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Abstract

Continuous manufacturingndsapplcationin a varety of disciplines. It demonstrates

a number of advantages, such as more controllable processes and allows particle
attributes to be attained that would otherwise be unattainable. Antisolvent crystallisation
is a widely used method of crystatigsain both academia and industityis employed

to crystallise compounds that are not amenable to other techniques such as cooling

crystallisatioandcan be utilised to produce crystal products with unique properties

Oscillatory baffled crystallis@@BCs)atre platforms that generate intense mixing by
the oscillatory motion of fluid through periodic constrictions, referred to as bEffiges.
oscillatory motion generaeddy currents through these baffles and induce highly
turbulent and efficient mirig. By the superimposition of a net flow, the process can
operate at near pluipw conditionsand is the principle of the continuous oscillatory
baffled crystalliser (COBCYOBCs have been extensively studied for cooling
crystallisations, but their applion inantisolvent crystallisation has been limited.

The continuous antisolvent crystallisation of anthranilic acid in a COBC has been
investigated for the first time as a function of antisolvent volume fraction and flow
conditions, demonstrating the exfts of anumber of process variables on product
outcomes. Metastallierm Il polymorph of anthranilic acid was consistently produced
in a continuous unseeded antisolvent crystallisation from an ethanol and water solvent
system. The incorporation gbroces analytal technology FAT) allowed for
monitoring of various process conditions in real time, giving insight into the evolution
of the antisolvent crystallisation process in continuous flow. Local mixing effects were
deemed to be significant in the COB& the mint of contact of solution and
antisolvent, such that variable flow rates at fixed antisolvent compositions resulted in

different product sizes whilgsulting inthe same final solution concentration.

Polymorph control in a moving baffle oszitiry bafled crystalliser (MBOBC) was
demonstrated for the anthranilic acid systynvariation of seeding conditions and
startup strategy, the continuous production of either diatofel or metastabléorm Ii
polymorph could be controlled. This demonstratedo&el continuous nucleation
platform for an antisolvent crystallisation process thatgotddtiallybe coupled with



a COBC or otherplatformfor reliable continuous productiar a specifie@olymorph

with targeted crystal attributes.

Growth and secondga nucleation kinetic parameters were determined by means of
isothermal seeded batch experiments in a batch moving fluid oscillatory baffled
crystalliser (MFOBC). Models were developed from these detetmparameters, and
further refined by the incorpoliah of a solvent factor that improved the fit of the
model predictions to the experimentally measured attributes. The determined
parameters were applied to the optimisation of a 30 m DN15 COBC with naultipl
antisolvent addition points and demonstrates filg such strategy utilising

experimentally determined kinetic parameters.

This work has demonstrated novel approaches for the development of antisolvent
crystallisation processes in continuous flowdilatery bafflectrystallisersletailing a
numberof control strategies and advancing the knowledge and understanding of such

processes for future implementation.
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1 Introduction



1.1 Crystallisation from a Continuous Manufacturing Perspective

Crystallisationis an intriguing phenomenon that isiportant for amultitude of
disciplinesand areas-undamentallyit describethe formation of a solid with regular
structure consisting of repeating units, be those atons®r moleculeslt is usedas a
proces# food, chemical and pharmaceutical indusases methab of purification and
isolationof chemical productgotentiallyseparatindgpazardous starting teeals and
intermediatesrom impure mixturegl]. Crystaline products can vary significantly in
their physicaproperties depending on tineethod of production employedith their
critical quality attributes (CQAS) driven by ihéended se of the material' herefore,
an in-depth understanding of crystallisation processesquired to target these

attributes in a reliable and reprodueibianner.

Continuous manufacturinfCM) has beeremployed for a number of years
various industriesuch as food and petrochemi¢2]showever,batch manufacturing
techniques still dominate thgharmaceutical industf@]. The mechanisms of such
processsare well documenteédndhave beemonedby operators to produce products
as close to specification as possible with thedgyat hand4]. Even so, challenges
can present themselysach asariation between batchasd issues with scale [5].

CM attempts to address these issuasd offer further advantages that batch

manufacturing is not able to achieve.

There has beesupport bythe pharmaceutical regulatory bodies for the industry to
move away from a qualilyy-testing (QbT) approach and adapialityby-design
(QbD) manufacturingnethodgo ensure CQAs are consistently achigg¢candCM
isdeemed a suitabieethod toprovide thisProcess analytical technology (BAdnds
itself well to this goal whemcorporated into a continuous procealowing for
detailedreattime process information to be obtained that can be used to refine the
production proces$7]. This can resultin reduced production costand more
environmentally friendly procesby minimisingwaste which promote the adoption
of CM [8].

In response tahis demand,ignificant research on continuous crystallisatian
been undertakemn recent years, with a variety of compounds, technologies and

crystallisation methods having been demonstf@k&d1]. Although there are benefits



associated with continuous crystallisation over traditional batch methods, the
pharmaceutical industry has been relatively slow to adopt #tiitoutable in part to

the required investment inmaterial equipmentand timeto develop then{12]. To
alleviate these challenges and mitigateaskstematic workflomas beenleveloped

to guide the development of continuow®oling crystallisatiorj13], with a similar

undertaking for antisolvent crystallisation@velopnent

For any crystallisation process, it is imperative to understand the mechanisms by
which crystals form and the factors that influence them. The following sections cover
the fundamentals of crystallisation and the various platforms that atiisééfor
crystallisation process&d@th a focus oncontinuous crystallisation platforms and

antisolvent crystallisatiomethods

1.2 Solubilityand Solvent Selection

The most common method of crystallisationndustrial applicatiors from solution,

where thesdute is first dissolved in a solvdt@]. The amount of matéal that can

dissolve in a solvent is determined by its solubbitgsolutionand crystallisation are
governed by the laws of thermodynamics, and such processes only occur if the process
is energetically favourabléhe maximumamount of solute that can sidve in a given

solvent at a given temperataned pressurie a fixed value, at which point the solution

is saturatednd the solute is in equilibrium between the solid phase and the solution

phase.

Solubility ispredominantf dependent on the compounigelf, the solvent or solvent
mixture used to dissolve the compound, and the temperature of the Spsteraly,
an increase of temperature increases the solubility of a compound in a solvent, but this
is not always the ca§ib]. For example, sodium chloride shows little temperature
dependence on its solubility in water, and therefore a cooling crystallisation technique
would be a poor choice for this compourBbme pharmaceutical comls and their
solubilitiesn ethanol a commonly used solvertre shown irFigurel.1 to highlight

this effect.
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Figurel.l. The solubility of various pharmaceutical compounds in ethanol
Data sourced frorf16].

Thereareamultitudeof solventshatcanbe used for crystallisatjdout there are several
practical aspedtsat can aid the selection process. Any prior knowledge of the solute
and solvent system can significantly reduce the number of potential s&@oems.
solventscan be readily discounted on account of their castjronmentalimpact,
reactivity, and pantial toxicityfor trace amounts in pharmaceuticalmongst other
factord17]. Solvent screeningray beperformedto identify the most suitable solvent
system based on the desired product outssoneh as polymorpims[18]18]. All of

these aspects combined aatermine which crystallisation techniquemuld be

implemented



1.3 Supersaturation

Supersatyrated

Concentration

Solubility curve Undersaturated

Temperature

Figurel.2: The saturatin limits of acooling crystallisation.

Supersaturation is produced when the concentration of a solute exceeds its solubility.
To demonstrate this, a cooling crystallisation from solution is considéfigdiial.2.

There are three distinct zones highlight@tie first is the undersaturated region,
whereby at a given temperature, the addition of solute would result in further
dissolutionAs an undersaturated soluatis cooled, it crosses the solubility curve and
becomes supersaturated. Upon reaching supersaturation, the compound first enters a
metastable zone. In this region, nucleation will not occur, but crystals can grow if the
solution is seeded. Beyotiek metatable zone limit, there lies a region wheosystals

can form spontaneousdiyllowing nucleatiorwithout external influencglL9].

Unlike the solubility, which iathermodynamigroperty the metastable zone width
(MSZW) is a kinetic propertyand can be modified, such as by the appicadf
ultrasound20]. Thiscan have an effect on the probability of undesired nucleation, with
a narrow MSZW being more difficult to controlfor when designing processdshe
MSZW is often used to define a region suitable for seeded crystall@a}iavhere
seedingg used to prevent this undesired nucleation and affords greater coeetrol

crystal attributes.



The thermodynamic driving force farystallisinga substance can be represented by
the difference in chemical potential between the satutee supersatued solution
* , and the saturated solution a422]:

y ' e ' e (1)

This is more commonly representedtbg supersaturation ratio:

1.2

&l e+

where®is the concentration, anifis the solubility.For a ratio less than one, the
solution is undersaturated amgstalligtioncannot occur. The limits of supersaturation
vary depending on the compound and solvent system. Supersaturatiogeaerbeed
by various methods, suchraslucing thesolutesolubility in the system by cooling
addition of antisolvent)y increasinghe soluteconcentration by the evaporation of

solvent or a combinatory approachheseare discussed in more detaiSiectionl.7.

1.3.1 Mixing and Supersaturation

The magnitude olocalisedupersaturatiotan banfluenced by the imnsity of mixing

within the system. For a cooling crystallisation process, temperature is typically
controlled by leating/cooling jackets around a central vessel. Ideally, any temperature
change would be instantaneously applied to every molecule in 8. Jasreality,

there is a temperature gradient between the molecules in contact with the walls of the
vessel anthose in the bulk. Mixing minimises the presence of such a gradient, with a

higher intensity tending towards the ideal.

Antisolvent crystafiation is highly dependent on mixing, and can influence the
crystal size distribution (CSfa) antisolvent crystedation[23]. There is high, localised
supersaturation at the point where the solvent solution and antisolvent come into
contact with one another, and this point varies depending on the mixing method
employed.Consider a simple experiment wheavent and antis@ntaremixed by
pouring a beaker of one into the othénere is little controbver the mixing process,

with wide variations in supersaturation across the total volume. To obtain nucleation



and crystal growth in a homogenous solution, and thereforgaimetontrol over the
product attributes, the mixing time of solvent and antisolvent should be shorter than

the induction time[24].

The induction time is defined #se time between the generation of supersaturation
and the formation of the first detectable crystal nuc[@g$ Induction time
measurements are dependent on the techniquesastkid influences the ability to
detect this first nucleus; prebased methods would give more reliability than
observation with the naked eye. There can also be variation in inductia dineeto
the nature of nucleation, though with multiple expeent it is possible to determine

the probability of nucleation over time under specific conditjipép

The consideratian for mixing will greatlyinfluence the choice of crystallisation
platform as mixing intensity can alter the nucleation rate for both primary and
secondary nucleatig@7]. For the antisolvent crystallisation of benzoic acid in a stirred
tank, the location of the addition of antisolvent has been shown to affect the MSZW
[28]. Figure 1.3 shows that increased additiater of antisolvenvidensthe MSZW
where the antisolvent iadded near the impellotncreased impellor velocity also
widensthe MSZW in such a systenmdependenbf addition rate. The error on the
values is also relatively low, suggesting consistertbg isystem and giving good

control over crystal properties.
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Figurel.3: The variation in MSZW as a function of addition rate of antisolvent
and impellor velocityvith antisolvent addition near the impel[@8].



Figure 1.4 shows a narrower MSZW for all addition rates and impellor velocities
when antisolvent is added near the wall of the vess. The difference in MSZW is
not as pronounced at low addition rates, but shows a gréer dependence on
impellor velocity at increased addition rates. There is significant error on the
values, and such a system would not be suitable for a crystallisatigrocess

where narrow CSDsare desired.
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Figurel.4: The variation in MSZW as a function of addition rate of antisolvent
and impellor velocity wit antisolvent addition near the vessel {28].

