drained and 250 ml of heated PCM solution was added.
Once the solution circulation temperature became constant at 52°C, the cold
water stream was initiated at a flow rate of 50 g/min and counter-current to
solution flow. Once the coolant entry temperature (Tcor inie:) decreased to a
minimum and became constant, fouling measurement methods were initiated.
A 24 hour time limit was applied in which if fouling had not initiated during this
time, the experimental run was ended and conditions were deemed not to foul.
Conditions explored within this chapter are detailed in Table 7.1 in which each

investigatory condition was conducted at least in duplicate.
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Table 7.1: Conditions explored including process parameters and MOC probed for C-FAP assessment.

Exp No | Coolant entry temp (Tcopinter) With MOC coupon Solution flow rate Solution supersaturation
respective AT yoc
1 12.5°C (ATyoc = 39.5°C) Stainless steel 316L 50 ml/min 0.96
2 17.5°C (ATypc = 34.5°C) Stainless steel 316L 50 ml/min 0.96
3 25°C (ATyoc = 27°C) Stainless steel 316L 50 ml/min 0.96
4 12.5°C (ATy0c = 39.5°C) Stainless steel 316L 50 ml/min 1.07
5 17.5°C (ATypc = 34.5°C) Stainless steel 316L 50 ml/min 1.07
6 25°C (ATyoc = 27°C) Stainless steel 316L 50 ml/min 1.07
7 12.5°C (ATy0c = 39.5°C) Stainless steel 316L 100 ml/min 0.96
8 17.5°C (ATypc = 34.5°C) Stainless steel 316L 100 ml/min 0.96
9 25°C (ATyoc = 27°C) Stainless steel 316L 100 ml/min 0.96
10 12.5°C (ATyoc = 39.5°C) Stainless steel 316L 100 mi/min 1.07
11 17.5°C (ATyoc = 34.5°C) Stainless steel 316L 100 mi/min 1.07
12 25°C (ATyoc = 27°C) Stainless steel 316L 100 ml/min 1.07
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Table 7.1 continued...

13 12.5°C (ATyoc = 39.5°C) PTFE 50 ml/min 0.96
14 17.5°C (ATyoc = 34.5°C) PTFE 50 ml/min 0.96
15 25°C (ATyoc = 27°C) PTFE 50 ml/min 0.96
16 12.5°C (ATyoc = 39.5°C) PTFE 50 ml/min 1.07
17 17.5°C (ATyoc = 34.5°C) PTFE 50 ml/min 1.07
18 25°C (ATyoc = 27°C) PTFE 50 ml/min 1.07
19 12.5°C (ATyoc = 39.5°C) PTFE 100 ml/min 0.96
20 17.5°C (ATyoc = 34.5°C) PTFE 100 ml/min 0.96
21 25°C (ATyoc = 27°C) PTFE 100 ml/min 0.96
22 12.5°C (ATyoc = 39.5°C) PTFE 100 ml/min 1.07
23 17.5°C (ATyoc = 34.5°C) PTFE 100 ml/min 1.07
24 25°C (ATyoc = 27°C) PTFE 100 ml/min 1.07




7.2.2.2 Fouling measurements

Once fouling conditions were initiated and cooling entry temperatures became
constant, two measurement methods were conducted concurrently: sequential

imaging and temperature monitoring.

(@) Fouling induction time and fouling growth rates via imaging

Imaging was used to determine two quantitative fouling measurements: fouling
induction time and fouling growth rates. The imaging setup is detailed in
Chapter 6 (6.2.4 Additional modifications) which was positioned to image the
entire exposed MOC through the flow cell. Images of investigated MOCs were
obtained at a frequency of 60 seconds. Visual observation was employed as
the fouling detection method (Figure 7.4 (a) and (b)). Once the first signs of
surface nucleation were detected, the time interval from once the cold stream
temperature becomes constant to the identification of surface nucleation was

measured as the induction time.

~ 7 D g

Figure 7.4: An example of PCM nucleation upon stainless steel where (a) the first
indications of nucleation are difficult to detect with real time. The reliance on
retrospectively serial imaging (b) where identifiable crystals were present was
essential to determine accurate induction time values. [Position of nuclei within the
dashed blue oval].

Following the identification of surface nucleation upon MOCs under
investigated solution concentrations, supersaturation ratios and solution flow

rates, PCM fouling growth kinetics were evaluated by determining the area
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coverage of the fouled PCM with time. ImageJ software (National Institute of
Health) was used to determine the number of pixels associated with fouling.
These were converted into a true fouled area. The area associated with each
pixel was determined for each unique experimental run since camera
positioning was liable to minor movement. Using the average pixel number
diameter (based upon 4 diameters [1 horizontal, 1 vertical and 2 diagonal
values]) and the true exposed MOC diameter (16 mm), the pixel area value
was determined. The cumulative fouled area was determined at 5 minute
intervals post nucleation to account for additional surface nucleation and
combining of distinct growing masses. Linear growth rates over the initial 120

minutes after nucleation were determined.

(b) Temperature profiles and heat transfer performance

The temperature of the investigated PCM solution entering (TsoL inter) @nd
exiting (TsoL outier) the flow cell in addition to the cold stream’s temperature
before (T¢oy, inie:) @nd after (Teor outier) CONtact with the rear of the investigated
MOC coupon were recorded every 60 seconds (see 6.2.3 Thermocouple
addition). Temperature profiles were obtained to (i) assess whether changes
in heat transfer can be detected and, if detected, (ii) determine the effect of
fouling on heat transfer efficiency. Within heat exchanger fouling research
literature, the impact of fouling on heat transfer was quantified by determining
the overall heat transfer coefficient (U) with time with the fouling resistance (Rf)
which is defined in Equation 1.25. The measurement of fouling resistance is
routinely conducted for inorganic system fouling in heat exchangers however
has not been routinely demonstrated for small organic molecules within cooling
crystallisation processes. Briancon et al. utilised temperature differences to
determine the decline in overall heat transfer coefficient due to fouling
associated with the crystallisation of adipic acid.*® It was anticipated that
determining Rf will allow the fouling induction time and growth kinetics to be

determined.
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Determining fouling resistance with time is traditionally used to identify the
fouling induction time. Within heat transfer studies, the fouling induction time
is defined as the time difference between experimental start up and when
fouling initially impacts heat transfer via overall heat transfer coefficient®
(1.4.2.1 Overview of fouling literature and measurements) which differs to the
conventional crystallisation induction time definition (Equation 5.2). However,
within this work the fouling induction time relates to once the coolant stream
becomes constant and the initial identification that heat transfer is impacted
l.e. same start point as imaging methods. Therefore, direct comparisons can
be made.

To calculate the fouling induction time, fouling resistance measurements are

calculated at a frequency of 60 seconds. Fouling resistance (Rf) is defined by:

11
peo b1 (1.24)
U U,

Where Uy and U, are the overall heat transfer coefficients when the surface
has become fouled and when the surface is clean at experimental start up,
respectively. The overall heat transfer coefficient values associated with fouled

and clean surfaces can be calculated from:®°

Q = UApocAT urp (7.1)
Where
Q = Heat transfer rate (W)
U = Overall heat transfer coefficient (W/(mz2.K))
Ayoc = Heat transfer surface area (m?)
AT yrp = Logarithmic mean temperature difference (K)
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In order to calculate U, Q requires to be known first at the same time frequency.

Q can be determined for a counter current system using:%°

Q= MSOLCpSOL (TSOL intet — TsoL outlet) (7-2)

= McoCpcor(Tcor outtet — Tcor intet)

Where

Msor, Mcor = mass flow rate of hot solution and cold fluid stream,
respectively (kg/s)

Cpsor Cpcol = specific heat values of hot solution and cold fluid
stream, respectively (kJ/(kg.K))

Tsor intets TcoL intet = inlet temperatures of hot solution and cold fluid
stream, respectively (K)

Tsor outtetr TcoL outlet = outlet temperatures of hot solution and cold fluid

stream, respectively (K)

Q can be calculated by investigating the heat transfer into the cold stream since
the mass flow rate, temperatures and specific heat (water = 4.184 kJ/kg.K)?>°
of the coolant are known. The logarithmic mean temperature difference

(AT.rp) for counter-current heat exchange is calculated using:2°

AT, — AT. 7.3
ATy yrp = 1Tle (7.:3)
(in A_Tz)

Where
AT, = Tsor outtet — TcoL intet
AT, = Tsor intet — TcoL outlet
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The C-FAP has the capability to monitor:

e Inlet temperatures of hot solution (Tsoy, inie:) @nd cold fluid (Tcor intet)
stream across the flow cell.

e Outlet temperatures of hot fluid (Tsoy, outie:) @nd cold stream (T¢or outiet)
across the flow cell .

e Mass flow rate of the cold stream (M.q.).

Therefore, U can be calculated as AT, yrp and Q can be determined at a given
frequency within the C-FAP. The exposed MOC heat transfer area (Ayoc)
remained constant for all experiments at a value of 0.000201 m?2. Since U is
determined at a given frequency the fouling resistance (Rf) could be calculated
and plotted against time. The application of fouling resistance within a fine
chemical crystallisation process has been demonstrated within a batch type
crystalliser system by Nyvit and Veverka.'® It is therefore reasonable to
anticipate fouling resistance is applicable to continuous crystallisation

processes.

7.3 Results and discussion

The C-FAP was developed as an evaluation platform to probe surface induced
fouling mechanisms in which system parameters could be modified and
controlled. Results described herein demonstrate the C-FAP’s applicability and
practicality as an assessment tool for fouling.