Various technologieend strategidsave been developed that attempt to generate high
supersaturatiomgpidly whilst also achieving thorough mixirtg producea crystal
product with small size andharrowCSD. Example®f these areonfinedimpinging

jets [29], T-mixers[30] andstatic mixerg9]. These mixers are reliant on their flow
rates for mixing, with higher flow rates resulting in more thorough mixtugther

detail on crystallisation platforarsd their mixing propertiess given in Sectio.8.

1.4 Nucleation

The formation of a crystal in a supersaturated system requires a nucleation event,
providing a surface upon which the crystal can grandeposition of solutend to
progresshie system towards efjorium. A given mass of solute can crystallise into
many small crystals, or fewer large crydégdending on the nucleation rateontrol

of nucleation is a key step in the control of the overall crystal propedieber of



crystés,and CSD, and thefere the quality of the crystal prody8fi]. Nucleation can

be categorised into primary or secondary, and is detaileigunel.5.

Primary
Nucleation

Secondary
Nucleation
_/

)
Heterogeneous
nucleation
—

Nucleation with i
no solid interface Fore'|gn Crystal of
present particle solute

Figurel.5: The different processes of nucleatiddapted fron{32].

Homogeneous
nucleation

Heterogeneous
nucleation

1.4.1 Primary Nucleation

1.4.1.1 Homogeneous Pmary Nucleation

This mode of nucleation occurs in a clear solution, with no external surface being
provided, and relies on the formatiorsoluteclusters within the solution. This process

is described by l@ssicaN ucleationT heory (CNT), which was firsproposed by JW
Gibbs in the latter part of the 1 @entury[33]. whereby it is assumed that clusters
initially form by the addition of single units of solute, driven by supersaturation, in a
processlepicted by the schemabelow:

A+ A& A

A+ A& A
A, + A& A

The majority of these clusters dissijp&t®re they can growo the required sizes the

volume free energg'O must exceed the surface free enef@. The solid state has
greater stability than the liquid state, aod'O becomes negative, decreasing the free
energy of the system. However, the free energy increases due to the presence of a
solidliquid interface at these clusters, the extent of whiclproportional to their
surface area. As showrFigure 1.6, 3O hasa greater effect at small cluster radii, and

so small clusters redissolve. Upon reachingj@tdluster size,, the total free energy



reaches a maximum and the energy barrier for the formation of stable nuclei is

overcome, making crystallization energetically favourable.

+ve

o

Free Energy (AG)
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—ve

Figurel.6: Energydiagram fordrmation ofacritical nucleusrc must be
exceeded for the free energy of the system to de¢Bddse

The rate of nucleain, 0, which represents the number of nuclei formed per unit time

per unit volume, is expressed in the Arrhenius equation below:

SJIQ‘Qr it
?’Q"Y

0 Odexp 13)
This can be rewritten by substituting a number of terms to obtain the following
expression:

. oa por
U 0e X - 14

P oQY a¢e’y (14)
By this equation, three variables affect the nucleation rate: the tempéenatilmre,
supersaturation ratioy and the interfacial tensidn, This suggests that an increase in
temperaturavill increase the nucleation rate; however, increasing the tatopecan

also affect the supersaturation ratio for compounds that show temperature dependence

10



on solubility. Interfacial tension can be affected by the solvent composition and the
presence foimpurities [35], and the use of surfactants has been demonstrated to

significantly affect crystallisatianetics[36].

CNT has some limitations inahit assumes the critical clusters are uniform spheres;
that the curvature of the cluster does not affect interfacial tension; and that the clusters
grow by the addition of one unit at a tanignoring the effect of the collision of clusters

[37]. Nucleation rates measured experimentally differ from the predicted values by
several orders of magnitude, which has been attributed to overestimation of the pre
exponential factof31]. Thus, whilst CNT has been shown to have enaai
application, nucleation theory continues to receive atterid better understand this

complex phenomenon.

1.4.1.2 Heterogeneous Primary Nucleation

This mode of nucleatiois defined as the generation of a solid phase that is induced by
the presence of aréace other than a parent crysiis surface can range fraoime

walls ofa crystalliagtion vesseto dust particlesThe presence oiterfacednitiates
nucleation at lower supersaturations thearequired for homogeneous nucleation
The free energybarrierfor the formation of a critical nucleus by a heterogaseo

pathwayis therefore less than for homogene[34.

1.4.1.3 Two-Step Nucleabn

CNT was initially developed to describe the condensation of droplets from a vapour,
and although it has been assumed to be translatable to crystal nucleation, it is not an
accurate descriptor. In recent yearsyo-step nucleation theory has been deved.

This theory describes the formation of liglike clusters of solute molecules, followed

by reorganisation of these clusters into ordered crystal structures. This process was first
observed for the formation of protein crystals, but has been tedgg®es suitable
descriptor for nucleation of small organic moled@I&sThe differences between these
mechanisms are shown kilgure 1.7. CNT can resultin the overestimation of the
nucleation rate by orders wfagnitudg31], but rate equatiasfor two-stepnucleation

are not as well definedtagsefor CNT, and thus CNTis still the dominant mechanism

for the quantification ofiucleation processes

11



Classical Nucleation Theory
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Figurel.7. An overview of Classical Nucleation Theory amwio-step
Nucleation.Adapted froni38].

1.4.2 Secondary Nuelation

Secondary nucleationtlse process of nucleation occurring in the presence of existing
crystals in solution. The two major mechanisms for the production of secondary nuclei
are fluid shear and collisitnased. These collisidirased mechanisms canfhrther
categorised: crystatystal collisions, whereby crystals in suspension collide directly and
fragment; crystagitator collisions, where the crystals come into contact with a high
velocity agitator, which is typically an impeller in stirred sardnd by crystatlall
collisims. All of these processes can result in small fractures and chips of material being
produced that can result in the generation of fines and poor control over CSD.
Collisionbased mechanisms are the main consideration fastiiad crystallisation

processs[39].

Expressions for nucleatioates for both primary and secondary nucleation are
highlighted inTablel.1. These take into account a variety of mechanigragotential
occurrence of which will belependent on the system, amdcensideration must be

made as to which expression would most accurately represent the system it is used for.

12



Tablel.1. Summary of commonucleation expressiosdapted fronj40].

Nucleation Expression Comments Reference

Primary 6 QY [41]

r T p (pr ,
H CRaAN
omogeneous 6 VA QD cQ'Y Il I, p

[34]

O
corrects for

 ono o PO Qe nucleation
Heterogeneous ¢ MA@ YT T o on non
crystal
surfaces
65 Qv [43]
5 QY 44
. Q is
& OA@D i) L temperature [45]
Y dependent
0 gfsthe
minimum
size for a
crystal to
participate
in collisions
that
produce
secondary
nucleation
5 QY0 ¢ Includes [48]
crystal
agitation
5 O b and crystal
crystal
effects

Here, Y represents the absolute supersaturation definéd byo 5. Relative

z

[42]

Secondary 6 Q, ° Ogj [46], [47]

supersaturation is represented bgnd defined by

Z "

1.5 Crystal Growth

After solute molecules haf@medstable nuclei, these particles then undergo growth
such thathey reach a detectable sRevided that these crystais i the presence of

a supersaturated solution, growth will ocdtigure1.8 shows a simplified version of
crystal growth at the molecular lewsith moleculaflevel resolution shown iRigure

1.9. There are several proposedchanismfor crystal growt#9], the most universally
accepted of whicls typically represented byo steps: diffusion of a solute molecule

13



from the bulk solution to the crystal surface, and integration of the solute molecule into
the crystabtructure The attzhing solute moleculesimore likely to integrate at the

kink site due to the potential to form more bonds to neighbouring molecules than
elsewhere on the crystal surface, and conversely is more likely to leave this site upon
dissolutior{50].

Figurel.8: The molecular process afystal growthSteps ahkinks are more
energéically favourable locations for crystal growttlapted froni51]

Figurel.9: AFM image of an insulin crystal showing steps and [5&ks

Crystal growth can be described in simple terms by the change in the size of the crystal
over timeand is represented by the sizéependent growth rate expressiorTable

1.2. There can beeweralfactors that influence crystal growth, angbressions that
incorporate those have also been developed and are shoWwabl|1.2. Such
expressionsan beutilised inpredicting the CSD of a procqs8].
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Tablel.2. Commonly used growth expressions.

Mechanism Expression Comments Reference
Size o~ T
independent o QY [54]
Size O QY p T 53], [55]
dependent 0 QY p [ D
B [53], [56],
Power law O Q%Y v [57]
Includes
Burton g g
’ Q A Q
Cabrera and O =—Y OAIl+— e;fuer(f:;scgf [58], [59]
Frank (BCF) Q » :
efects
Semi
empirical
. . 30 relationship;
Arrhenius type 0O QAg@D ~ 0 is [58]
temperature
dependent

The growth rate of a crystal determines the residence time regutingd a crystallisr
to achieve a target sizaslow growth rate wilrequire a longeresidence timeThis
can be accommodated for by increasing the volume or decreasing the flow rate of
continuous crystallisation processes. Consideration must then be made for the footprint

of such crystalliseand the effect on the housing of andial outlay on eqipment.

High supersaturation provides a greater driving force for growth, which can increase
the rate of production. However, thanresult in a lower quality product, such as
crystals with inclisns of solvent60]. This isnot to be confused with the forman
of solvates or hydrates, whemvent can be incorpated into thecrystaktructure In
the case of water as the solvent, these are referred to as hydrates; otherwise, the more
generic term of solvates is used. Solvates are often unddsirallacing issues with
stability and potential toxicity for pmaceutical product§Secondary processing can

also be negatively affected by the presence of s¢bHtes

Crystallgation close t@ supersaturation ratio ofrdsults in slower crystal growth,
which in turn can improve thepurity of the crystal produdby minimising the

aforementioned issuéxactically, there is a limit to the residence time one can provide

15



to a praessMaintaining crystalligtion in the middle of the metastable zone is a

suggested compromisetween duration of operation and product qud6g}j.

1.6 Polymorphismand Solid Form

Polymorphism with regards to crystal structutis, the &ility for a compound to
crystallis in more than one mannethe term being derived from the Greelolus

me a n imany andmorphme a n ishapp [38]. There is no change in chemical
composition but themolecula packing can have a pronounced effect onpttngsical
properties of the compodnA strikingexample that rather elegantly demonstrates just
how different polymorphs can be isathof 5methy}2-[(2-notrophenyl)aming]3-
thiophenecarbonitrildgetter knownasROY due to the red, orange and yellow crystals

it can form shown inFigurel.10.

¢
7 ’ L )

.’ ¢

e g
/ Pt

'
0~

I mm

Figurel.10: Polymorphs of ROY[63].

Polymorphism has been well documented, with one of the first recorded instances
towards the end of th&8" Century by Klaproth, who discovered cédcand aragonite

were both forms of calcium carbonfd]. Compounds often display polymorphism,
with evidence showing at least half of commagithat are screened for polymorphism
display if65]. . This is of particular importance in the manuiaetof pharmaceuticals,

as different polymorgtan exhibitvarying bioavailabilitdue to differing solubilities,

and thus differing dissolution ra{é$]. One of the most wellknown instances of
unwantedpolymorphism within the pharmaceutical ustiy is associated withe

antiviral drug ritonavirThe appearance of a new and more stable torm II) of the

16



compound plagued productipmequiring extensivereviev and modification of the
manufacturing procef&7]. The more stable form Il had a lower bioavailability, and
therefore was less effeetithan form [.Such occurrences demonstrate the need for

extensive polymorph screagi

Ostwald ile of dages states that tin@ial crystal form generatésithe leasstable
form thermodynamically, with free energy closest to the original[6&]tel his will
then undergo transformatiamtil the lowest free energy state is achieved and a stable

polymorph is produced-(gurel.11).

h
Supersaturated solution

AG least stable form
second
least stable form

Saturated solution

stable form

Figurel.11 Energy states for a polymorphic system. Adapted[@®nm

Depending on the stability of the compound and the desire for ataidéaform, this

may be preferable, as such crystals have greater solubility than their more stable
counterparts; however, this may be at the expense of physical stadiéffect praatct

shelf life

Polymorphism can significantly affect the formulatddractive pharmaceutical
ingredients APIg. As exemplified inFigure 1.12, the stable monocliaiform | of
paracetamol is not readily compressible into tablets due itehdigitatednature of
the moleculapacking[70], whereas the metastable orthorhombic form Il crystallises in

flat hydrogerbonded sheef31], and is more amenable daect compression
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Figurel.12 Crystal structures of the stable form | and metastable form I of
paracetamol. Image adapted fii@2]

Crystal structure prediction tools can be usedentify polymorphs that may not yet
have been produced experimentally bate energetically feasiblgZ3]. Some
polymorphs can be very difficult to produce and require elaborate or novel methods to

isolate them, such as the formation of carbamazepine form IV by spray@ying

1.7 Crystalisation Techniques

The method employed torystallise a compound varies depending on the compound
itself and theequirements for the product. For instancee @articular method may
give the narrowesESD, but may also give the lowest yidlida solvents required, the
solvent properties also influence this decisioncr#italligtion techniquesely on
different approaches tenerate supersaturatidme following section highlights the

most commonly encountered crystallisation techniques.

1.7.1 Cooling Crystallisation

Manipulation of temperature is a common methodyeheratingsupersaturation to
control crystalligtion, often employed when the solubildy the compounds highly
dependent on temperatyrand when solubility is poor at low temperatufm
undersaturated solutias cooled to the point that it becomes supersaturated, followed
by either addition of seed crystals to grow them out, or by a fudéerease in
temperature to induce primary nucleatidigirel.13). Alternativesnust be used for
compounds that do not show suatiequate temperature dependence, or that are very

soluble at low temperatures.
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Figurel.13: A representativehase diagrafior cooling crystallisatiod1].
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Figurel.14: Various cooling profiles for seeded batgistalliation from
supersatrated KSO, solutions Reproduced fronj62].

Cooling profies need to be considered when designing cooling crystallisation processes
to achieve the most consistent crystal prodihatee different cooling profilassed in

a seeded cooling crystallisatima shown irFigure1.14, which each produce different
crystal growth rates and therefore affect the product qu@titgtals that grow quickly

tend to be of a lower quality than those that grow slowly due tpdtentialinclusion

of solventand other impurities in the structurand for undesired morphologies such

as dendritic growthi62]. The rapid cooling displayed by the natural cooling profile

generatesmuchhigher supersaturation than linear or parabolic coahdgwill result
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in poor quality crystals\ linear cmling profile offers an impwement over natural
cooling, butthere will still be variable supersaturation during the crystallisation.
Parabolic coolingrofilesgenerate a constant supersaturation, and thus steady crystal

growth and improved quality.

1.7.2 Evaprative Crystallisation

Evapaativecrystalligtion is a process which increases the concentrationsaflthi®n

by evaporation of the solvent, either slowly by diffusion of solvent vapour from the
liquid surfaceor more rapidly byboiling or pulling a vacuum. This increase in

concentration thengenerates supersatimaias shown irrigure1.15.

c

Supersaturated c*

Undersaturated Solvent
evaporation

Concentration

Temperature

Figurel.15: A representative phase diagram for evaporative crystallisation

Evaporativecrystalligtion is notnecessarilguitable for compounds that are liable to
decomposition at elevatetemperatures, depending on the threshold of this
decomposition The boiling point of the solventan be controlled by altering the
pressure of the system, which is of importance if the compound of interest has solubility

limited to nonvolatile solvents.

A compound whose solubility does not vary greatly with respect to temperature, for
example sodium chloride, may be more suited tp@nedivecrystalligtion. A suggested
limit for the selection of evaporativerystalligtion is if the solubility shows a
temperature dependence of less than 0.005 g[@51C
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1.7.3 Melt Crystallisation
Melt crystalligtiontypically refers to crystallisation from a pure molten solid, in contrast
to that of crystallisation from a solution. It is more commonly used as a purification

technique, and very high purity crgs can be obtaingd6].

As meltcrystalliation does not require any solvent, this can be advantageous for
reducing waste and eliminating the potential environmenzaktisand costssociated
with some solventand their recoveryHowever, asthe compound may well be
produced by a chemicaeaction using solvents to begin wittrystallisation from

solution is often more practical

Figurel.16. Paracetamol polymorphs produced from tielt[77].

Some elusive polymorphs of APIs h&veen reliably isolated by meltystallization
such as paracetamol form [I[IB], where attempts to isolate this form from solution

produce form linsteadThis method has been used to identify new polymofphis

1.7.4 Reactive Crystallisation

Reactivecrystalligion, also referred to as precipitatiowolves the mixture of two or
more reagents to pdoce a chemical reaction such that the resulting product is poorly
soluble.The product outcome of reactivaystalligtion can behighly dependent on
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the intensityof mixing. If reaction occurs before adequate mixing has been achieved,
there can béocalsed regionef varying concentration, ultimately altering the product
quality due to localized differences in nucleation and gr&imgtics Supersaturation

can becontrolled by varying the concentration of the reagents, with very high

supersaturations ggble.

1.7.5 Antisolvent Crystallisation

Compounds that are prone to thermal decomposition and show a poor temperature
dependence on solubility are left with few otheti@ms for crystal growth. Antisolvent
crystalligtion is a method of producing crystalsriying a solution of the compound

to becrystallisd and another fluid, so that the compound hamieh lower solubility

in the overall mixtureThe balance of diliin and decrease in solubility determines the
supersaturatiointisolvent and cooling criglisation are often combined in industry

to increase the yield@9].

Solubility

Concentration

0 w% antisolvent 100 %

Figurel.17: A representative phase diagram for antisolvent crystalljSafion

The addition of antisolvent dilutes the overall solution. It is therefressary that the
potential of the antisolvent tiecrease the solubilyerrides that ahedilution factor.
This can be seen irigurel.17, where br regions of the curve* above thedilution
line, the system is undersaturated. This shows a critical ratio of-switisolvent that

must be reached before supersaturation is generated, which will differ between systems.

To generate supersatupatusing an antisolvent, there are a number of ways it can
be introduced. Typically, this is done by the addition of antisolvent to a solution, which
normally has a greater volume than the antisolvent added. Alternatively, tios solut
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can be added to ar¢ge volume of antisolvent h i everse radditiangenerates very

high supersaturatiorand depending on the mixing conditionan produce darge
number of small nucleilin some cases with organic compounds, the generated
supersatation ratio can be shigh thata metastable liquillquid phase separation
forms, also known as oiling out, which is undesirable for ensuring product quality and
purity [80]. Controlling supersaturation by the mixing olvemt and antisolvent and
being aware of the limitations ofetmixingin the platform affords better control over

product outcome.

It is routine forpharmaceutical crystal®duced by batch crystallisation methtods
requiremilling. This serves to impwe downstream processability by producing a more
consistent CIS and can increase solubility of poorly soluble APIs by increasing their
surface are&lowever, this process can resulteduced yields due 1oss of material
and carlead to surface defeas the crystals and even loss of crystallinitytaltlee
high energies associated with the mill[8d]. The potential to remove the milling
process entty from the supply chain of a pharmaceutical has benefits for manufacturers
and consumers alik82]. Antisolvent crystallisan offers a method for the generation

of small crystals directly, without the need for extensive procf3jng

1.7.5.1 Solvent Recovery

Antisolvent crystallisation processes can require the processing of large volumes of
solvent and antisolverfthe environmental impact of the use of some eféhsolvents

can be of concerf84]. The solvent and/or antisolvent may also require-remewable
resources in themanufacture and may be expensive to produce and trangpsartH

cases, a recycling mechanism is desirable to minimise the effects of these factors.
Recovery of the solvent and antisolvent assists in theosédinment of a crystalliser,

which lendstself well to a continuous crystallisation platform.

There ae a number of separation techniques that can be employed, and the selection
of such a technique will depend on the properties of the solvent and antisolvent, once
again highlighting the importaa of solvent screening and select@momatography
is one & the mainstays of separation technigneshemistry A suitably designed
chromatography column would be able to separate a mixture of various solvents and

can be performed continuously, prostd the integrity of the column is not
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compromised over time df a high throughput, this process may require a high pressure

to operate.

Temperatureinduced phase separation is one reported method of separating solvents.
Diisopropylamine (DiPA) has beenosm to be a suitable antisolvent for the
crystallisation of daum chloride (NaCl) from watef85], with DiPA reducing the

solubility of NaCl, and showing a liquidjuid phase separation near room temperature.
Increased antisolviefraction gave higher yields of NaCl, but the miscibilitytho#

solvents increased as NaCl concentrations decreased, and the whole process had higher
calculated operating costs than the standard evaporative tecl8egeeal other
potential methods codilbe investigated such as the use of membranes, distilhation a

liquid-solid separation.

1.8 Platforms for Continuous Crystallisation

1.8.1 Mixed Suspension Mixed Product Removal Crystalliser

The MSMPR crystallisrs are a popular system for continumystalligtionas they are
easily adapted from existing STR technolodiégy operate by the continuous feed

of solventsolute into the crystallisation vessel, whereupon it is mixed with the crystal
suspension tha already within the vesgBll]. Supersaturation is then generated by
the desired process, such as addition of antisolvent, and new crystal material is formed.
Concurrently, a suspension of the MSMPR crystaltisetents can be fed into a second
MSMPR crystalliserSeveral MSMPRs can be connected together in a cascade, as
stown in Figure1.18. As the number othese vessels increases, the system likens to a
plug flow reactor. There is a practical limit as to how many of these units can be
connected in series, but a greater numbernpiatéy allows for greater control until
diminishing returns and improved likeood of failure of one of the units becomes a

concern.
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Figurel.18 An example of an MSMPR cascade with temperature diffessnce
the driving force of crystal growfth1].

One major advantage that MSMPR technology has over other technologies is th
existing batch equipment can be readily converted, reducing the cost to indhetry.
platforms are readily accepting of PAT sucRBRM and process video microscopy
(PVM) with little modification, compared to some PFRs that need large collars and
addtional sections to incorporate it. PAT can potentially be beneficial in an MSMPR
system, as probes can act as baffles to improve mixing, whereas it is likely to impede

mixing in a PFR.

1.8.2 Continuous Oscillatory Baffled Crystalliser

The Continuous OscillatoraffledCrystallisr (COBC) is a plug flow tubular reactor
vessel with oscillatory motion superimposed on this net flow. The tube is typically
smooth, with regularly spaced kedfthat induce eddy currenesshown inFigure

1.19 Thisvastly improvethe mixing of the fluid within the sections compared to a
regular pipe. These eddies in a standard tempentelled system ensur@icgand
thorough heat transfer throughout the fluid. To achieve plug flow in a tubular reactor
without the baffles iplace, the reactor would have to operate at very high flow rates.
The residence time of such a system is very low and impractical. CO®Ckager
residence times at a lower lengthdiameter ratio, which allows time for crystal
growth [86].
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Figurel.19: Eddies are generated as a result of oscillatory motion between the
baffles of a COB(87]

The fluid dynamics of a COBC are definbg the Strouhal numberS), net flow

Reynolds number (Rg and oscillatory Reynolds numbe&®d,), shown as Equations
1.5, 1.6 and 1.Dbelow.