7.3.1 Fouling induction time and fouling growth rates via imaging

7.31.1 Induction time

Two fouling measurements were obtained by imaging namely fouling induction
time and fouling growth rates. The average fouling induction times for all

investigated conditions involving (a) stainless steel and (b) PTFE are plotted
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against ATyoc Within Figure 7.5. It was found for stainless steel that induction
times from different supersaturated solutions were comparable across all
process conditions suggesting the influence of the additional cooling input and
flow rate was insignificant. Distinct differences in induction times associated
with stainless steel for undersaturated solutions were found — larger average
induction times were identified for smaller ATy, vValues i.e. less driving force
to generate local supersaturation.?61-262 The influence of solution flow rate was
again deemed insignificant. The importance of surface cooling was evident in
creating local supersaturation at the MOC for an undersaturated solution. For
PTFE, fouling was only identified for two of the tested conditions when probing
undersaturated PCM feed solutions (ATyoc = 39.5°C; flow rate 50 ml/min and
100 ml/min) however induction times were identified for all supersaturated
conditions. Therefore, comparisons between each MOC’s induction times
using supersaturated solution could be only conducted as illustrated Figure 7.6
where notable differences between average induction times were observed. It
was found increasing ATy, i.€. local supersaturation, resulted in a decreased
standard deviation associated with the average induction time. Research by
Jiang and ter Horst determined that increasing supersaturation resulted in a
decreased spread of induction time values which supports observations within
the present work.?3® Comparisons of undersaturated solution induction times
could not be successfully compared since PTFE related fouling experiments

could not generate supersaturation to induce fouling for all experiments.
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Figure 7.5: Average induction time values (with standard deviation values) for all
explored conditions for (a) stainless steel and (b) PTFE.
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Figure 7.6: Average induction time values (with standard deviation values) for
supersaturated PCM solutions associated with stainless steel and PTFE.

It was found that employing supersaturated feed solutions in comparison to
undersaturated feed resulted in lower average induction time values which is
to be anticipated (Figure 7.5). Zhao highlighted fouling may still occur upon a
surface where locally it is supersaturated but principally undersaturated within
the bulk solution.®3 Undersaturated solutions solely relied upon cooling across
the MOC coupon to induce fouling upon its surface with no transport of
particles generated in the bulk to the surface. Exposure to supersaturated
solutions can result in fouling in the absence of local excess cooling. However,
fouling can occur to a greater extent (as identified in Figure 7.6) in the presence
of a cooled surface with increasing temperature differences resulting in
increasing local supersaturation at the surface. It was found for all
supersaturated solution conditions that surface nucleation occurred rather than
initiating within the bulk solution. One limitation in investigating supersaturated
feed solutions was the likelihood of bulk nucleation and crystallisation
occurring in addition to the surface attached PCM crystals acting as seed

material.
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The impact of solution flow rate, and consequently flow velocity, upon fouling
induction time was insignificant for conditions tested (Figure 7.6). However,
the influence of flow velocity upon fouling induction time via fouling resistance
determination has been identified by numerous authors!33142 to increase with
increasing flow velocity. However, the hydrodynamic conditions explored
within this work were limited due to the restricted range of flow rates (see 6.3

Capabilities).

Differences in average fouling induction time between stainless steel and
PTFE for undersaturated feed solutions under identical process conditions
(Figure 7.5) must be attributed to the properties of each MOC. The most
influential MOC properties that contributes to differences in induction time
remains unknown. The influence of increasing ATy, between the surface
temperature and the bulk solution temperature mostly decreases the
determined average induction time which highlights the importance of heat
transfer across the MOC'’s surface. Therefore, it can be deduced that there is
experimental evidence that the thermal properties of each MOC (as detailed
in Table 4.4) are of significance. Stainless steel, in contrast to PTFE, has a
larger thermal conductivity and lower specific heat capacity indicating heat
transfer across the stainless steel coupon would be greater and consequently
result in a larger local supersaturation generated at its surface. The majority of
the undersaturated solution conditions explored for PTFE did not result in any
fouling induction indicating inadequate heat transfer across the coupon to
create sufficient local supersaturation. This result further reinforces the
importance of the thermal properties of individually explored MOCs.
Considerable differences were found comparing stainless steel and PTFE for
supersaturated solution conditions (Figure 7.6) with the larger induction times
associated with PTFE whilst stainless steel had comparable induction times

across all investigated conditions.

In addition to relating these findings to MOC thermal properties, other material
properties must have a role in surface nucleation including wettability, surface

energy, surface roughness etc.694 Both stainless steel and Teflon™ have the
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capacity to catalyse nucleation upon their surfaces as demonstrated by Vendel
and Rasmuson albeit at larger levels of supersaturation with different
compounds.” Comparisons between stainless steel and PTFE-coated
stainless steel heat exchangers and potential fouling was explored by Zettler
and co-workers.?8 It was shown that stainless steel had a fouling induction time
of approximately 800 minutes whilst no fouling was identified for PTFE-coated
heat exchangers. Authors proposed the positive effect of PTFE on fouling was
due to its inherent lower surface energy with no reference to the insulation
effects of PTFE.

Within the present work heat transfer is vitally important in impacting induction
time. The prominent fouling mechanism is surface nucleation which was due
to local cooling and local supersaturation generation. However, the role of
surface catalysis needs to be further explored. Exploring undersaturated PCM
in water solutions target solely surface induced nucleation and growth whilst
supersaturated solutions mainly explore surface induction however bulk

nucleation and deposition may also occur under different conditions.

7.3.1.2 Fouling growth via area coverage

The growth kinetics of PCM crystals on each MOC were probed over the first
120 minutes post nucleation (Figure 7.7 (a) and (b)). Area coverage rates were
determined since measuring growth rates of individually formed crystals was
unrealistic with continual growth leading to complex formations as illustrated
in Figure 7.8. Additional challenges included crystal detachment and
secondary nucleation due to detached particle/MOC contact. Therefore, the
cumulative area coverage of all fouled deposits with time was determined
allowing a relative fouling growth rate to be established and compared. Within
literature the application of crystalline material coverage as a measurement to
determine growth kinetics is not routine. Shih et al. expressed the fouling of
gypsum on different membrane substrates as an area coverage value.?%?
Additionally gypsum fouling growth on a reverse osmosis membrane has been

investigated by Uchymiak and co-workers in which growth was expressed as
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crystal number density and also as percentage area coverage fouled.?®* Linear
fouling area coverage rates were determined for each investigated condition
and expressed in terms of temperature difference. Differences in area
coverage rate were identified in particular for different MOCs and solution
concentration (i.e. undersaturated or supersaturated). However, the influence
of ATy and solution flow rate on area coverage rate was not as clear (Figure
7.7).
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Figure 7.7: Area coverage rate values for (a) undersaturated and (b) supersaturated
PCM in water solutions under explored conditions.
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(a)

Figure 7.8: Example of images of PCM nucleation and subsequent growth upon (a)
stainless steel and (b) PTFE.

Traditionally growth rates are not measured for fouling and generic fouling
rates are described in terms of mass deposition or fouling resistance. Crystal
growth rates of single PCM crystals has been demonstrated by Omar et al.
where the impact of operating conditions, namely temperature and
supersaturation, on growth rate was probed.?®®> The individual effects of
increasing supersaturation and increasing temperature were found to increase
selected directional growth rates. Omar’s results support the present research
findings relating to the differences identified for area coverage rates between
undersaturated and supersaturated trends where differences exist (Figure
7.7). The influence of supersaturation upon the growth rate of paracetamol was
demonstrated by O’Ciardha.2®6 Equation 1.23 highlights the importance of
supersaturation upon crystal growth. However, the influence of increasing
the ATy could not be confidently explained where no clear trend is found. It
is expected increasing AT, would result in increased growth rates due to the
greater local supersaturation generated. Paakkdnen et al. explored the fouling
of calcium carbonate upon stainless steel heat exchanger.*®® It was found
fouling deposition kinetics were considerably influenced by larger temperature
differences between bulk solution and surface temperature. The area
coverage rate was determined over a duration of 120 minutes therefore
extending the growth time may yield a different outcome. For example
supersaturated solutions after this timescale may nucleate within the bulk
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resulting in various growth processes occurring simultaneously (Figure 7.9).
Particle settling was the main problem with the use of saturated solutions in
the C-FAP. In an ideal situation exploring both particle deposition and surface
induction would be more beneficial and realistic to experiences within a
crystalliser. For a supersaturated solution surface induction and bulk
nucleation can occur concurrently although would preclude the use of imaging

applied in this work.

Figure 7.9: Image highlighting PCM crystals growing upon the stainless steel surface
with bulk nucleation and growth occurring concurrently.

Paakkonen explored surface induced fouling and composite fouling comprising
surface induction and particle deposition in which the additional impact of
particle deposition has a significant effect on the fouling deposition rate.**3 It
was anticipated that increasing ATy, Would increase area coverage rate due
to increased local supersaturation however nucleation processes during this
time cannot be neglected. The effect of solution flow rate was insignificant for
PTFE associated area coverage rates however considerable differences were
found for stainless steel albeit random (Figure 7.7). It was expected that
increasing flow rate would reduce growth Kkinetics with P&ékkoénen
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demonstrating a reduction in fouling deposition rate with increasing flow
velocity.13® The influence of different MOCs upon fouling growth rates has
been explored by authors including Dreiser'®’, Al-Janabi®® and Geddert® which
is determined via fouling resistance curve gradient. Comparison in fouling
growth rates vary considerably with distinct differences identified'%’ whilst
other work reveals only minor differences.®® Notably the influence of different
MOCs upon area coverage rate for both explored solutions was the most
significant finding. Within crystal growth and fouling literature, the effect of
different substrates upon crystal area coverage growth has not been routinely
conducted. Identified differences between stainless steel and PTFE in terms
of area coverage rates for explored conditions can be potentially related to
differing thermal properties. The present methodology for determining relative
fouling area growth rates does not comprise the growth of one single crystalline
entity is influenced by the presence of several concurrent entities via formation
and detachment processes. Stainless steel has the potential to permit
enhanced nucleation due to its thermal, physicochemical and topographical
properties allowing the generation of nuclei from which crystal growth can
occur — this includes rough, grain-like topography, good wetting properties and
large thermal conductivity values. Crystal growth of PCM on PTFE is
significantly reduced than its stainless steel counterpart under identical

conditions which must be related to PTFE’s surface and thermal properties.

7.3.2 Fouling resistance

7.3.2.1 Investigation of heat transfer to identify fouling in a

continuous crystallisation process

A case study is described herein to demonstrate the applicability of identifying
deviations in heat transfer as a means to identifying fouling during a continuous
crystallisation campaign. Determining differences in heat transfer has been
applied to batch crystallisation processes previously.'®1% The Rattlesnake
continuous crystalliser platform (manufactured by CRD) is a COBC that has

been successfully utilised in the continuous crystallisation of lactose
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monohydrate (Figure 7.10).1%6 The Rattlesnake platform employs a double
water filled, shell and tube jacket to provide temperature control within the
internal volume of the crystalliser. The primary shell jacket allows hot fluid flow
from a hot circulator in a co-current configuration whilst the secondary coill
allows the coolant fluid flow from a cold circulator in a counter-current
configuration. The combination of both jacket components provides a smooth
temperature profile across the crystalliser’s length which is advantageous for

cooling crystallisation.1?6

However, initial experimental trials using this crystalliser experienced fouling
which was identified by deviations in heater and chiller pump speeds,
temperatures and power input as a means to maintain a constant internal
vessel temperature. Fouling of lactose monohydrate was identified between
Module 2 and Module 3 (Figure 7.10). A continuous cooling seeded
crystallisation campaign of lactose monohydrate in water was conducted
continuously for 32 hours within the Rattlesnake platform in which

experimental conditions are detailed in Table 7.2.

©| FBRM-O1

Feed @
Vessel Feed =
Pump

Collection
Vessel

.

Figure 7.10: Schematic of the Rattlesnake COBC in which fouling was identified
within Module 2 and 3, respectively (green and red oval).
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Table 7.2: Table of conditions explored within the Rattlesnake continuous crystalliser
for lactose monohydrate in water.

Parameter Condition explored
Feed solution concentration 38 g/100g solution
Seed loading 2%
Seed size D50:48 pm (span = 1.2)
Feed flow rate 40 ml/min
Seed Flow rate 3 ml/min
Supersaturation 1.6
Residence time 5 hours
Cooling profile 60°C to 15°C

Prior to any identified lactose monohydrate fouling, a number of trends were

recorded including:

e Temperatures of the feed solution and the hot circulation fluid from
Module 2 to Module 3.

e Pump speeds for the hot circulation and also for Module 2 cold pump.

Figure 7.11 illustrates the temperature and pump trends during the initial few
hours of crystalliser start up. Within this time it is observed that all trends begin
to stabilise and do not deviate drastically. During continuous cooling
crystallisation these trends should remain constant to generate a consistent

product via steady state operation.

Figure 7.12 also shows a number of trends approximately after 24 hours from
the timescale of trends in Figure 7.11. It can be observed in Figure 7.12 that
erratic and variable trends are present highlighting present operation is not at
steady state. The feed solution within Module 3 were set to a fixed temperature
however what was measured varied considerably. To compensate for
differences in internal temperature and circulator temperature, the hot and cold

pump speed increased considerably to overcome insulation effects of fouling.
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Although this example is not simplistic it highlights that heat transfer can be
used to detect fouling occurring within a real continuous crystallisation
campaign. Calculating the fouling resistance with time could not be quantified
for this example however its application for identifying fouling in continuous

crystallisation processes remains valid.
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Figure 7.11: Temperature and pump speed trends related to the continuous
crystallisation of lactose monohydrate between Module 2 and Module 3 within the
Rattlesnake platform.
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Figure 7.12: Temperature and pump speed trends associated between Module 2 and
Module 3 of the Rattlesnake where fouling was identified i.e. 24 hours after initial
operation (Figure 7.11).
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7.3.2.2 C-FAP data — comparison

Although fouling resistance could not be calculated using temperature data
within the previous section (7.3.2.1 Investigation of heat transfer to identify
fouling in a continuous crystallisation), crystallisation fouling was demonstrated
to impact heat transfer during a continuous crystallisation process. The C-FAP
was specifically designed to have the capability to determine temperature
values necessary to calculate the fouling resistance as described earlier (6.2.3
Thermocouple addition and 7.2.2.2(b) Temperature profiles and heat transfer
performance). Experimental fouling trials were conducted to assess whether
calculating fouling resistance could be applied within the C-FAP. Determining
the fouling resistance fouling induction times can be determined. Test data was
based upon the most extreme conditions for fouling to occur. Results where
fouling was prominent (i.e. largest temperature difference (AT oc = 39.5°C)
involving stainless steel, using an undersaturated PCM in water solution and
a solution flow rate of 50 ml/min) are demonstrated herein. A comparison
between the two fouling induction time definitions was conducted for the
present example. Figure 7.13 shows the temperature trends across the fouling
flow cell have some fluctuations however remain reasonably stable. The
fouling induction time and full MOC coverage time points from imaging are
detailed in Figure 7.14. At first observations no apparent effect on heat transfer
is observed where nucleation occurred after 57 minutes and complete area

coverage after 606 minutes.
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Figure 7.13: Temperature profiles of inlet and outlet hot solution and coolant
thermocouples highlighting induction time and complete area fouling coverage (from
imaging).

Using the temperature values obtained (and Equation 1.25, Equation 7.1,
Equation 7.2 and Equation 7.3) the heat flux and overall heat transfer
coefficient can be determined with respect to time. The fouling resistance was
determined with respect to time in Figure 7.14 (a) which reveals considerable
fluctuations highlighting unreliable ability to determine heat transfer across the
flow cell. It is observed in the initial periods of Figure 7.14 (a) there is a degree
of oscillation which is considered to be due to the PID feedback control. The
fouling resistance curve based upon temperature trends from Figure 7.13 is
shown in Figure 7.14 (a). A steady positive value is not identified which
proposes a more sensitive method is required. Approaches to enhance the
applicability of this technique include increasing the heat transfer surface area
in relation to working volume in addition to altering the position of thermocouple
to measure temperature within the locality of the flow cell. The flow rate
selected for the cold stream was high with respect to the operating cold volume

at the rear of the MOC. This feature may be another reason for not identifying
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changes in heat transfer. Another consideration regarding utilising this method
as a fouling detection and measurement method is evaluating the heat loss to
other areas associated with the flow cell which may be magnitudes larger than
the heat transfer at the MOC coupon. To emphasise the lack of sensitivity and
reproducibility associated with this approach another fouling resistance curve
was generated for identical explored conditions shown in Figure 7.14 (b).
Figure 7.14 (b) reveals an inconsistent trend where no different features are

identified in relation to imaging fouling induction time and total area coverage.

A comparison between imaging and heat transfer methods for determining
fouling induction time found imaging methods identified the first detection of
crystals on the MOC surface whilst heat transfer methods were not successful.
Heat transfer methods for identifying the initiation of fouling was not identified
highlighting a lack of sensitivity. Additionally even when exposed MOC surface
was fully covered with PCM crystalline material no identified change in heat
transfer was observed. This lack of sensitivity again demonstrates against its
use within the C-FAP as an evaluation tool. Additionally the use of heat transfer
methods within continuous crystallisation campaigns as an initial fouling
detection method may not be suitable since considerable fouling deposits may
already be present. Other fouling detection methods are more appropriate in
identifying initial fouling within a continuous crystalliser such as image based
methods described by Tachtatzis and co-workers.1%8
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Figure 7.14: (a) Example of a fouling resistance curve with respect to time based
upon temperature trends of Figure 7.13 in which can be described as variable
however an increasing trend is found between induction time (t;,4) and full MOC
coverage. (b) Another example of a fouling resistance curve for the same conditions
explored within image (a) highlighting lack of reproducibility and sensitivity.
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7.4 Summary

The C-FAP was developed as an assessment platform to evaluate the
influence of different MOCs, process conditions and solution properties notably
degree of supersaturation on fouling behaviour. In this work a crystallising
solution that is known to cause fouling related issues was explored to highlight
the C-FAP’s applicability to evaluate fouling. The C-FAP can perform two
different measurement techniques namely imaging and heat transfer

measurements.

The use of imaging to determine fouling induction times and relative growth
kinetics was established in which distinct differences were identified for
explored conditions comprising different process, solution and MOC
parameters. However, the application of heat transfer measurements to
determine fouling behaviour measurements was not a successful owing to the
limited sensitivity. Future practical applications should use undersaturated
feed solutions to minimise the risk of uncontrolled or secondary processes.
Additionally the present research directed future practical applications in which
undersaturated solutions should only be used within the C-FAP since

supersaturated solutions are unstable once surface nucleation occurs.

The most appropriate induction time and growth rate measurements related to
the C-FAP were determined from sequential imaging. The extent of influence
on explored parameters for fouling induction time varied in which temperature
difference (AT), degree of solution saturation and MOC properties all had
significant effects. The effect of solution flow rate was deemed not to be
significant. However, a wider range of flows may show different results.
Relative growth rates were found to be considerably influenced by degree of
solution saturation and MOC whilst other parameters influenced to lesser
extents. The application of area coverage rates was a novel approach to

describing fouling growth kinetics.

From a fouling mechanistic perspective, the C-FAP was designed to explore

fouling on different MOCs acting as heat transfer interfaces and attempt to
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mimic conditions experienced within a crystalliser. The application of cooling
across the MOC coupon generates local supersaturation at the MOC'’s surface
which will promote crystallisation within this region. The C-FAP also has the
potential for explored MOCs to initiate fouling due to catalytic effects however
this is unlikely within this study since high supersaturation is often required.
The C-FAP also has the potential to explore suspensions however
modifications to prevent particle settling is necessary. The two investigated
MOCs within this chapter yielded vastly differing results highlighting the
importance of heat transfer surface properties in influencing the fouling
initiation and growth. It can therefore be confirmed that the C-FAP has
demonstrated its validity was a fouling assessment platform in which

investigatory parameters can be explored systematically.
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Chapter 8. Multivariate modelling of fouling

responses and parameter evaluation
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8.1 Introduction

The influential importance of process parameters and MOCs on surface
induced crystallisation fouling of PCM in continuous flow was demonstrated
within Chapter 7. However, the extent of influence for each parameter was not
considered therefore establishing the relative importance of parameters
explored on fouling behaviour was out with the study. The C-FAP was
demonstrated as a practical screening platform for the assessment of surface
induced fouling where different MOCs, solutions and process parameters
could be probed. The range of explored conditions within Chapter 7 was
limited. Exploring a larger range of parameters specifically parameter
interactions would highlight the most significant parameters influencing fouling
with a specific emphasis on surface induction and growth mechanisms.
Systematically evaluating a wide range of different MOCs, process conditions
and solution properties for detailed fouling studies within the C-FAP would
require substantial time and resource input in order to carry out. Within the
pharmaceutical industry both time and resources are restricted therefore other
approaches would be beneficial. One such approach benefiting the
pharmaceutical industry is the application of modelling. Model types such as
CFD?%7, discrete element modelling (DEM)?%8, finite element modelling
(FEM)?67 and artificial neural networks (ANN)?%° have been applied to
pharmaceutical processes to enhance insight into process operation and
mechanistic perspectives. Predictive methods such as random forest
classifications!® and multivariate approaches?® have been applied to
pharmaceutical sciences. The development of predictive frameworks provides
an alternative method to traditional experimental approaches. Examples of
predictive approaches related to a crystallisation process include predicting
crystallinity?’?, crystal structure?’?, polymorphism?”® and solution solubility.?”*
Developing a prediction framework for fouling would be highly beneficial

notably in the early stages of process development.