Yo o 1
Tu (b ( 5)
YO
YQ — (1.9
V)
w] O
YQ 1[) .7

whereOis the diameter of the reactor (Myjs the mean net flow velocity (19, U is

the kinematicviscosity 1fi’/s), @ is the centreto-peakoscillation amplitudém) and
1 is the oscillation frequency (Hz).
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(a) (b) (c)
No baffles Low intensity High intensity

Re, = 500

Figurel.20. Oscillatory fow patterns in a COBC(a) low Re, unbaffled tube.
(b) low Re,, baffles present. (c) high Rbaffles preserB6]

The Reynolds numbedescribes how turbulettte fluidflow is within the reactarAs

can be seen Figurel.20, an increase in Reestts in geater turbulenceand therefore
more thorough mixing. The Reand Rg vary depending on the desired resimetime
within the system and the optimum mixing intensity, which may be limited by the
attrition of crystals at high Reynoldambers.Typically, COBCs are suited to long
residence times, and as such the Reusually low and Rerelatively high to
accoanmodate for this; as an example,,Re80 and Rg = 1000 were used for the
crystallisation of -lipoic acid:nicotinamide eorystal$88]. The Strouhal number is a
measure of the propagation\afrtices generated by the presence of the baffles, and

takes the unsteady flow that these generate into@d&9].

For cooling crystallisations, this interaction is described well Wintemsionless
Nusselt number (Nu), which gives the ratio of convective to conductive heat transfer
across a boundary (in this case, the inner wall of the COBC):

06 —= 13

whereQis the diameter of the reactor (r€)is the thermal conductivity of the fluid,

andQ isthe heat transfer coefficiefithe effect of the presence of baffles and oscillation
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on mixing in a tube has been inugated previousl{90]. As shown irFigurel.21, an
increase in net flow Reynoldsimber leads to an increase in Nusselt number, with a
more pronounced change with the presence ofdsafilgure1.22 shows an increased
Nusselt number when oscillation is applied to the net flow, with a more pronounced
effect with a higher Re This shows there is msificant improvement in heat transfer

in a tube with the presence of baffles and with oscillatory flow superimposed on the net

flow, and a lesser improvement in heat transfer with increasing flow rate.
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Figurel.21: The heat transfer for a smooth tube and a baffled tube with non
oscillatory flow[90]
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Figurel.22 The heat transfer for a smooth tube and a baffled tube with
oscillation superimposed on net flow (Rel60, Sr = 0.16]90]
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A representation of a typical COBCsisown inFigurel.23. In thisdiagram, there are
bends present in theetup. These sections are subjected to different fluid mechanics
than the straight sections, and so there is the potential for product variation to occur
due to these sections. Whether these sections aresphckemnot can also affect the
temperature prdé. The significance of this is dependent on the typeystalligtion

being performedHowever, hese bends are necessary to reduce the footprint of the
reactor, and so an adequate traffebetween spacend product control must be
achievedPracticdy, all lab scale COBC platforms are assembled with some number of

these bends.

High supersaturations and poor temperature control can lead to fouling in such
systems. In laboratory scale equipment, whereetiwdar is typically made of glass, this
can bedetected visually. In larger scale vessels operating at pressures unsuitable for
glassware, and where robustness is required, this can be detected by pressure changes
within the reactof91].
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Figurel.23 Schematiof a COBC[89].

An advantage of a COBC overtgpicalbatch process is that due to the mechanics of
the system, the reactor can be scaled up lineanmhcrease product output without
affecting product quality by maintaining the Reynolds and Strouhal numbers. This is
not possible in a batch process, where other factors become more prevalent and

problems arise as the reactor size increases.
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For coolingcrystalligtionsin a COBC, maintainingasmoothcooling profile can prove
challenginglependent on equipment desigrypically,stepwise temperature profde

are producedbased on the number of jacketsd heater/chiller unitpresent.In
products witha narrow MSZW, the temperature difference between the jacketed
sections could induce unwanted nucleation and fouling efreactor. Due to this,
primary nucleation followed by a suitable growth phase in a C&Bhedifficult to
achieve without foulinghte walls of the reactor. An alternative is to use the COBC
only for crystal growth by preparing a seed suspension eyteandlthen introducing

this to the crystalliserWith suitable temperature control, this eliminates primary
nucleation eventsSmooh temperature profiles have been demonstrated in a COBC
by use of a double jacket with countercurrent configuratie@f but increase the

complexity of the platform over their singbcket counterparts.

In order to test the suitability of a compound and solvent system for a COBC, it is
possible to operate a smaller scale batch oscilldfitey by stallisr (OBC) to mimic
closely the conditions in a continuous platfoiirhis allows for calculation of kinetic
parameters without the inherent wastage of material associat#tblatiger volumes
of acontinuously operate@OBC. Video imagingias been used in such a batch OBC
in order to monitor the crystallisation process intiead [93], andpotentially allows

for a feedback mechanism to maintain product specification.

There is only one&known example ofan experimentahntisolvent grstallisation
processn a COBC in the literaturd94]. The schematic of the platform is shown in
Figure 1.24, which was intended forthe generation of seed crystals. Rapid

desupersaturation was observed at a short distance from the mixing point.
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Figurel.24: Antisolvent COBC setup for thgeneration of seed crys{&i4].

For this setup, samples were taken every ten residence times until tttrebteaked

or until depletion of the feed solafi. The authors noted that steady state of solute
concentration was reached at the two sampling locaticensddC, within ten residence

times, and that this was consistent with other literature quotintOdresidence times

[9]. A steady state of the mean crystal size was also reported to be achieved within ten
residence times, but this aresize reduced towards the end of the reacteratipn.
Increasing the oscillation amplitude maintained steady state of concentration and mean
crystal size for a greater number of residence times, but control was still lost. This
improvement was attribetl to more thorough mixing provided by the greate
amplitude of oscillation. At optimal conditions, crystal size was maintained within +
3.01t m. Mean crystal sizes were lower upon an extended operation from 71.02 + 3.28
um to 44.63 + 3.01 um extended) vafi was attributed to the replacement of PVDF
baffe insertdor integrated glass. This reduced surface roughness and therefore potential
unwanted nucleation sites, and also removed the small gap present between the edge of

the tube and the baffle inserts.

1.8.3 Static Mixer Crystalliser

Static mixers are desgyl for thorough mixing of fluids by the action of the fluid passing
overamixing element. Due to the nature of the static elements, the extent of mixing

is determined by the flow velocity, with more thoglumixing at greater velocities.
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This therefore educes the residence time of these systems, and so they are therefore

more suited to fagjrowing crystals.

Operating static mixers at low flow rates can lead to sedimentation when mixing
solid suspensios suggested workaround is to mount the reactor vertically, with a Re
in the range 10A.000[95]. The applicatiorof oscillation to the net flow with the use
of static mixers, similar to the COBC, could be of inter€smtrol of heat transfer
within static mixer systesris predominated by the flow velocity, and so may not be as
suitable for coolingrystalligtion & other technologies. However, for antisolvent
crystalligtion, rapid mixing is required before the onsetrgstalligtion for consistency
in the product.These systems may be advantageous if temperature is to be kept
constant. The effect of temperatwersus flow rate on the crystal product in static
mixer systems could be of interéstsuch a system, there is the potential for secondary
nucleation dued attrition of the crystal product by impacting on the leading edge of
the mixing insert. This idearly undesirable, as control othex CSD is lostHowever,

the extent of this attrition will correlate with flow rate and residence time employed.

Alvarezand Myerson investigated antisolverystalligtion in a plug flow reactor,
utilizing Kenics hetial static mixers and varying the number of addition points of

antisolven{9], as detailed ifigurel1.25.
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Figurel.25: Antisolvent cryllisation in a plug flow crystalliser utilizing static
mixer insert$9].

The use of multiple addition points of antisolvent affortedrol over crystal siz€he

effect of these injection points differed between the two compounds investigated.
Flufenamic acid showed an increase in the mgatatsize as the number of antisolvent
addition points increased, which can be sedrigare 1.26. L-glutamic acid at first
showed a decrease mean crystal sizdollowed by an increase, implying the
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mechanisnof nucleation had a greatereeff on this system than crystal growth. A
potential method of expanding upon this work would be to increase the number of
addition points of antisolvent and the mode by which it is introduced into the

crystalliser.
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Figurel.26: The influence of static mixers on the crystal size distribution of
flufenamic acid.

The totalvolume of antisolvent introduced remained the same, but was split across one,
two, three or four injection pots. One injection pint of antisolvent resulted in the
generation of a large number of small crystals, due to the high supersaturation. Two
injection points, and therefore 50% of the total volume of antisolvent introduced to the
system, did not produce &igh a supersatuoat as in the case of one injection point.

This was also the case for three and four injection points.

The influence of the static mixers themselves was compared to an empty pipe with
no mixing elements, using flufenamic acid as tbdaincompound. The malts of this
are shown irFigurel.26, which show that the mean crystal size was much lower with
static mixers. The removal of the mixing insert ltssa longer mixing times within
the crystlliser. The results suggest that nucleation and crystal growth were already
underway before the mixing of antisolvent and solvent had completed. The authors
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reported a wider CSD in this case, which was in acocedaith results from other
source$96], [97]

A reducel flow rate resulted in smaller crystals, contrary to their original
expectations. A lower flow rate increases the residence time, and so would allow more
time for crystal growth. Note was made to the importarfomiging intensity, with a

higher intensityf mixing allowing for greater mass transfer and therefore larger crystals.

The crystal size distribution was measured using focus beam reflectance measurement
(FBRM) for flufenamic acid and-glutamic acid. FBRMdevices for such work are
probes that arenounted so that they make contact the crystal suspension itself. The
probe uses a laser and scans the solution to measure the chord length of a crystal. The
number of these measurements made by the probe givesStheMathematical
modelling was applied tihis crystalligtion system, but both a plug flow model and

axial dispersion model were unable to accurately describe the process.
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1.9 Summary

Crystallisation of APIs are typically produced in batches by either cooling, antisolvent
or reactive crystallisati. Batch crystallisation can result in high variability in the crystal
product between batches. Continuaugstallisation can be utilisedaoget CQAs that

are not achievabla batch processing.

Continuous crystallisation platforms generally consMiS&MMPRs and PFRs, the
selection of which is typically dependent on the process kinetics and the existing
infrastructure. PFRs tend to be maaited to processes with shorter residence times.
Of the available PFR technologies, COBCs have siawabilityto produce consistent
crystal products compared to their stirred tank counterparts. There is limited work on
antisolvent crystallisation usittge COBC and scope to investigate its application
further. Of particular interest is what are the limitationsso€h a process; which

attributes is the technology suited to, and for which would an alternative be preferable.

The purpose of this researchtd develop continuous antisolvent crystallisation
oscillatory baffled crystallisers to target various CQWes first chapter investigates
different antisolvent addition strategies and various flow conditions in a COBC,
covering a range of supersdiore. The second chapter considers an alternative OBC
technology and its application in continuous antisolveystalfisation, focusing on the
product polymorphism. The last chaptdilises sequential parameter estimation to
determine kinetic parametdrem experiments in an MFOBC and apglibemto the

optimisation of multiaddition antisolvent crystallisasama COBC.
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2 Aims and Objectives
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2.1 Aims
The intended aim of the research presented in this thesteisiopthe understanding

and practical applicatiaf continuousantisolvent crystallisation ascillatorybaffled
crystallisersThe goal isto utilise such crystallisers to demonstratéraoaver key
crystal qualities, specifically crystal size and polymorphisree Tesearch areas
addressed thigach demonstrating a different approach to continuous antisolvent

crystallisation and contriblereofin oscillatoryplatforms
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2.2 Objectives

Determine operational strategies for antisolvent crystallsat@@OBC.