Fouling is not commonly involved as a model term in the modelling of

crystallisation processes (see 1.4.2.6 Modelling crystallisation fouling). Peroni
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and co-workers highlighted the importance of including a fouling term within
crystallisation models ultimately to improve the prediction of crystallisation
processes and associated outcomes.'>? Modelling of fouling with continuous
crystallisers has received considerable interest. A recent model describing
potassium aluminium sulphate fouling within a continuous crystalliser has been
proposed by Majumder. Majumder and co-workers developed a model that
coupled progressive fouling formation, population balance and energy balance
to predict fouling thickness and its resultant effect on the modelled product
PSD.2 The fouling component of the generated model attempted to include
generic mechanistic processes including the transfer of solute molecules
towards the surface, the integration of solute molecules into the fouled mass
and detachment. This generic fouling model can encompass a variety of
fouling initiation mechanisms.'? However, specifics of each initiation
mechanism in addition to subsequent growth are not covered.® Current
modelling research by Koswara and Nagy explored developing models to limit
fouling occurring within a plug flow continuous crystalliser via heating and

cooling cycles.?’®

Modelling of fouling upon heat exchange surfaces has been conducted
routinely with models generated to describe a variety of fouling responses such
as fouling resistance?’®, mass deposition rates?’” and fouling induction time.?7®
Typically fouling model terms utilise specific process parameters to describe a
fouling measurement for a given experimental setup such as surface
temperature, surface thermal conductivity, bulk concentration, local surface
concentration and bulk temperature.'®113.27% Fouling models generally do not
encompass a wide variety of differing model terms to describe a fouling
response however substrate properties, solution properties and process
parameters are all known to influence fouling to an extent.® In addition to
predicting fouling behaviour, the generation of fouling propensity models are
desirable but are sparse within the literature. Wallh&uRer et al. utilised an ANN
approach to predict the propensity of milk protein fouling upon a stainless steel
heat exchanger. It was found that the generated model was 98.58% accurate

at predicting fouling propensity highlighting the model’s value as a predictive
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tool. A methodology to predict inorganic fouling upon a PVDF membrane
distillation system was proposed by Warsinger and co-workers which
considered temperature, solution concentration and flow conditions in model
generation. A model was created to predict specific operational conditions
where fouling will or will not occur ultimately aiding process design.?8® At
present no fouling models exist comprising process, solution and MOC
property terms. Research by Wang and Tang explored membrane fouling in
which hydrodynamic properties, membrane properties and solution chemistry
were systematically investigated.?®! The prospect of having models capable of
predicting (i) whether fouling is likely to occur and also (ii) predicting fouling
behaviour based upon the previously highlighted properties would be highly

advantageous.

Herein a number of models to describe fouling responses were generated
based upon experimental data acquired using the C-FAP specific for surface
induced fouling. Solution composition, process and MOC parameters were
included in the screening approach and assessment. Pharmaceutically
relevant fouling models were targeted that could be applicable universally to
other organic solute molecules and solvents in which fouling could be
assessed. Theoretically a new investigatory solution can be assessed using
newly generated fouling models prior to further testing and progression
towards a crystallisation campaign. Additionally details involving compatibility
issues between solute, solvent and MOC can be assessed with created
models. In order to generate a universal range of novel fouling models, a
diverse array of system descriptors were necessary. Recommendations
regarding the choice of MOCs and operating conditions with a continuous
crystallisation process can be based upon the properties of the crystallising

solution i.e. molecular structure of solute and solvent.

In addition to prediction, determined fouling models and their contributory
model terms will highlight the most influential parameters impacting each

fouling response. The advantage of establishing important influential
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parameters can ultimately be related to the mechanistic processes of surface

induced fouling (Figure 8.1).

C-FAP

assessment

Predictive

models

Figure 8.1: The proposed investigatory system parameters to be explored within the
C-FAP to create predictive fouling models and establish the most influential
parameters for each model.

8.2 Materials and methods

8.2.1 Materials

The C-FAP setup is detailed in both Chapter 6 and Chapter 7. A variety of
different solutes (Figure 8.2) and solvents (Figure 8.3) (which are detailed in
3.1 Materials) were investigated to acquire experimental fouling data
subsequently used to generate fouling models. Selected solutes comprised of

pharmaceutically relevant compounds comprising APIs and drug excipients
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with different molecular and physicochemical properties. Solvents selected
within this work are typically considered for selection within the pharmaceutical
industry due to their green chemistry and their use is highly relevant for
reaction and crystallisation processing.?>328? Solutions were targeted that were
pharmaceutically relevant and where associated solubility curves were
available. The solubility curves of each probed solution are shown in Figure
8.4. MOCs coupons explored within this chapter are detailed in Chapter 3 (3.1
Materials). The assessment of diversity for each unigue MOC was conducted
in Chapter 4 (4.2.2 Assessment of MOC diversity) from which all unigue MOCs
were selected for investigation. Table 8.1 shows all selected MOCs explored

within this work including MOC descriptors associated with each.

HO, O

(e) )\

Figure 8.2: Molecular chemical structure of solutes used in this study comprising (a)
PCM, (b) lovastatin (LOV), (c) aspirin (ASP), (d) adipic acid (AA) and (e)
carbamazepine (CBZ).
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Figure 8.3: Molecular chemical structure of solvents used in this study including (a)
water, (b) methyl isobutyl ketone (MIBK), (¢) 1-propanol, (d) 1-butanol and (e)
2-propanol (IPA).
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Figure 8.4: Solubility curves for the solute/solvent pairs tested in this study comprising
PCM in water (red curve)®?, LOV in MIBK (black curve)[determined experimentally],
ASP in 1-propanol (blue curve)?®, AA in 1-butanol (green curve)?®* and CBZ in IPA
(violet curve).®
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Table 8.1: Replicate of Table 4.4 highlighting all investigated MOCS including associated descriptors.

Parameter | Roughness [Ra] | Water contact | Total surface | Thermal Specific heat | Young’s
(nm) angle [0] (°) energy [¥s] | conductivity [A] | capacity [Cp] | modulus [E]

MOC (mJ/m?) at RT (W/m .K) (J/kg.K) (GPa)
Borosilicate 1.36 52.12 43.38 2 800 64
Quartz 1.09 38.6 44.16 1.46 705 73
C276 as received 45.67 64.22 40.42 10.42 425 205
C276 (280 grit) 434.9 59.45 43.07 10.42 425 205
C276 (EP) 19.98 65.15 40.95 10.42 425 205
PEEK 388 90.4 44.44 0.25 1340 3.85
PTFE 68.44 107.9 17.98 0.25 1000 0.55
SiC 280.3 46.1 36.52 130 690 430
SS 316L as

received 104.7 75.82 43.74 16.3 502 200
SS 316L (280 grit) 608.6 73.45 43.75 16.3 502 200
SS 316L (EP) 33.15 79.53 42.75 16.3 502 200




8.2.2 Methods

8.2.2.1 Solute and solvent classification and diversity assessment

The diversity of solutes and solvent molecules explored within this work were
evaluated using PCA as detailed in Chapter 4 (see 4.2.2 Assessment of MOC
diversity). A varied array of solute and solvent molecules were targeted to
create a pharmaceutically relevant design space. Solute and solvent molecular
descriptors were obtained from MOE software (Chemical Computing Group)
which included 2D and 3D molecular descriptors. All available descriptors were
used for assessing diversity for solutes and for solvents. Descriptors which had

zero variance were removed prior to PCA.

8.2.2.2 Crystallisation fouling experiments and fouling outcomes
(@) Design overview

Fouling experiments were conducted using the C-FAP. A reduced
combinatorial design (3.2.2.2 DOE) was employed via MODDE software
(Umetrics) that comprised of (i) 11 unique MOCs (see 4.2.2 Assessment of
MOC diversity), (i) 4 different investigatory solutions, (iii) 3 different
temperature differences (4Ty;o¢) across the MOC coupon (as detailed in 6.2.3
Cold stream incorporation) and (iv) 2 different solution flow rates (see Table

8.1). Cold stream flow rate was fixed at 50 g/min.

208



Table 8.2: Different parameters to be explored to generate fouling models namely
different MOCs, solutions, temperature differences across explored MOCs and
solution flow rates.

Parameter Different parameter explored

Borosilicate, quartz, C276 as received, C276 (280 grit), C276 (EP),
MOC PEEK, PTFE, SiC, SS 316L as received, SS 316L (280 grit) and SS
316L (EP)

. PCM in water, lovastatin in MIBK, aspirin in 1-propanol and adipic acid
Solution
in 1-butanol

AT yoc (°C) 27, 34.5 and 39.5

Solution flow
. 50 and 100
rate (ml/min)

A conventional DOE approach involving all parameter combinations would
consist of hundreds of experimental runs which is unrealistic in terms of time
and resources. Reduced combinatorial design allows the screening of a large
number of investigatory parameters relatively quickly which will direct what
factors have the largest contribution towards a resultant model. Accurate
predictions cannot be conducted with this type of screening in which enhanced

prediction capabilities would require a more thorough DOE approach.

Each MOC, solute and solvent explored within this work was described in
terms of the quantitative descriptors (see 4.2.2 Assessment of MOC diversity
and 8.3.1 Diversity of experimental study ). A maximum number of 32 factors
within a dataset in MODDE software was possible. Therefore, descriptors most
likely to affect fouling based on physicochemical considerations were selected.
The selected descriptors to describe investigated MOCs, solutes and solvents

are detailed in Table 8.3. Solute and solvent descriptors were selected to
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include interactions such as hydrogen bonding?®®, polarity?®’ and van der
Waals (vdW) forces?®® which have been proposed to influence fouling from
membrane studies. Additionally, other descriptors were selected which have
previously been probed to impact fouling including molecular mass, size and
charge.?®” MOC descriptors encompassing roughness, thermal, physical,
energetic and physicochemical properties were chosen to represent each
MOC. The specific reduced combinatorial experimental design is detailed

within Table 8.4.
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Table 8.3: Employed MOC, solute and solvent descriptors within the reduced combinatorial experimental design used to describe each
parameter (with shorthand terms).

(LIQa_ace)

Parameter Descriptors used for each parameter
Surface Water Total Thermal ﬁg:f fic Yound's
MOC roughness contact surface conductivity capacity mo du?us [£]
(Ra) angle 6) | energy (rs) | (1) ©,)
... | Approximati
Number of ﬁsrt)cr)otﬁematl on to the
m;lsescular lc_)gtganol /wat Total Aqueous Sum of the Ezg:ﬂogen sum of f’/quWOf Water van der
Solute (SWeight_m | er partition charge of solubility at | atomic accentors VDW surface accessible Waals
oleculgrm_as cogﬁicient molecule 25°Cin polarizabiliti and P surface areas of surface volume
ssolute) (log P) (Fcharge) mol/L (logS) | es (Sapol) donators agT:rseggms hydrophobic area (ASA) (Svdw_vol)
(a_donacc) ?vsa ol) atoms
P (vsa_hyd)
Number of
Molecular \a/l\(/:?:fsrsible Sum of the ":Iu(;?geér?f hydrogen Number of vwagacliser Molecular
Solvent mass atomic ydrog bond hydrophobic mass
surface . _,.... | bond donor volume .
(LIQMolecul area polarizabiliti atoms acceptor atoms (LIQvdw_vo density
ar Weight) es (LIQapol) atoms (LIQa_hyd) - (Density)
(LIQASA) (LIQa_don) )
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Table 8.4: Experimental conditions selected by the reduced combinatorial experimental design
assessment in the C-FAP.

including parameter descriptors for

Exp Investigated system Flow AT yoc Ra Water Total Thermal Specific Young’s SWeight Slog p Fcharge*
No rates (°c) + roughne contact surface conducti heat modulus | _molecul (o/w)=
(ml/min) ss (hm)0 angle energy vity at capacity (GPa)o armasss
+ (©)o (mJ/m?) RT (J/Kg.K)0 olute*
0 (W/m.K)
0
1 Borosilicate/PCM_Water 100 39.5 1.36 52.12 43.38 2 800 64 151.17 0.89 0
2 Borosilicate/ASP_1-Propanol 50 27 1.36 52.12 43.38 2 800 64 179.15 1.64 -1
3 Quartz/AA_1-Butanol 50 27 1.09 38.6 44.16 1.46 705 73 144.13 0.6 -2
4 Quartz/LOV_MIBK 100 345 1.09 38.6 44.16 1.46 705 73 404.547 4.06 0
5 C276 AS REC/PCM_Water 50 27 45.67 64.22 40.42 10.42 425 205 151.17 0.89 0
6 C276 AS REC/ASP_1-Propanol 100 39.5 45.67 64.22 40.42 10.42 425 205 179.15 1.64 -1
7 C276 280 GRIT/AA_1-Butanol 50 39.5 434.9 59.45 43.07 10.42 425 205 144.13 0.6 -2
8 C276 280 GRIT/LOV_MIBK 100 27 434.9 59.45 43.07 10.42 425 205 404.55 4.06 0
9 C276 EP/PCM_Water 100 39.5 19.98 65.15 40.95 10.42 425 205 151.17 0.89 0
10 C276 EP/ASP_1-Propanol 50 34.5 19.98 65.15 40.95 10.42 425 205 179.15 1.64 -1
11 PEEK/AA_1-Butanol 100 34.5 388 90.4 44.44 0.25 1340 3.85 144.13 0.6 -2
12 PEEK/LOV_MIBK 50 39.5 388 90.4 44.44 0.25 1340 3.85 404.55 4.06 0
13 PTFE/PCM_Water 50 34.5 68.44 107.9 17.98 0.25 1000 0.55 151.17 0.89 0
14 SiC/ASP_1-Propanol 50 34.5 280.3 46.1 36.52 130 690 430 179.15 1.64 -1
15 S$S316 AS REC/AA_1-Butanol 100 345 104.7 75.82 43.74 16.3 502 200 144.13 0.6 -2
16 $S316 280 GRIT/LOV_MIBK 50 27 608.6 73.45 43.75 16.3 502 200 404.55 4.06 0
17 SS316 EP/PCM_Water 100 27 33.15 79.53 42.75 16.3 502 200 151.17 0.89 0
18 C276 AS REC/PCM_Water 50 27 45.67 64.22 40.42 10.42 425 205 151.17 0.89 0
19 | C276 EP/ASP_1-Propanol 50 345 19.98 65.15 40.95 10.42 425 205 179.15 1.64 -1
20 PTFE/PCM_Water 50 34.5 68.44 107.9 17.98 0.25 1000 0.55 151.17 0.89 0
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Table 8.4 continued....

Exp No LogS* Sapol= a_donac | vsa_pol* | vsa_hyd" ASA- Svdw_vo | LIQMole | LIQASAo | LlQapolo | LIQa_do | LlQa_ace | LIQa_hy | LlIQvdw_ | Densityo
ct I= cular no o do volo
Weight o
1 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
2 -1.97 23.72 1 40.7 103.31 355.29 219.31 60.1 228.03 11.42 1 1 3 95.71 0.803
3 -0.2705 19.10 0 54.27 63.23 326.39 171.09 74.12 259.38 14.51 1 1 4 120.14 0.8098
4 -4.23 70.25 4 40.7 298.54 656.77 578.91 100.16 291.94 19.36 0 1 5 161.65 0.801
5 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
6 -1.97 23.72 1 40.7 103.31 355.29 219.31 60.1 228.03 11.42 1 1 3 95.71 0.803
7 -0.2705 19.10 0 54.27 63.23 326.39 171.09 74.12 259.38 14.51 1 1 4 120.14 0.8098
8 -4.23 70.25 4 40.7 298.54 656.77 578.91 100.16 291.94 19.36 0 1 5 161.65 0.801
9 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
10 -1.97 23.72 1 40.7 103.31 355.29 219.31 60.1 228.03 11.42 1 1 3 95.71 0.803
11 -0.2705 19.10 0 54.27 63.23 326.39 171.09 74.12 259.38 14.51 1 1 4 120.14 0.8098
12 -4.23 70.25 4 40.7 298.54 656.77 578.91 100.16 291.94 19.36 0 1 5 161.65 0.801
13 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
14 -1.97 23.72 1 40.7 103.31 355.29 219.31 60.1 228.03 11.42 1 1 3 95.71 0.803
15 -0.2705 19.10 0 54.27 63.23 326.39 171.09 74.12 259.38 14.51 1 1 4 120.14 0.8098
16 -4.23 70.25 4 40.7 298.54 656.77 578.91 100.16 291.94 19.36 0 1 5 161.65 0.801
17 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
18 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1
19 -1.97 23.72 1 40.7 103.31 355.29 219.31 60.1 228.03 11.42 1 1 3 95.71 0.803
20 -1.23 22.79 4 32.82 107.8 342.48 203.72 18.02 117.85 2.136 1 1 0 33.68 1

T denotes process parameters, ¢ denotes MOC descriptors,

= denotes solute descriptors, o denotes solvent descriptors




(b) C-FAP setup and operation

Feed solutions were undersaturated (S = 0.98) for all solutions with
supersaturation generated locally at the MOC coupon surface by varying
ATy oc- The crystallisation fouling methodology is described elsewhere
(Chapter 7) including setup and initiation of measurements (7.2.2.1 Solution
preparation and C-FAP setup). A 24 hour time limit was applied in which if
fouling had not initiated during this time, the experimental run was ended and

conditions were deemed not to foul.

(c) Fouling measurements

Three fouling measurements were made using the C-FAP for each explored
condition: fouling induction time (via imaging), maximum area coverage rate
(via imaging) and total mass deposited 24 hours after surface nucleation

(gravimetry).

The method for determining fouling induction time via imaging is detailed in
Chapter 7 (see (a) Fouling induction time and fouling growth rates via imaging).
The concept of determining maximum area coverage rates was grounded
upon methods employed within other research disciplines. Area coverage
rates have not been measured in crystallisation studies historically whilst are
frequently used in microbiological research. Microbiological area coverage
growth within a fixed area such as a petri dish follows a sigmoidal growth
curve.?89-20 Research by Uchymiak et al. explored the area coverage of
gypsum upon a membrane surface which has a sigmoidal trend when plotted
with time.?®> A maximum area coverage rate can be identified where the
gradient is at its largest (red line) as illustrated in Figure 8.5. Crystal growth
rates are acknowledged to be influenced by different solvent compositions as
demonstrated by O’Ciardha et al.266 ultimately altering the solution
composition. Therefore, each investigated solution’s crystal growth rate will
vary which was anticipated within this work. Each crystallising system’s growth

rate were anticipated to be different therefore area coverage was determined
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over an extended period of time i.e. 24 hours after nucleation to ensure the
maximum area coverage rate was determined. The total mass deposited upon
the investigated MOC for each explored condition was determined by removal

and weighing by difference.

200

100

Area coverage (mm?)

T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140
Time after nucleation (minutes)

Figure 8.5: An example of a fouling area coverage against time after nucleation
sigmoidal plot. The maximum gradient is denoted by the red line from which an area
coverage rate can be determined.

(d)  Model fitting with experimental fouling data

Response models were generated for each fouling response (as detailed in (c)
Fouling measurements). The predictive capabilities of each model was also
assessed and they were used as a basis to assess the relative importance of
the experimental and calculated descriptors. Furthermore a prediction fouling
model was developed which could indicate the relative risk of fouling occurring
based on all the descriptors. For generated models, data acquired from the
reduced combinatorial design was used with partial least squares regression
(PLS) fitting applied using MODDE (UMetrics) (as detailed in 3.2.2.2 DOE). In
total 4 predictive models were created (Figure 8.6). Validation experiments

were performed to assess generated models in which are detailed later on.
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Figure 8.6: Two different model types to be generated within this chapter including
specific fouling behaviour models and a definitive fouling outcome model.

8.3 Results and discussion

8.3.1 Diversity of experimental study

PCA was conducted for all solutes and solvents explored in addition to the
external validation solution components (CBZ in IPA). Performing PCA of the
investigated solutes (Figure 8.7) and solvents (Figure 8.8) allows the
assessment of two aspects: (i) the diversity of all molecules in the study and
(i) the external validation solute and solvent system fits within the original

design space i.e. confirm that the external validation is of an acceptable range.

Figure 8.7 illustrates the degree of diversity in the solute molecules. The
selected validation solute (carbamazepine) is well within the range. The
selected solvents show, as expected, a range of diversity however the three
alcohols are closely grouped, consistent with the minor variations in their
structure and related properties.