T

T

T

Construct a COBC with solution and antisolvent delivery ports

Vary the ratio of antisolvent to solution the continuous crystaition of
anthranilic acido achieve a range of supersaturations.

Modify the flow velocities in the COBC to adjust residence tiamel local

mixing conditions at point of contact of solution and antisolvent.

Incorporate PAT taobtain realtime process infmation

Demonstratepolymorph control in a continuousintisolvent crystallisatiqorocess

utilising OBC technology.

M

Design and construct mbust continuous crystallisatigorocess utilising an
MBOBC platform.

Determine the effect of seeded and unseedeglaton on polymorph
dynamics

Determine the critical process parameters to allow for direct control over
polymorph production.

Investigate the steady state polymorphism and detekingtec limits of the

platform.

Develop a optimisationframework for continuous antisolvent crgdlisationin a
COBC.

T

T

Determine growth and secondary nucleation kinetic parametersthier
antisolvent crystallisation afithranilic acid in a batch moving fluid oscillatory

baffled crystalliser

Apply kinetic parametersto sugg@st optima forcontinuous antisolvent

crystallisation in a COB@@r targeted crystal produatitcomes
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3 Materials and Methods
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3.1 Materials

Anthranilic acid @-aminobenzoi@cid, CAS 1182-3) of >98% purity was purchased
from Acros Organicand Sigm&Aldrich. Ethanol(absolute, >99.8%, CAS 64/-5)
was obtained from VWR. Deionised water was produced in the laboratory via a

Millipore Milli-Q Integral Water Purification System.

3.2 Methods

3.2.1 Solubility Measurements

3.2.1.1 Crystall6

The Crystallé equipmentvas used ¢ determine solubility based on turbidity
measurement#\n image of the Crystall6 is shown kigure 3.1. The equipment
consists of 16 wells that each hold a stanid&ttbttomed HPLC vial of 1.5 ml volume
and 11.5 mm diameteffemperature control is provided by heating elements and
Peltier modulesStirring is provided by individuatigontrolled magnetic stirrershe

software interface allows for prograrblaaneatingand cooling cycles.

e ¥

Figure3.1. Crystall6 solubilitymeasuremerapparatuf98].

The experimental procedure involved placarange of known masses of compound
into the vialsInto these was then placeanl of the desired ethanol and water solvent
mixture, and a magnetic stirrbar. Vials were capped with a screw top cap. Stirrer
speed was set to 700 rpm. The following termagure profile was then set on the

software interface:
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Table3.1. Temperature profile for Crystall6

Ramp to 63 °C @ 20 °C/min
Hold for 5 min @ 63 °C
Tune
Rampto 5 °C @- 0.5 °C/min
Hold for 30 min @ 5°C
Ramp to 63 °C @ 0.5 °C/min
Hold for 30 min @ 63 °C
Rampto 5 °C @- 0.5°C/min

3.2.1.2 Gravimetric Analysis

Gravimetric analysisasused to determine solubilityy use of a custom water bath
apparatus, shown Figure3.2. This cansisted of &emperaturecontrolled water bath,
beneath which was a@®sition magnetic stirrer plate. A heater/chiller unit maintained
bath temperature in combination with two peristaltic pumps, one delivering water and
the other for level control and c&culation b the heatefchiller unit. A calibrated
thermometer submerged in the bath monitored the bath temperature directly. The

setup had a lid to minimise evaporation of the bath water and thus reduce heat loss.

To measure the solubilityhe solventsf interest were added to flasks and stirred for
several hours to ensure they were at the desired temperature. To each of these was then
added an excess of splidhich was stirred for three days to ensure equilibrium. Four
samples of solutions from eadtea fraction were subsequently filtered over a 0.22 um
filter, weighed, and evaporated to dryness. The solubility was determined from the mass

of the evaporated solvent and that of the remaining dry crystalline material.
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Figure3.2. Gravimetric solubility apparatus

3.2.2 X-ray powder diffraction

Solid samples were analysed offline bya)X powder diffraction (XRPD). Bta was
collected on a Bruker D8 Advance Il diffractometer with DeBggerrer transmission
geanetry, monochromated Cu j radiation ab-= 1.540596 Aoperating voltage of
40 kV and current of 50 mA, 1 mm ardivergence slit, 2.5 ° Soller slits and Vantec
1D detector.Samples were lightly triturated to minimise gmgferredorientation
effects ath mounted on a 28vell plate with X-ray transparent Kapton polyimide film
of 7.5t m thickness at ambient temperature. The plate was mounted omcamased
x-y stageData was collected over A-Pange of 4 ° to 35 °, with 8.017° dep size

and 1 seconger step.

Data that wasisedfor the preparation of a standard curve of polymorphic mass
fractions was collected by XRP@&n a Bruker D8 Advance Il diffractometeith

Debye Scherrer transmission geometry, monochromated Cur&diation ate- =
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1.540596 A operating voltage of 40 k&nd current of 50 mA, 1 mm antiivergence

slit, 2.5 ° Soller slits, an 8 mm astiatter screen and LynxEye 1D detector. Samples
were lightly triurated and placed within a 0.7 mm borosilicate glass capillary that was
rotated forthe duration of colleatin at ambient temperature. Data was collected over

a 4 -range of 5 ° to 35 °, with 8.017° step size and 1 second per step.

3.2.3 Ultravioletvisible $ectroscopy

Ultraviolet visible (U\tvis) spectroscopgan be used as a method to measure the
concentration of UYabsorbing compounds in solutidheasurements weperformed

using a Carl Zeiss MCS600 spectrometer with an attenuated total reflectance (ATR)
probe of 6 mm diameter, allowing for-ime realtime concentration measurements in

the batch OEC process.There are several advantages offered by ATRvigV
spetroscopy over other means of measuring concentration. As no samples have to be
taken, there isninimal interference with the system. The probe is suitable for use in
slurries, as only the concentration of the solution is measured, making it ideal for

crysallisation process@s].

Anthranilic acid was determined to beitably UV activeipon initial testing with
the apparatugand as reported elsewhd0] UV absorption is dependent on
concentration and temperature, and so a calibration curve was producedsjpasd
standardghat coveed a range of ethanol/water mixtures and anthranilic acid
concentrationsTemperature was maintained at 25 °C by use of a recirculating water
bath connected to the jacket of t¥BC in which the standards were placed, with
temperatee monitored directly inhte solution by use of a thermocouple connected to

a computer.

3.2.4 Microscopy
Crystal images were obtained with a Leica DM@B80ptical microscope with 2.5x,

5x, 20x and 50x magnification objective lenses.

3.2.5 Particle Sizing
3.2.5.1 Laser Diffaction

Laser diffractionang measurements were taken usikiabvern Mastersizer 3000 with
Hydro MV dispersant module and Hydro Sight imaging mgdiiewn inFigure3.3.
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Samples were wettevith saturated solution and Tweeng@factanto aid dispersion,
before being dispersed in saturated solution in the Hydro MV dispersicat 2000
rpm. Sample was added until the laser obscuration reached 10%. Six measurements were

taken and averagdor each sample, providing a ran§jsining statistical information.

Figure3.3. Malvern Mastersizer 3000 instrument and moda&s,

3.2.5.2 Focused Beam Reflectance Measurement

Focused Beam Reflectance Measurement (FBRBechnique used to track particle

size and number in retime. The probe s inserted directly into the crystallisation
process, where crystals flow past the probe window. The internal optics and mechanism,

dong with the measurement technique, are showrigure3.4.

Laser beam
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Figure3.4. Cutaway viewof the FBRM probe withillugration ofmeasurement.
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A laseris focused onto a sapphire window at the end of the probe. Rotating optics
moving at 2 m/s rapidly scans particles as they flow past the face of thre sapgdbiv.

As the laser scarisese particldsackscatter thiasedight to a detector. The duration

and number of backscattering events are measured, and the duration multiplied by the
scan speed gives the length the laser traces across the pafeicksto as the chord
length. Many of thesehords are traceshchsecond, which allows for a chord length
distribution (CLD) to be reported in real timdn this work, FBRM was used to
monitor process startup, from either seeded processes or to deteation, and to
determine steadstate operation. For processesatugg with similar conditions, this
allowed for direct comparison between CLIERs give an indication of process
performance.

Figure3.5. FBRM laser reflecting off particles in an OBThe lasepperates at
785 nm, which is invisible to the naked eye
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3.2.6 Sieving

Sieving is a technique used to break loose aggregates and pestlis®terial within

a desired size distribution depending on tesimsizes use®keed material was prepared

by the sievingof raw material from the chemical suppligrsieve nest was assembled
from test sievensisting of 63, 125, 250 and 500 um nesédo give a range of size
fractionsThe sieves were arrangeon smallest mesh size at the bottom to the largest
mesh at the top, with a receiving cup at the base for any material less than 63 um to be
collected. The raw material was placed in thpasmost sieve, and a suitable vibration

amplitude and duration weeelected to prepare the sieve fractions.

Figure3.6. Fritsch Analysette 3 Prieve shaker

3.2.7 Data Presentaticend Analysis

All graphgreentedin this thesis were produced from the raw data obtained frem t
respective instruments and processed using MicrosofaBRd@ligin XRPD patterns
were analysed using DIFFRAC.EVA and Topas software-dfidst derivatives of

UV -vis spectra weralculated using Aspect Plus software.
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4 Devdoping Antisolent Crystallisations in a
COBC
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4.1 Introduction

The COBC has been studied extensively for applicatiosomling crystallisation
[86],[89],[88]. Their good heat transfer capabilities, pflayy characteristics and
potential forlong residence tinseare all desirable properties tmmtrolling crystal
growth. However, attempts atontrolled primar nucleation within a COBC have
been fraught with difficulties. To achieve primary nucleation, rehatitédh
supersaturations amgically required, which in the case of a cooling crystallisation
requires a large step change in temperature. As thexoeainge surface is the wall of
the COBC, thiscan lead to encrustatiofihe build-up of crystalline matial on the
walls can impair heat transfer amatclude thevessekompletely necessitating the

shutdown of the system entirely.

To alleviate such problems, seed cryssaieantroduced to the system, providing
surface area to consume supersaturagigmdwth on these seed$he preparation of
seed material in itself can be very involved and require many steps such as milling,
deving andwashing[102] There can also be issues with transferring seed material to
the crystallisesuch ablockageof the seedine. However, aprocess with controlled
continuous nucleation would remove the necessitysémaratseed productiomnd

resuling in a more elegant process overall.

Antisolvent crystallisations generate supersaturationmabgifying solvent
compositionrather thantemperatug [103] Typically, a saturated or neaaturated
solution of a compound with a high solubility in a particular soliemixed with
another solvent in which the compound is poorly soluble or insoluble. The solute has
a lower solubility in this mied solventsystem Upon mixing of solution and
antisolventsupersaturation is generated that depending on the levelsdaim rapid
nucleation80].

The degree of supersation, usually referred to as supersaturation redio,be
controlled by various method®r antisolvent crystallisatiol@ommonly, this is
achieved by adjusting the amount of antisolvent relative to the solubwever, the
initial concentration of solute in solution can also be used to manipulate the
supersaturatioratio. Certain systemwill alsopossesa temperature dependence on

solubility, allowingfor combined antisolvent and cooling crystallisation for good
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control over gpersaturation and yielfihese factonsecessitai@ significant amount of
preliminary work to be performed investigating suitable solvent systems and solubility
screening before crystallisation can even be attempted. A thorough solventastreen
be omplex andmay be based oseverafactorsthe details of which gbeyond the
scope of this thesis; however limiscible solvents with a large difference in solubility

of the solute, low toxicity and low cost arsuallythe main consideratiofis04}

The residence time in a COBC is dependenttbe length of the device and the
totalflow rate Due to the modular nature of the platform, the length cambdified
by the addition or removal dfaffledsections. For cooling crystallisationsrésedence
time isconstant across the entire lengtatermined by the totdlow rate.During an
antisolvent crystallisatioaddition of antisolvent aolutionleads to an increasetime
total flow rate,and thus theesidence timelecreaseJ he platformcould consist of
multiple addition pointswhich would result in a cumulative increase in total flow rate
after each antisolvent additidviultiple additionsvould allow for greater control over
supersaturatioalong the length of the COBCsimilar to the principles of multiple
small step changes in teargiture for a cooling crystallisation versus fewer large steps
The idealpositions oftieseaddition pointsand amount of solvent delrnezl would be
dependent on the nucleation and growth kinetics of the system. Careful adjustment of
supersaturation woultk required to prevemhultiple nucleation events, which would
result in multimodal paticle size distributions, amd minimisedetrimental effects on

crystal habjtpolymorphismor agglomeration for example.

The potential effect of a muaddition praess can be determined by using a single
addition point and varying the conditions ovaultiple experimentsThis chapter
investigatethe practicalaitability of the COBC platform for unseeded antisolvent
crystallisatiomf anthranilic acidA DN15 COBC was constructed with an inlet for
antisolvent and an inlet for feed solutidrne soluliity of the model compound
anthranilic acid in an ethanol and water solvent system was deterAmntisdlvent
volume fraction,and thus thesupersaturation ratio, wasodified by adjusting the
relative volume of antisolvent to feed solution. The resglénte was controlled by
adjusting the total flow ratd&he temperature and oscillation frequency and amplitude
werefixedfor consistency to investigate effects preduny the other process variables
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4.1.1 AnthranilicAcid
Anthranilic acid (2aminobenzoic acidz-aminobenzoic acidjhe chemical structure
of which isshown inFigure4.l1, is useds a precursor in the synthesis of a variety of

compaunds,such aazodyes perfumesandloop diuretic such afsirosemide

O O
o
OH O
®
NH, NH3;

Figure4.1. Structure of anthranilic acid showing theutral (left) and
zwitterionic (right) species.

Anthranilic acid has been wstludiedin batch antisolvent crystadli|on from ethanol

and water Control overits polymorphism and differences in crystatphology have
been observed by varyittge antisolvent volume fractiofiz4], [105] The compound

is known to crystallise into three polymorpRerm | is thermodynamitlg stable at

25 °C and is enantiotropically related to forms Il and, Mhich are both
monotropically relatefl 05] Crystals and solutions of anthranilic acid are coloured and
rangefrom pale tan to brown, with some example crystals showigire4.2. Their
XRPD patternsand crystal structurase shown irFigure4.3 andFigure4.4. Due to

the existing bog of work done with this compound and particular solvent system, and
the relative safety and low cost of the materials, ideesied aood candidate for

continuousantisolventrystdisation studies.

50



Figure4.2. Large single crystals of anthranilic acid.

— Form |
— Form 1l
— Form Il

Intensity (a.u.)
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Figure4.3. SimulatedXRPD patterns from singlerystal databtained from the
Cambridge Structural Datab4$@6]for form | (AMBACOO01), II
(AMBACO03) and Il (AMBACOO06).
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B N S

Figure4.4. Crystal structures showipgcking and hydrogen bondifagy
orthorhombic form I(top), orthorhombic form ll(middle)and monoclinic form
Il (bottom) polymorphs of anthranilic acid
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4.2 Experimental
4.2.1 IsolationandSolubility of Anthrarilic Acid Form |

The anthranilic acidaw material obtained from Acros Organieasdetermined to be

a mixture ofform Il and Il by XRPD. It was therefor@ecessary to prepaned isolate
form |. This allowedsolubility measurements to confirm those meaishy Jiang et al
[24]. An excess of raw material was stirred in ethanol at 25 °C for one hour. The
resulting saition was filteredver a0.22 um filter into a separate flatk ensureno
undissolved material aolid impurities were carried ovehe addition of the
antisolvent (waterfo give an antisolventvolume fraction,3, of 0.7 yieldedcrystals
within approxmately10 seconds. A sample of #@id was isolated and determined to
be a mixture of forms Il and Il by XRPDThe suspension was stirred for 24 haitirs
ambient temperatuyafter which theemaining solid wasgtered and dried, and shown
to have trasformed to form | by XRPD.

The solubility of form | was determined biet addition of an excesd this
recrystallized material to 20 oflvarying ethanol/water mixtures, ranging frgn O
to 3 = 1. The suspensisnwere stirred on a muposition stirrer plate at 25 °C over
threedaysatfter which four samples of solutidresm each water fraction were filtered
over a 0.22 um filter, weighed, and evaporated to dryrfdss. ®lubility was
determined from the mas$ the evaporated solvent and that of the remaining dry

crystalline material.

The solubility was also measuremhgishe Crystall6 platfornVials were prepared
with varying masses of anthranilic acid to cover a range of tatapes at which the
solutionswould become clear. To these were addeahl of ethanol/water mixtures
ranging from3 = 0 to 3 = 1. A temperature profile was set through the software
interface to cycle the temperatae described in sectiBr2.1.1 A lasemeasured the
turbidity of the solution and was used to determine the solubilityl lmase/hen the

transmissivity reached 100%, i.e. a clear solution.
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4.2.2 COBC Platform forContinuousAntisolventCrystallisation

FBRM

To collection vessel = Feed solution/
i antlsolvent
Recirculating =T D
' water bath C
i :
D O
7~

4

X . [FH |-||
i Feed solution/ A
antisolvent 3

Figure4.5. Schematic of the COBC setup for antisolvent crystallisation.

Oscillator

The crysthization platform was a DN15 NiTech COBC, shovim Figure4.5. This
consistedof jacketed glass straights and berids5 mm internal diametemwith
integrated glass baffles and interconnecting polytetrafluoroet{®Igfie) baffe caps
between the joits to maintain the baffle geometry across connecting sedtloas.

internal geometry of the COBC is shown in detaiFigure4.6.
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Figure4.6. Internal geomey of the COBC.
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Oscillations were provided by a polyether ether ketone (PEEK) piston, driven by linear
motor at a frequency of 3 Hz and a certipepeak amplitude of 10 mniThese
oscillatory conditions were selectednstinat particles were visibly wellspended and
based on recommendation from other researefigrprevious experience operating

the apparatu¥he COBC was prefilled with either feed solution @antisolveh(water)
depending on the mode of addition eloyedto remove any air in the systeifhe

total volume of the COBC was approximately 830 ml, with the volume from the
mixing location to the outlet approximately 600 ifihe temperature was maintained

at 25 T by a circulating water bath (Lauda ECO RE 6@) connected to the

integrated jackeof the glass sections.

A saturated solutionf anthranilicacid in ethanol at 25 °C was used as the feed
solution, which was prepared from recrystallZexdn | materialand held in &-litre
jacketed stirred tanlDeionisedwater as antisolvenwas heldseparately in a-lire
jacketed stirred tanK hese were fed into the COBC via peristaltic pumps (520 Du,
WatsonMarlow) connected with Marprene thermoplastic elastomigng (3.2 mm
internd diameter, 2.4 mm wall thickness). Four antisolvent voluneidres(3) and
varying flow rates were selected to cover a range of supersaturations and residence times,
summarised iffable4.1. Two modes of adition were investigatedherein referred to
as onor mal addi t iutcomié fed intohthe ffirst inletlofehe C@BLd s o
by the oscillatoand antisolvent via the secomdn d oOr everwheretteddi ti o
positions are switched

Table4.1: Antisolvent volume fractiorg(), supersatation m@tio with respect to
form | of anthranilic acidS), and total flow rates for antisolvemystallisatiom

the COBC.
3 S Total flow rate (mlmin)
0.4 1.2 100
0.5 15 100
0.6 2.2 25, 50, 100
0.8 4.1 50, 100

The startup andime to steadytate of the processere determined using an-lne
FBRM probe (ParticleTracks400, Mettler Toledo). Solid samples were taken when
the FBRM total countsvere observed to platealhese were filteredver a Bichner
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funnel, washed with 25% ethal (v/v), ard dried over 24 hourat 40 °C The
concentration of thesolution was determad gravimetricallyy taking samples of

filtered mother liquoat various time intervals

4.2.3 Removal of Impurities from Raw Material

Initial experiments employedolutons preparedfrom the raw material directly.
However, these solutions were cloudy even whedersaturated with respect to the
anthranilic acid, and it became apparent that there was an insoluble component present.
A sample of this impurity was isolated analysed bXRPD, the results of which are

shown inFigure4.7.
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Figured.7. XRPD pattern for a known sample of NaCl and isolated impurity.

The first scan of this material wasfpened betwee 4 8 35 ° 2d, which did not

produce many peaks. This suggested the material may be inorganic, and a wider angle
scan was performed up to 80 4. 2nvestigation into potential routes of industrial
synthesis gave sodium chloride as-prbguct A sample othis was atsanalysed by

XRPD, which matched the isolated impurity.
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For experiments conducted by the normal addition mode, the solution containing these
impurities was used for the crystallisation process. After concerns that thesesmpuritie
may influere thecrystélisation behavioyit was decided to remove thettempts

at filtration of these solutions usiadgdlchner funnel and typical filter papers proved
challenging, as theapers would rapidly become cloggsticroscopy of thasoldaed

impuritiesshowed veryine particles, seen Figure4.8.
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Figure4.8. Isolatednsoluble componentsom the anthranilic acid raw material.

A simple antisolvent crystallisatimethodwasdevisedo recrystallise the material
saturated solution wpeepared in ethanol, to which a large volumeaferantisolvent
was addedThis rapidly crystalliseéte anthranilic acid from solutioAs the impurity
had been determined tcebsodium chlade, this excess of water served to dissolve
these. The recrystallised material was dhi@eughly and solutions prepared from it

were clear.
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4.3 Resultsand Discussn

4.3.1 Phase Diagram

The solubility data obtained by Crystall6 is showfRigure4.9, which covers the

range of solvent compositions that were to be agpdrimentally. The majority of the

data points appear consistent; however, this data was ultimately not used for generating
the phase diagm. As desityed previously, the Crystall6 uses temperature cycling in
conjunction with a turbidity measurement tetdrmine at which temperature all
material dissolves. This is dependent on the concentration prepared in each vial. The
temperature profiléhat was uskhad an initial fast ramp to a high temperature to
dissolve all material, followed by slow coolingrgstallise material and subsequently
slow heating to measure the clear point. This method brings about uncertainty, as it is
unknown as tavhich polymoph has crystallised in the vial, and so the clear point being
measured could be that of a metastable,fohe stable form, or a mixture. The
gravimetric solubility measurements do not have this uncertainty, as the stable

polymorph is presetn excess.
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Figure4.9. Crystall@and gravimetrisolubility measurement$ anthranilic acid
in an ethanol/water solvent system, coverrrgnge of antisolvefwater)
volume fractiong(i) and temperature€pen markers represent gravimetric

measurements @t= 0.6 6 0.1.
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Comparing the Crystall6 andetlgravimetric data, there is good agreementast
antisolvent fractions with the exception of = 0.40, for which the Crystall6
measurentgs report a greater solubiliigan the gravimetric measuremems this
particular antisolvent fraction and undlee conditions employed, it may be that a
metastable polymorph is more prone to nucledegtastable zone width information
could have beedetermined from the Crystall6; however tas a kinetic property

and the Crystall6 is a vastly different sydtamthe COBC, it was not reported.