The results from the PCA demonstrated the selected molecules have a
reasonable degree of physicochemical similarity and are well suited to the
fouling study. Additionally Figure 8.9 highlights investigated MOCs were
distinctly diverse (Replicate of Figure 4.11).
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Figure 8.7: PCA scores plot for 1% and 2" component generated for solute molecules
to be investigated. External validation solute was located marginally out with the
grouping yet within the Hotelling’s ellipse [15 component R? = 0.577, 2"¢ component

R? = 0.285, variance described = 86.2%].
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Figure 8.8: PCA scores plot for 1%t and 2"¢ component generated for solvent

molecules to be investigated. The external

validation solute is located within the

solvent grouping [1% component R? = 0.796, 2" component R? = 0.155, variance
described = 95.1%] (4-methyl-2-pentanone denotes MIBK and 2-propanol denotes

IPA).
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Figure 8.9: Replicate of Figure 4.11 showing uniqgue MOC diversity [1% component
R? = 0.432, 2" component R? = 0.224 variance described = 65.6%).

8.3.2 Fouling measurements

The reduced combinatorial experiment results are detailed in Table 8.4 which
shows that 5 out of 20 experiments did not foul within the 24 hour time limit. A
range of crystallisation behaviours were observed. PCM in water formed few
nuclei principally within localised areas with a distinct prismatic morphology
(Figure 8.9). This allowed the identification of induction times relatively easily.
However, other investigated systems showed diverse behaviours including the
formation of needle-like crystalline material in addition to widespread particle
appearance. Once nucleation had occurred subsequent growth also showed
considerable variation (Figure 8.10). An important issue with the use of the
C-FAP was the influence of different solvents and their associated refractive
index values impacting observation through the flow cell. Inspection of
individual images was required to ensure accurate measurement of induction
time and area coverage. Figure 8.11 shows the different crystallisation

behaviour for each explored solution notably in terms of growth.
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Table 8.5: Fouling behaviour results for each experiment number as detailed in Table
8.3. Grey shaded rows indicate experiments where no fouling had occurred within the

24 hour timescale.

Experiment Crystal induction Mass 24 hours Maximum growth
4 . after nucleation Spos
number time (minute) (mg) rate (mm#2/min)

1 127 466.5 0.145

2 0 0 0

3 0 0 0

4 12 237.7 7.23

5 32 490.8 0.266

6 23 697.4 10.871

7 11 542 3.32

8 26 134 0.339

9 62 578 0.532
10 910 387.9 1.703
11 72 226.4 0.355
12 0 0 0

13 0 0 0

14 4 586.7 4.392
15 17 478.6 6.727
16 47 492 0.09

17 255 567 0.426
18 46 627.9 9.466
19 274 406.9 0.352
20 0 0 0
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(c) d)
Figure 8.10: Selected images highlighting the initial formation of crystalline material
that was used for determining induction time values specifically (a) PCM [Exp 9], (b)
LOV [Exp 8], (c) ASP [Exp 6] and (d) AA [Exp 7]. Red oval shows the location of
nucleation initiation.

Figure 8.11: Image of AA growth revealing the needle-like morphology and large
number of growth locations.
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Figure 8.12: Series of images collected at several time point once experiments were
initiated for (a) PCM in water [Exp 9], (b) LOVA in MIBK [Exp 16], (c) AA in 1-butanol
[Exp 16] and ASP in 1-propanol [Exp 14]. Time values associated with each image
specifies time-point after experiment was initiated.
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Growth rate information data could be attained by determining the fouling area
coverage over an extended time period towards complete MOC coverage. As
anticipated, sigmoidal area coverage growth curves were identified albeit to
different extents. Maximum area coverage rates were determined (Table 8.4)
however it is worth noting that area coverage rates are not absolute and are

only relative to other experimental runs.

8.3.3 Fouling behaviour screen

8.3.3.1 Model generation and evaluation

Experimental fouling results detailed within Table 8.4 were used to create three
fouling response models to describe (i) fouling induction time, (i) mass
deposition after 24 hours post-nucleation and (iii) maximum area coverage
rate. Five experiments were excluded from the model since no fouling had
occurred within the designated 24 hour timescale. PLS models for each fouling
response yielded satisfactory R? values. However, other relevant model
statistics deemed each model as unreliable notably in terms of prediction (Q?)
as shown in Figure 8.12 (reference values detailed in 3.2.2.2 DOE).
Reproducibility statistics as shown in Figure 8.12 are diverse with excellent
statistics for fouling induction time, satisfactory for mass deposited and
extremely poor reproducibility for maximum area coverage rate. No model
validity statistic is present due to the insufficient number of replicates
conducted. Models were constructed using factors and factor-factor
interactions. Each model was edited to remove factors and factor-factor
interactions to improve model statistics however no notable improvement was

observed through systematic removal.
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Figure 8.13: Summary of fit plots for each fouling response model.

For each fouling response model, associated effects plots were analysed to
determine the top 10 influencing factors/interactions contributing towards the

model which are detailed in Table 8.6.

Table 8.6 reveals a number of findings in relation to the determined fouling
models and additionally fouling mechanisms. The first notable finding relates
to model contributions in which factor-factor interactions were prominent in
contrast to single factor terms. A large degree of overlap in influential factors
and interactions was identified across all fouling behaviour models. The
importance of MOC properties is apparent in Table 8.6 notably the contribution
of thermal conductivity, specific heat capacity, total surface energy and
Young’'s modulus in factor-factor interactions. The influence of process
parameters namely temperature difference i.e. AT);o and solution flow rate
were additionally important in influencing fouling behaviour models via factor-
factor interactions. The importance of solute and solvent parameters upon

fouling was also underlined, albeit to a lesser extent as detailed by effects
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contributions, with a number of shape and interaction descriptors included in
Table 8.6. Mechanistically the C-FAP was designed to investigate surface
induced fouling via nucleation and crystal growth on the probed MOC coupon.
Therefore, explored system parameters can potentially be related to

mechanisms of surface nucleation and subsequent growth.
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Table 8.6: The top 10 greatest factors and factor interactions contributing towards
each fouling response model. Effects contributions for each generated detailed within

square brackets.

Top 10 Fouling Mass deposition after Maximum area
factors/interactions induction time 24 hours post coverage rate
influencing model nucleation
Cp*ATyoc [1.05] Cp* ATyoc [277.2] A*ATy0c [0.95]
1
A*ATy0c [0.94] A*ATy0c [185.15] Cp*ATyoc [0.78]
2
Ys*ATyoc [0.39] Ys*ATyoc [145] ¥s* ATyoc [0.44]
3
E*ATy0c [0.38] E*ATyoc [91.2] E* ATy0c [0.23]
4
flow rate*C,, [0.35] flow rate*ys [57.41] flow rate*C,, [0.2]
5
A*vsa_hyd [0.34] flow rate*C, [53.14] flow rate*ys [0.19]
6
A* LIQASA [0.34] flow rate*Ra [47.12] ATyoc [0.19]
7
A* Svdw_vol ATy oc*a_donacc flow rate*
8 [0.32] [45.87] density [0.19]
A* Sapol [0.31] ATyoc *flow rate [43.1] | flow rate*Ra [0.18]
9
A* ASA [0.31] ATyoc [42.74] ATy oc*flow rate
10 [0.18]
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In this chapter, the generation of local supersaturation was essential to induce
nucleation on the MOC surface via local cooling. The influence of ATy Was
expected to impact fouling behaviour since altering the temperature difference
would directly influence the local supersaturation at the MOC/solution
interface. This has been demonstrated by Paakkonen et al. in which the
calcium carbonate deposition rate increased with increasing temperature
differences across the heat transfer surface.32 The influence of flow rate on
fouling behaviour was not predicted to be considerable as explored rates did
not differ greatly. However the influence of flow rate was deemed to be an
important model term. Research by Bogacz and co-workers found that the
mass of magnesium sulphate heptahydrate fouling within a flow cell increased
with increasing flow rate from 500 ml/min to 1500 ml/min.X% It can be
established that temperature difference and flow rate are key to controlling
fouling behaviour notably in influencing the initiation and progression of
surface induced fouling.

Additionally each model was strongly influenced by a variety of MOC
properties. It is acknowledged that the surface energy of a MOC influences
nucleation upon its surface as described by Equation 1.15, Equation 1.16 and
Equation 1.17. Work by Geddert and co-workers explored MOCs with various
surface energy values and their relation with fouling induction time in which no
distinct relationship is observed.® A similar result is observed by Bohnet et
al.?®2 The surface energy of a MOC can effect further deposition and growth
processes after nucleation as described by Zhao and co-workers'® and Al-
Janabi et al.?%3 for mass deposition and heat transfer fouling rate, respectively.
Its role within the generated models is therefore expected. MOC thermal
properties such as thermal conductivity and specific heat capacity were
expected to influence fouling responses as the investigated fouling process
requires sufficient heat transfer to create supersaturation. The role of Young's
modulus in influencing generated model was highlighted in Table 8.6. Young's
modulus has been involved in a fouling adhesive strength model underlined by
Wu.®® However, Young’s modulus has not been researched extensively and

its mechanistic role in fouling is not known. Remarkably surface roughness
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was not considered an important MOC descriptor in influencing fouling
response models. One major finding for all models was the absence of
roughness effects upon fouling behaviour. It was anticipated MOCs with
increasing Ra would increase fouling behaviour i.e. lower induction times,
larger growth rate and larger fouled mass primarily. There is abundant
research describing the influence of surface roughness upon fouling.1%
105,117,294 Recent work by Bogacz found that the fouling mass of magnesium
sulphate heptahydrate increased with increasing Ra surface roughness with
larger effective contact area and more available nucleation sites proposed
explanations for this effect.1% These effects were not found within this work.

The role of solute and solvent descriptors are also shown to be influential in
the model. The important solute properties include (i) Approximation to the
sum of VDW surface areas of polar atoms (ii) Water accessible surface area
(iif) Sum of the atomic polarizabilities. The important solvent properties include
number of hydrogen bond donators and van der Waals volume but does not

provide important relationships.