The gravimetricallymeasured solubility of form | is shownkigure4.10 as lue
diamonds and the blue cure®. The solubility of form 1l was not measured directly
due toareported rapid solvemrhediated transformatiowhich would not be suited to
gravimetricmeasurementt is insteadapproximatedrom the form | data based @n
factor of1.2 x the solubility of form | according tdata reported by Jiang et [@4].
This is represented biye red curver*,,.
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Figure4.10. Solubility ¢*), dilution line (¢, maximum yield £&- ¢*) and
supersaturatioof anthranilicacid form | and Il at 25 °@s a function of
antisolven{water)volume fradbn (3) in an ethanol/water solvent system.

The overall shape of the solubility cureeshows three phases: the initial phase, where
at low water volume fractionsete is little difference in overall solubility; a +pigase

where slight changes in wateume fraction give a significant reduction in solubility;
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and a final region where large changes in water volume fraction give a negligible

reduction in solubility.

Antisolvent crystatitionsmust achievea compromise between reduced solubility
in the mixed solvent versus the dilution of the system by the increase in volume. This
is represented by the black dilution limewhich shows that the dilution effect is
dgnificant until3 & 0.25 for form I, after which the reduction of solubility becomes
more significant. This remains the case until very high antisolvent volume fradions.
the continuous antisolvent experiments described were operated with only one
antisolvent additiont is also important to consider the yield of the process, shown by
the dashed blue line- ¢f, and dashed red line ¢*,,. The maximum obtainable yal
in this system, in terms of mass of crystalline material per unit volume,3snéa,

and waselected for further investigation

4.3.2 Modes of Addition of Antisolvent and Feed Solution
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Figure4.11 FBRM total counts as a function of number of residence tfores
varying total flow rates and antisolvealume fractions. (& = 0.4, 100
ml/min; (b) 3 = 0.4, 50 mImin; (c)3 = 0.5, 100 ml/min

As was stated in.2.3 the normal addition method was conducted using solutions
prepared fronthe raw material directlyin these cases, the COBC was filkgth feed

solutionwell past theantisolventinlet to ensure that when antisolvent delivery was
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initiated there would be contact between feed smiutind antisolvent at time zero,

and the hydrodynamic environment should be consistér@.NaCl impurity in the
solution feedvasdetected by the FBRM as a spike in total couhitss can be seen in
Figure4.11, where condition (a) shows a large increase in total counts, and a more
significant gike than (b) or (c). The difference imese spikes is attributable to
differences in the amount of feed solution that wadilbed past the point of delivery

of antisolvent, with a greater volume of feed solutiorfiiiren (a), and a lower volume

in (b) and (c).

The reduction in total coustafter these spikes can be explained by two processes.
One isthatthe addition of antisolvent dilutes the total number of these impurities per
unit volume which reduces the total counts observidee other is thathe addition of
antisolventissolvesie NaCl impurities.The impurity particles are typically < 30m
in size as seen from the scale barFigure 4.8, which would lend itself to rapid
dissolutionThe presence of these impuritreay have an effeain the crystallisation
behaviouracting as sites for heterogeneous nucleation, and deulchgdtal properties
[107] This is not to say the impurities have a detrimental effect qorticess. From a
purification perspective, the dissolution of impurities whilst simultdgemystallising
the target compound is desirable. However, such investigatoabeyond the remit

of this chapter.

Based on the FBRM total count®) and (b) gpeared to reach some sort of steady
state after two residence times and fluctuated aroeat ralues of 2000 and 4000,
respectively. Condition (c) did not appear to reach a steady state, with significant
fluctuation in total counts for the duration ofetexperimentBoth (b) and (c) had
similar increases in total counts at approximately. Ti2ere may have been a similar
occurrence for (a); however, the large spike in total counts from the NaCl impurity

masked this.

There waslocalisedouling at the point of mixing of feed solution and antisolvent
notedfor each experiment.his in combiration with the fluctuating results for (c) and
the NaCl impurity prompted some adaptation of the setup. The feed solution and
antisolvent addition ports were switched such that mixing would occur under a reverse
additionmethod. To account for this changlee COBC was prefilled with antisolvent
instead of feed solution. Anthraniicid feed solutiawere prepared with the NacCl
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removed as described4r2.3 The following sections describe experiments conducted

using the revese addition methaod

4.3.3 Effect ofTotal Flow Rate

Three different total flow rates were investigategl a0.6. Their effect on the process
startup and steadwate is shown ifrigure4.12 andFigure4.13. The end points of the
traces are where the experiment was terminated either due to blockage from
encrustation, and/or observation of insufficient particle suspension for continuation of
the processThe FBRM tracesshow a rajul startupphase, reaching a plateau in the
order of one residence time. The total counts are showmcrease as a function of
increasing flow rate. This was accompanied by a reduction in the mean chord length,
as show in Figure 4.13 The mean chord length measuremealisgo through a
maximum before settling to a steady valsaggesting that the environment during
startup promotes a low number of relatively large ¢sydiafore then moving to a
steady stateondition. If one considers the environment during startup, the feed
solution encounters a large volume of antisoldastto the prefilling of the COBC,

generating very high supersaturations and promoting raglieition.
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Figure4.12 FBRM total counts as a function of number of residence times for
varying total flow rateg, = 0.6. (a) 100 ml/min (b) 50 mimin; (c) 25 mimin
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Figure4.13. FBRM mean chordength (squargveighted) as a function of
number of residence times for varying total flow rges0.6. (a) 100 nmimin;
(b) 50 mimin; (c) 25 ml/min

The concentration of the mother liquat the outlet sampled at steady FBRM total
countsdid not varysgnificantly between the three flow rgtasan average of 2498 .

An equivalent mass ainthranilic acichad therefore crystallized in each condition
investigatedThere is a difference residence time from the point of mixing to the
FBRM versus poinbf mixing tothe COBC outlet, whichcan be seen in the schematic

in Figure4.5, but this is relately small aapproximatelyd.15 z based on thé&engths

and not expected to be significanthe measured concentration was lower than
expected based on the solubilityzat 0.6. Samples of the solid phaaken at steady
state according to FBRM total counts waraalysed by XRPDshownin Figure4.14.
These patterns shawmly metastable form Il had been produceg at0.6across three
different flow ratesAccording to the phase diagram, the remaining solute concentration
would be higher due to the increasedubdity of form Il compared to form I. This
would require an increase frggn= 0.6 to 3 = 0.65 to account fothis difference. As

the concentrations were roughly equal for the various total flow rates, this discrepancy

appears to be systematic in nature.
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Figured.14. XRPD patterns for samplesarfithranilic acid taken at steady state.

A rapid solvenmediated transformation was reported for this system at comparable
antisolvent fractions by Jiang ef{24], with the first detection of form | at 8 minutes,

and a complete transformation of form Il to form | in 32 misué 25 °C ang =

0.7. At higher flow rates, it may be that teas insufficientesidenceime for such a
transformation to be observyedhich may be the case for residence times of 6 and 12
minutes at flow rates of 100 and 50 ml/mihowever, it would be expected théor

the lowest flow ratef 25 ml/min, where themeanresidence time is 2#inutes, at

least some discernible amount of forrvduld have formed via solvemnediated

transformation.

The first particle detected by the FBRM at 25 ml/marrived sooner thethe other
flow rates when plotted as a functiontieé number of residence times. In addition,
particles were observed earlier than the expected residence time for all experiments,
even if instantaneous nucleation were to occur ghoh® of mixing. Ths suggests the
solid particles do not experience the same residence time as the liquid components,
which has been demonstratedaidN15 systenfl08]. Centreto-peak amplitudes of
10 mm, as used in these experiments,hagher than the suggested optimum of
approximately 2 mm, which would resultanarge degree of axial dispersiorsdids

and would be more pronounced &wer net flow ratesThe optimum operating
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frequency and amplitude to minimise liquid axial dispersion is unlikely to be the same
as the optimum for minimising solids dispersidrere will exist a set of conditions
whereby the total dispersion of both liquadd solid componestcombined are at a
minimum. Furthermore, the design of the inlets and the antisolvent fractions used will
affect the velocity of flow from these locations. A narrow bore inlet tube will result in

a high velocity stream that may furthedfect the dispayitbetween axial dispersion
coefficients for solid and liquid components. These conditions would require further

targeted experiments to determine their effect.
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Figure4.15 FBRM total counts as a functiori oumber of residence times for
(83 = 0.6, 100 ml/min; (b)3 = 0.8, 100 ml/mirt (c)3 = 0.6, 50 ml min; (d)
3 = 0.8, 50 mi/min.

The trend of decreasing FBRM total counts wdtcreasing fle rate was also observed
at3 = 0.8, as shown ifrigure4.15. The total couts for bothflow ratesat this higher
antisolvent fraction were lower, which is expectadda on the lower mass of crystals
per unit volume that can be achieved at these conditions. The duration for which this
process could be operated before critiadirfg at the mixing point did not significantly
change as a function of flow rate, in castrto experiments 3t= 0.6, suggesting that

the high supersaturationzmt= 0.8 was limiting.
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An increase in particle size with an increase in mixing intensity has been reported in
other systemdn the static mixer setumvestigated by Alvarez and Myersomnxing
intensityis dependent on flow ratendlarger crystal sizes were observed asréitav
increased9]. For the COBC setup investigated by Browat al, increasingReo
increased the mean particle $824. These suggest more intense mixing leads ta large
crystal sizegjther due to improved suspension of large crytb@iswould otherwise
settle in the crystalliseor a more fundamental mechanism sucimgpsoved mass
transfe An increase in crystal size would have to be coupled with a decrease in th
number of crystals if the mass of material crystallising remains ¢cartstimtan be
deduced from thelecreasen FBRM total counts(Figure4.12) and increase in mean
chord length(Figure4.13) as tdal flow rate increasebhe velocity of thanlet stream
at the point of contact between solution and antisolvlesrtefore plays a significant
role in the mixing in this system, witn apparent increase in mixing intensity with

increased flow rate.

4.3.4 Effect of Antisolvent Fraction

The effect of varying antisolvent fractions at a fixed total flow rate on the FBRM total
counts is shown iRigure4.16. The lowest employed antisolvent fract@r 0.4 gave

the lowestFBRM total countsvalue, which increased fg = 0.5 and reached a

maximum forz = 0.6, before decreasimgainfor 3 = 0.8.

All conditionswere prone to fouling that ultimately required shutdown of the
process, the extent of whichppeared to correlate with the antisotvémaction
employed This fouling was localised at the point of mixing of feed solution and
antisolventHigher antisolvenfractions reduced the amount of time for the COBC to
be completely occluded and/or sufficient liberated gaactumulateto prevent
adequate mixing and particle suspension, requiring shutdGwmsiderable gas
generation was observed, which can affect particle suspénsieased antisolvent
fractions may also result in a greater amount of gas liberation due to decreased gas
solubilty in the solvent mixture, which is described in more dedéélrlin thischapter
Itis likely a combination of these effects that result in the reduced duration of operation

at higher antisolvent fractions.
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Figure4.16. Total counts as a function of number of resitktimesfor varying
antisolvent fractionga)3 = 0.6; (b)3 = 0.5;(c)3 =0.8;(d)3 = 0.4.
Total flow rate =100 mImin.