8.3.3.2 Validation of model

Although fouling behaviour models generated were not anticipated to be
sufficiently accurate, each model’s validity was assessed. To assess the
validity of generated models both internal and external validations were
conducted. Internal validations were performed using conditions which have
not been previously conducted within the original experimental design and
assessing fouling measurements against predictions via MODDE (UMetrics).
An external validation was performed by using a different crystallising system
namely CBZ in IPA for several experimental conditions. CBZ and IPA were
assumed to be within the original design space therefore applicable to be used

as a validation system.
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(@) Internal validation

Details of experimental conditions and experimental results with predictions
are displayed in Table 8.5. Comparison between the determined and predicted
results yielded wide differences in values. This was to be expected for a
screening type model. However, generated models yielded some value in
predicting the extent of each fouling response rather than accurate predictions.
Table 8.7 revealed the ranking order for both experimental and model datasets
i.e. smallest to largest value in which comparisons revealed a degree of
ranking order prediction. This was shown for induction time datasets however
some variation was identified for the other two fouling responses. The limited
guantitative prediction capability for each model was validated by respective
Q? values (see Figure 8.12). A more detailed DOE approach would be

necessary for a quantitative prediction model.

(b) External validation

Details of experimental conditions, experimental results and predictions for the
external validation are detailed in Table 8.6. Similar to the internal validation,
comparisons between the experimentally determined results and predictions
vary quite considerably in particular when predicting fouling induction times.
The ranking order was also detailed in Table 8.8 in which a similar outcome to
Table 8.7 was found with ranking order prediction was demonstrated for

induction time datasets.

(c) Assessment of model’s validation

Both methods of validation revealed the quantitative predictive capabilities of
each fouling response model was poor with magnitudes of difference between
predictions and real data identified. However, each model's predictive
capabilities do provide an estimate in ranking order for each fouling response
which has never been conducted previously. The predictive ranking order

capability was validated successfully for predicting induction time order.
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Further work in this area is essential to generate a reliable model for qualitative
values. In particular the importance of replicates needs to be considered since
crystallisation events notably nucleation are highly unpredictable and values
can vary drastically. Conducting replicates will enhance the statistics

surrounding a DOE approach.
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Table 8.7: Internal validation experiments including determined and predicted fouling measurements. Ranking order from smallest to largest
value ranged from 1 to 5 within square brackets.

Investigated system Solution AT yoc Induction Model Mass after Model mass Maximum Model
flow rate (°C) time (mins) induction 24 hours after 24 growth rate maximum
(ml/min) time (mins) (mg) hours (mg) (mm?/min) growth rate
(mm?/min)
SiC/PCM_water 100 27 405 [5] 159.7 [5] 472 [4] 459.9 [4] 0.33[1] 2.23[3]
SS 316 280G/AA_1-
100 39.5 9[1] 2[1] 684.1 [5] 611.1 [5] 6.05 [5] 14.32 [5]
butanol
PEEK/AA_1-butanol 50 39.5 52 [4] 96.8 [4] 412.1 2] 183 [1] 0.55[2] 0.28 [1]
SS 316 EP/LOV_MIBK 100 27 16 [2] 14.1 [2] 468.4 [3] 271 [2] 1.65 [4] 0.65 [2]
Borosilicate/LOV_MIBK 50 345 37[3] 41.6 [3] 196.4 [1] 411.2 [3] 1.09 [3] 3[4]
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Table 8.8: External validation experiments including determined and predicted fouling measurements. Rank order from smallest to largest
value ranged from 1 to 5 within square bracket.

Investigated system Solution AT yoc Induction Model Mass after 24 | Model mass Maximum Model
flow rate (°C) time (mins) induction hours (mg) after 24 growth rate maximum
(ml/min) time (mins) hours (mg) (mm?/min) growth rate
(mm?/min)
C276 AS REC/CBZ_IPA 100 39.5
- 4 1] 5.5 [1] 217.6 [2] 598.3 [3] 2.41[3] 3.04 [2]
PEEK/CBZ_IPA .
/CBZ_ S0 395 165 [3] 2631 [3] 135.1 [1] 351.4 [1] 1.12[1] 0.01 [1]
Quartz/CBZ_IPA 100 345 51 [2] 17.1[2] 246.1 [3] 450.5 2] 221 2] 4.12 3]




8.3.4 Definitive fouling outcome model

In addition to modelling fouling responses and fouling behaviour, a model was
created to determine which factors or factor interactions are important in
influencing the definitive fouling outcome i.e. whether fouling occurs or does
not develop. Data detailed in Table 8.5 was employed in which experiments
with fouling responses were labelled 1 and non-fouling experiments were
labelled O (i.e. Experiments 2, 3, 12, 13 and 20). The model was fitted using
experimental data and fitted with PLS. The summary of fit plot is shown in
Figure 8.14 in which R? and reproducibility statistics were excellent. Q2
statistics were acceptable since difference between R? and Q? is less than 0.3
(see 3.2.2.2 DOE).
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Figure 8.14: Summary of fit plot for the definitive fouling outcome model.

In contrast to the 10 most influences for fouling responses, the definitive fouling
outcome model consisted of a variety of different influential parameters
including MOC and solute properties. However one notable difference is the
water contact angle contribution towards the model. The hydrophilicity of

MOCs are considered to be important in influencing whether fouling occurs or
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doesn’t occur. Another MOC property which is deemed to impact this model
considerably is thermal conductivity which is to be expected. Similar to
generated fouling response models, surface roughness was not considered an
important descriptor in influencing fouling propensity. One major difference is
the influence of solute properties compared to fouling outcome models which
were dominated by MOC properties and process parameters. Solute
descriptors which were deemed to be important including overall molecule
charge, Van der Waals surface area associated with polar atoms, aqueous

solubility and hydrogen bonding acceptors and donators.

Table 8.9: Top 10 factors and factor interactions contributing towards definitive fouling
outcome. Effects contributions for each generated model within square brackets.

Top 10 factors/interactions influencing Fouling outcome
model

1 A*C, [0.29]
2 ATyoc * 0[0.18]
3 A*ATyoc [0.14]
4 ATyoc *vs [0.12]
5 6 *a_donacc [0.09]
6 6 * Fcharge [0.09]
7 A*vsa_pol [0.09]
8 E [0.08]
9 6 *vsa_pol [0.07]
10 ATyoc * @ _donacc [0.07]
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8.4 Summary

The purpose of the present research was to determine which parameters
influence surface inducted crystallisation fouling within the C-FAP for various
pharmaceutically relevant systems. This was achieved by generating a
number of models via three main groups of parameters: solution properties,
process parameters and MOC properties. Each parameter was represented
by a number of relevant descriptors. Two distinct types of fouling model were
generated specifically fouling behaviour models and a definitive fouling
outcome model from, for which each model, the largest contributions can be

determined.

The generated fouling behaviour models all had similar factor and factor-factor
interaction contributions. The most important contributions to all models
consisted of MOC properties e.g. surface energy, thermal conductivity, specific
heat capacity and Young’s modulus in addition to process parameters such as
ATyoc @and solution flow rate. Surface roughness was not considered to have
a considerable effect upon fouling behaviour models. Secondly, the influence
solution properties have a considerable contribution to the model however
MOC properties and process parameters have the greatest impact as
identified from the effects plot scores.

Efforts were made to validate the generated fouling behaviour models using
internal and external validations. Comparison between experimentally
determined and validation quantitative fouling behaviour results vary
considerably highlighting poor prediction capability. However, predicting
ranking order for a series of quantitative fouling behaviour data was shown to
be useful notably for predicting the order for induction time values. Ordering
rank prediction results provide a quick assessment of fouling behaviour which
can be applied to within the PCA design space. Fouling behaviour models
could be enhanced by conducting a more detailed DOE approach in addition

to conducting replicates.
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Creation of a definitive fouling outcome model was attempted within this
chapter. The notion behind the proposed model is to determine which
parameters are associated with the initiation of fouling. Similar to the fouling
behaviour models, the prediction statistics of the definitive fouling outcome
model are acceptable. The most influential parameters to influence whether
fouling occurs or does not occur comprises MOC properties such as water
contact angle, thermal conductivity, surface energy, specific heat capacity and
Young’s modulus), process parameters (ATyoc) and solute properties. The
influential parameters differ to fouling behaviour models. The solute properties
contributing to the model included the charge, polar surface area, hydrogen
bonding acceptors and donators and compound solubility. In terms of surface
induced nucleation and growth, the induction is reliant upon the MOC

properties, process parameters and notably the solute properties.

The notion of having modelling capabilities to describe fouling is highly
desirable as a means to predict fouling propensity and behaviours. At present
little modelling research has been conducted describing fouling. Fouling terms
have been included into crystallisation models as a means to predict its impact
on an element of a crystallisation process such as PSD. The models described
within the generated models were practical however could be significantly
improved. No other research has encompassed MOC properties, solution
properties and process parameters to generate novel fouling models. As
detailed earlier all fouling models could be enhanced by conducting a more
detailed DOE study to obtain more accurate predictions. Additionally
incorporating specific descriptors describing solution concentrations would be
advantageous in addition to ensuring all explored MOCs were of equivalent
thickness which was not achieved herein.
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Chapter 9. Conclusions and future work
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9.1 Summary of thesis

The basis of this thesis was to enhance understanding of fouling within
crystallisation processes notably in relation to continuous crystallisation. A
variety of experimental approaches were conducted to probe fouling and
associated mechanisms. The principal research parameter investigated to
further fouling understanding was different MOCs and their inherent properties.
A variety of MOCs employed for chemical processing equipment were
investigated and characterised in the generation of a novel MOC
characterisation dataset. PCA highlighted the MOCs in the characterisation
dataset presented a reasonably diverse set suited for subsequent fouling
experiments (Chapter 4). The MOC PCA plot would be of interest for
manufacturing industries as a tool to compare different MOC to drive materials
development and also for comparing different material properties within the
dataset. Two MOCs which were identified as distinctly different were stainless
steel and PTFE which were subsequently probed in further detail in Chapters
5 and 7. All MOCs were investigated within Chapter 8 to assess the range of

behaviours they display.

Chapter 5 investigated stainless steel and PTFE under selected process
parameters looking at both nucleation and fouling of paracetamol in water
solution within a small scale batch crystallisation setup. Nucleation studies
found supersaturation had a significant influence upon induction time using the
Kruskal-Wallis statistical test. However agitation and MOCs were deemed not
to have a significant effect on bulk nucleation induction time. Distinct
differences in nucleation rate were identified for different supersaturations and
agitation rates whilst MOC properties had a limited effect. Surface nucleation
was not identified under these conditions and bulk nucleation was the
dominant nucleation process. The prominent fouling mechanism was shown
to be particle deposition which was influenced by explored process
parameters. In contrast to the influence of MOC on nucleation, considerable
differences were identified between stainless steel and PTFE in which fouling

was more prominent for steel under identical conditions. The importance of
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MOC properties was demonstrated for particle fouling within Chapter 5 in
terms of mass deposition and area coverage. Although this work focused on
batch crystallisation, learning can be applied to other crystallisation methods
i.e. where there is the presence of an agitated suspension. The MOC coupons
can be related to projections within a crystallising system such as the
introduction of PAT probes, baffles, connections, temperature probes etc. in
particular for continuous crystalliser equipment (Figure 9.1). The present
experimental set-up can probe particle deposition and potentially surface
nucleation on different MOCs or coated MOCs which could be used in the
construction of PAT probes or baffles from which different crystallising
solutions and fouling behaviour can be evaluated. A fouling model for each
fouling response was generated in which its predictive capabilities were
validated. The application of these models can direct the selection of

operational conditions to minimise fouling.

Figure 9.1: Significant fouling present upon the casing of an FBRM probe which had
been introduced into a crystallising system.
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The assessment of fouling within continuous flow was targeted to resemble
conditions within a continuous crystalliser. No commercially available
assessment setup was available. Therefore, a fouling assessment platform
was designed in conjunction with CRD by developing their Zebrafish platform
(Chapter 6). The C-FAP was specifically designed to detect and monitor
fouling via imaging and temperature measurements. MOCs could be
investigated within a bespoke flow cell where fouling was induced by a cold
stream at the rear of the MOC substrate. Within the C-FAP fouling could be
probed by exploring different process parameters, solutions and MOC
properties highlighting its potential as a tool to evaluate fouling due to cold

induction.

The use of the C-FAP as a fouling assessment platform was demonstrated
within Chapter 7. PCM in water solution was explored as the initial assessment
system in addition to exploring stainless steel and PTFE which were explored
within Chapter 5. In comparison to Chapter 5, cold induction was used to
induce fouling and subsequent growth. Fouling was assessed by determining
fouling induction time and fouling growth kinetics by imaging and determining
fouling resistance via temperature. The application of the fouling resistance
method was not sufficiently sensitive to reliably detect fouling. Chapter 7
highlighted different MOCs, process parameters and degree of
supersaturation all had considerable influence on fouling induction time and
kinetics. The application of fouling resistance within the C-FAP would require
substantial fouling deposits to effect heat transfer therefore limiting its
application to early detection. Chapter 7 compared MOCs against each other
to inform crystallisation process design e.g. construction material of crystalliser
and components. Future operation design of the C-FAP was influenced by the
use of supersaturated solutions within Chapter 7 which eventually led to
unstable operation. This identified optimal operating ranges for the C-FAP and

the use of undersaturated feed solutions to allow stable operation.

Chapter 8 utilises the C-FAP to explore a wide range of MOC, solution and

process parameters upon fouling induction time, mass deposition and
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maximum area coverage growth rate. The intention of this chapter was to
determine the most influential parameters for each fouling response. A
reduced combinatorial experimental design was used to obtain a fouling
dataset from which fouling models were generated. A range of
pharmaceutically relevant solutes and solvents were used to create the
predictive models. MOCs, solutes and solvents were described in terms of
chemoinformatic and measured descriptors. The most influential parameters
governing each fouling response model comprised MOC descriptors such as
surface energy and thermal conductivity in addition to process parameters
including ATyoc and flow rate. Solution properties were also identified to
influence each fouling response model. In addition each fouling response
model was tested against internal and external validations from which accurate
guantitative predictions were not found. However, generated models provided
some predictive capabilities notably in comparing investigated systems via
ordering rank. This provides an opportunity for direct comparisons between
two crystallising systems. Further work in developing each model would
provide an excellent resource to assess fouling behaviour of a system within
the designated design space. In addition to generated fouling response
models, a definitive fouling outcome model was attempted to define what
parameters dictate the occurence of fouling. MOC properties, notably water
contact angle, in addition to process parameters were identified to be important
measures consistent with CNT. The influence of solute properties was also
highlighted. Further development of accurate predictive models for fouling

initiation and behaviour would provide an excellent resource in process design.

Throughout all experimental chapters, the importance of MOC properties was
demonstrated to influence fouling considerably for different fouling
mechanisms. MOCs had not previously been researched extensively with
respect to organic crystallisation fouling however they have a significant role.
The impact of process conditions, as anticipated, greatly influenced fouling

mechanisms. A summary is illustrated in Figure 9.2.
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Figure 9.2: Summary of crystallisation fouling processes investigated within this
thesis with explored factors identified to influence respective mechanisms.

9.2 Recommendations and future work

A number of approaches were undertaken to investigate fouling and fouling
mechanisms leading to a variety of recommendations. In addition to these
recommendations relating to the use of fouling assessment approaches, future
work to further enhance fouling understanding has also been proposed. Based
upon the current fouling assessment approaches a number of
recommendations to their use were proposed (Figure 9.3) including a specific

fouling assessment framework or workflows.

The initial recommendation involves the use of fouling models as a means to
predict fouling behaviour in addition to predicting whether fouling will occur for
a specific design space. The current models provide some insight into the rank
order of importance however are not quantitatively accurate. The order ranking
allows comparisons between different crystallising systems to be conducted.
Further work notably in terms of experimental design and replicates would
provide improved and more extensive fouling models. Predicting the fouling
behaviour of a crystallising system could considerably reduce the reliance of
empirical fouling experimental methods saving time and resources. There is a
need to improve production processes within the pharmaceutical sector with

financial and resource constraints.2%
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Once the likely fouling tendencies of a system has been predicted, it is
recommended that crystallising solution is investigated with a variety of MOCs
using process conditions which are typical within a batch process or
temperature ranges likely to be relevant to a continuous crystallisation
campaign. The use of the small scale batch crystallisation setup (Chapter 5)
provides a rapid assessment opportunity for particle deposition i.e. from
particles suspended in solution to deposition onto the surface. The small scale
batch crystallisation setup would be particular useful for investigating MOCs
involved in the fabrication of probes including temperature probes and PAT
probes. It could be beneficial to assess fouling behaviour of any MOC
projection within a crystallising system in which a temperature difference is not
present across the MOC. The use of this assessment approach is highly
recommended regardless of which crystallisation method is selected to
evaluate particle deposition. At present the C-FAP does not explore particle
deposition therefore the application of the small scale batch crystallisation

setup is valid.

Next the crystallising solution of interest and selected MOCs should be
assessed within the C-FAP. Using the C-FAP as currently configured for
fouling evaluation provides detail on surface induction which would potentially
be experienced within a continuous crystalliser. The C-FAP’s flow cell could
potentially be modified to allow particle suspensions to be explored which is
more representative within a crystalliser. Establishing results from the C-FAP
in relation to what is observed within a continuous crystalliser would be

advantageous.

The combination of all approaches provides a systematic framework for
evaluating the fouling propensity and behaviour of a crystallising solution.
Additionally directly assessing different MOCs and process conditions will
provide indications for subsequent crystallisation campaigns i.e. to steer the
selection of materials and conditions to avoid. Additionally, further
development to enable minimalisation, parallelisation and/or automation of

these experimental methods would be ideal.?%
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Figure 9.3: Schematic diagram highlighting the sequential approach for further fouling investigations.



The application of each fouling assessment method provides fouling
information specific for each setup. The relationship between each setup and
a real continuous crystallisation campaign was not established i.e. correlating

assessment data to fouling within a continuous crystallisation (Figure 9.4).

Fouling assessment
methods

Correlation to
continuous
crystallisation

! !

Compare fouling Assess platform
Compatibility within assessments models against
investigations to platforms to fouling within
prevent fouling continuous continuous
crystallisation crystallisation

Figure 9.4: Establishing the relationship between fouling assessment methods to true
results within a continuous crystallisation campaign.

Within this work, different MOCs were explored individually i.e. one MOC
coupon explored at one given time. Within a crystallisation campaign, a
crystallising solution is in constant contact with a number of MOCs which were
performing various roles such as agitation, heat transfer or crystalliser
structure. Research by Briggs experienced fouling during the continuous
crystallisation of L-glutamic acid. It was found L-glutamic acid fouling was
coordinated, as shown in Figure 9.5, in which fouling was present
predominately on the stainless steel temperature probe with its presence yet
fouling dominates upon the glass heat transfer surface in the temperature

probes absence.?%’
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Borosilicate heat exchange surface

Figure 9.5: L-glutamic acid fouling encrustation along a COBC straight with flow
direction left to right. Preferential fouling occurs upon the stainless steel thermocouple
rather than the glass heat transfer surface whilst locations where the thermocouple is
not present fouling on the vessel walls was dominant.’

In addition to exploring current fouling evaluation approaches detailed herein
other methods would provide valuable insight into fouling and fouling
mechanisms. One notable approach is the use of quartz crystal microbalance
(QCM) as a tool to enhance understanding of fouling mechanisms in particular
related to continuous crystallisation. The use of QCM as a tool to investigate
fouling has been demonstrated by various authors in particular for surface
induced crystallisation for inorganic systems.147149.298  Additionally the
deposition and interaction of organic molecules from solution with the QCM
surface has also been confirmed by Murray and Deshaires.?%° The prospect of
employing the QCM for enhancing fouling understanding and would be an
excellent tool for probing mechanisms. QCM approaches can also investigate
different MOCs'4%2% and process conditions47:2%8 highlighting its potential
application to study fouling in relation to previously investigated parameters.
QCM is an extremely sensitive method in which can identify the first stages of
fouling initiation in which enhanced insight into mechanistic processes can be
obtained.'473% The combination of the C-FAP and a QCM is possible in which

a similar setup was employed by Lapidot using a bespoke flow cell.147:301

In terms of modelling a number of additional approaches could be performed
in addition to improving overall number of experiments via more robust
experimental design. The application of ANN has been applied to a number of
crystallisation aspects notably fouling. Biyanto demonstrated the use of ANN

to predict fouling resistance using process and fluid parameters as model
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terms.2%2 Applying ANN to generated fouling result dataset may yield models

with greater predictive capabilities.

A workflow approach to successfully conduct a continuous crystallisation

campaign was demonstrated by Brown and co-workers (Figure 9.6). Stage 5

of this systematic approach involves evaluating a solution’s crystallisation

behaviour including nucleation, agglomeration and, notably, fouling. The

application of fouling experimental approaches for assessment detailed within

this thesis provide a useful methodology for use within this crystallisation

workflow.303
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Figure 9.6: Workflow for continuous seeded crystallisation in which fouling propensity
and behaviour assessments occur within stage 5.3
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