The effect of antisolvent fraction on the mean chord length is showabie4.2. The
shortest chord length is foundzt= 0.6, where the total countsre greatest. There is
a similar mean chord length fgr= 0.5, which combined with the lower total counts
at this antisolvent fraction, agrees with the lower maximum petdunit volume

achievable at this antisolvent fraction.

Table4.2. The median value of thmean chord lengtfsquarewneighted) for
varying antisolvent fractions and correspondind@ ml min total flow rate.

Mean Chord Length

3 Si (square weighted)
(um)

0.4 1.0 229

0.5 1.3 186

0.6 1.8 175

0.8 3.4 265
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Figure4.17. Mean chord lengtlisquareweighted)as a function afiumber of
residence times feraryingantisolventractions(a)3 = 0.6; (b)3 = 0.5;(c) 3
=0.8;(d)3 = 0.4. Total flow rate =100 ml min.

The crysalline material sampled during stable FBRM total counts for all samples was
determined to be form Il by XRPDOf particular interest is the rapid startup and steady
state achieved gt= 0.4. At these conditionsy = 1.0, whereass= 1.2. It would be
expected that any crystalline material produceterthese conditions would be form

I, as the supersaturation ratio must be greater hémm crystallization to occur.
Furthermore, the induction times at such superdainsavere meased to be between

1595 minutes in batch antisolvent crystallizat[@4$ The rapid startup in th case
shows tystals have been produced in the order of seconésnit¢ieation of form II

and rapid startup areadily explained by the presence of antisolvent in the COBC
prior to starting the flow of feed solution. The COBC needs to beffiedl with a
solvent prr to the flow of feed/antisolvent to purge any gases in the setup. If the
COBC is filled with antisolvent, then as the feed solution flow is introduced, it will
come into contact with a large volume of antisolvent, creating very high local
supersaturatian|f the target antisolvent fraction is relatively low, this will result in the
supersaturation passing through a maximum before reaching the stable condition. In an
unseeded process, this will generate nuclei very rapitya much shder induction

time than the mixing time the process can provide. The process will ultimately reach a
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steady state of concentration at the point of mixing, but by that point the presence of
the initial nuclei may allow for secondary nucleation. This magdvantageousifo

low supersaturations by preventing long induction tiamesreaching a steady state of
operation fasterbut could alter the crystal properties. fitkng the COBC with
solvent would provide a gradual increase in supersaturation asisblrent eates

the feed solution inlet. However, this introduces uncertainty around nucleation, and
could result in no crystallization occurring in the crystalliser if the inductionstitoe

long relative to theesidence time

4.4 Limitations of thdUnseeded COBC
4.4.1 Foding

Briggs et al. demonstrated that unseeded cooling crystallizatigiutéinic acid in a
COBC resulted in significant encrustation on the walls of the crystallizer, which was
alleviated with a seeding strat¢99] In such a process, the walls of the COBC are
where heat transfer occurs. As the antisolvent crystallizations were performed
isothermally, it was not expected that encrustationld preferentiallyoccur there.
However, encrustation was localised around tBbapedolventnlet shown inFigure

4.18 The local supersaturation at the point of mixing will be very high, which may
result in mixing times longethan induction timesdepending on the relationship
between mixing offered from oBatory conditions versus mixing due to the velocity

of flows The inlet is made 0816 gradestainless steel, compared to the rest of the
COBC which is of glassonstructio. This may also contribute to the fouling observed
due to differences in surfaceughness and/or surface enedjgn the material of
construction110]
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Figure4.18. Localised fouling of thetainless stdalet at themixing locationin
the COBC.

Potential practical issues regarding fouling for unseeded continuous antisolvent
crystallisation processes was identifie@upyet al.who devised a model pleidpw
crystallizer with optimised antisolvent additions with regards to the location and
amountsf antisolvenf111] It was noted that thenodelwas particularly sensitive to

the first antisolventddition in an unseeded crystallisatiand was important in
determining the final crystalqmuct qualities such as the C3te was also made to

the likelihood offouling at this first mixing poinshouldexperimentde attempted to
validate the model. Albeit natdirect comparison to their model parameters, the results
of this work demonstratthis to be a real considerati¢iurther work on the use of
models to aid the design of the process are present in Chapter 6.

4.4.2 GasSolubilities andDegassing

There was a gnificant volume ofgasbeing introducedo the COBC during the
experiments. Initisy, it was thought to be a leak at the mixing location; however, a
thorough leak test showed this was not the case. Mixing ethanol andselasrts
liberated gag he solbility of atmospheric gases in ethanol is significantly greater than
in water[112], [113] represented iRigure4.19. The gas solubilitgata igjiven as the
Ostwald coefficient for each respective gdwich is defined as the @f the volume

of absorbed gas to the volume of #iesorbing liquid114]

70



0.25
Ostwald coefficient for NF
.E 0.2 - Ostwald coefficient for OF
QO B e Ostwald coefficient for He
O
= [
B} 0.15 ¢
S A
(&)
O o1}
™ I
%
O 0.05 |
N R S e rr———

0O 01 02 03 04 05 06 07 08 09 1

77

u

Figure4.19. Ostwald coefficients for the solubility of nitrogen, oxygen and
helium in ethanol and water mixtures. Data sourced fidif], [113], [115]

Hence, @swas being liberated due to the differences in gas solubilitynuging feed

solution and antisolvent. This magt normally be considered @videntin other
platforms such &TRs, as any liberated gasses would escape to the head space of the
vessel. Due to the design of the COBC, which operates as-alosad sysm, the gas

could not be readily purged from the sek and accumulaten various sectior{gigure

4.20). This resulted in oscillation dampening, and therefore reduced efficiency of
mixing within the vessel, which wabservedy settling of particles. Furthermore, it

has been demonstrated that gassing supersaturated solutiecsezae the induction

time for nucleation compared tmn-gassed solutiofikl6] It cannot be ruled out that

some form othis mechanism was taking plamg it was noinvestigated in this work
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Figure4.20. Accumulation of gas in the COB@uring antisolvent crystallisatjon
resulting in oscillation dampening and reduced mixing

To successfully perform camious antisekent crystallisations in the COBC, a
degassing strategy would most likely have to be adopted to prevent the issues described
above. There are various strategies to degas solvents. One is to sparge the solvent with
an inert gas such as nitragéut this istypically done to remove oxygen in oxygen
sensitive processes, and as can be seguia4.19, there is still a reasonable degree

of solubility for ritrogen in ethanol. Heliunlhas a much lower solubility overahd

would beareasonable option for degassing, then onemust consider other factors

in the process. If ethanol was being used as antisolvent, then sparging would be a
potential option, athe antisolvent could be degassed and then stored in a sealed vessel
until which time it was required, and then a steady stream of helium gas could be
introduced into the vessel when antisolvent delivery was required to prevent
redissolution of nitrogemd oxygen. However, as ethanol is the solvent in this case,

the compound neexito be added to the solvent and dissolved with agitation, thus
increasing the difficulty of maintaining a degassed sol@itver methods involve
freezing the solvent, applyiagracuum and then thawing the solvent, but this is rather
labourand energyntensivefor large quantities of solveat,n d doesndt sol ve

of preventing redissolution of atmospheric gases when dissolving the compound.
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Figure4.21 An in-line degassing moduldacuum is appid to the shell side
and the liquid to be degassed flows through a bundle of silicone fibres.

Degassing is regularly used in hpginformance liquid chromatography (HPLC) by use

of an inline degass¢t17] which corsists of a gggermeable membrane across which

a vacuum is applied. This dmhe dissolved gas from the solvent, whilst the solvent
itself cannot pass across the membrane. The extent of degassing is dependent on the
membrane used, the residence timehi@ degasser and the vacuum applied. HPLC
degassers operate with small volyares so for a continuous crystallisation process the
flow rate would be too high for sufficient degassing. A higher capaditeidegasser

was sourced and is shownFigure4.21 It consists of a bundle of silicone fibres in a
housing that allows a vacuum to be applied across the shell, operating like an HPLC
degasser, but with a much higtieroughput.The operation of this degasser was tested

in the COBC, first with pure ethanol, and subsequentlycrystallisations using
soltions of anthranilic acid in ethandlhere was no gas liberation whiesting this
degassein experiments underonditions where gas was previously obserded.
quantified measurement of degassing was not made and issues with fouling were still
presentn the attempted crystallisatio@hemical compatibility must be considered
when using such degassers, as some confppand solventsin dissolve and degrade

the membrane and housing materials, but it was sufficient for this, systeatiowed

for the inline degassing of the feed solution directly.

4.4.3 Mixing Conditions

Due to the fixed geometry of the apparatus, themgixonditionsarenot independent

of net flow. At increasing flow rates of feed solution, the velocity of the liquid stream
from the inletincreases. This witlotentiallyproduce a jet of liquid that will traverse

several baffle spaces, and have aicagnigffect on the local mixing in this region.
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There are several contributing factors to the mixing in this system. The oscillation
frequency and amplitude provide mixing as described previously and well documented
[10], [89] The velocity of flow from the inlet has been shown to affect the crystal
propertiedrom the results described in thigapter Characterisatioof the mixingin

the presence of multiple flove®uld be attempted bgomputational fluid dynamics
studiedy building upon those performed previously for oscillatory [id@}5[120]

There would be additional compigéy with factors such as tiwelocity andratio of

flow from the inlet vslow in the COBC, the geometrnand position of the inletlative

to baffle spacingnd how the usual characteristics used to describe oscillatory mixing,
i.e. Res Re, and St, rel@ to these.
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4.5 Summary

Antisolvent cryllizationof anthranilic acichas been successfully demonstrated in a
COBC. A more consistenprocess startuwas observet the case ofhe reverse
addition methodreaching a steady state in the order of oneeese time. The process
rapidly desupsaturated, determined by the concentration of remaining solute in the
mother liquor. This suggests a rapid growth rate due to the measured particle size
compared to the residence time of the process. FBRM data suggelgation rate

increases as the floate increases in this procédstastable form Il was consistently

produced, even at relatively low supersaturations.

'Av# = W '“ ';\.J’

Figure4.22. Crystals of anthranilic acid form Il produce&at 1.5

Antisolvent crgtallization in a COBC is ssitive to a number of factorkocalised
fouling occurred in all experiments, which nstxdbe addressed in future experiments
with the COBC. Gas solubilities need to be taken into account when designing
antisolvent processesa COBC, due to their significant effect on the mixing and
consequentlyarticle suspension, and potentially nuideaflhis could be remedied
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by selecting a solvent/antisolvent pair that have similar gas solubilities, or by degassing
solvents prior tantroducing them to the COBCA continuous inline degassing

strategy is presenttmeliminate the effects of dissawgases

The normal addition mode has a very different startup strategy than the reverse
addition. If one considers the environment a& ploint of contact of feed solution and
antisolvent, as antisolvent flow is initiated it encounters a large volteee ablution.

The supersaturation ratio then dips as there is not a significant reduction in solubility
until 3 = 0.25. The supersaturation profile moves from low to high as the process
stabilises at the target antisolvent fraction condition. This @gtrast to the reverse
addition methodwhere the solution encounters a large volume of antisolvent. The
superaturation profile therefore goes through a maximum before reaching the target
fraction. This maximum supersaturation ratio occurs arguad.8, which explains

why for all conditions in the reverse addition mode there was a consistent startup, and

why metstable form Il polymorph was the only form observed.
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5 Polymorplism in a Continuous Antisolvent
Crystallisation
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5.1 Introduction

Polymorphism is one of the most important factors to control in the crystallisation of
an API. Different polymorphs of aompound can exhibit differences in solubility,
potentiallyaffecting the bioavailability of the compound, amdases where thereas
narrow therapeutic window this could result in increased toxicity or an ineffective dose
being administeredChanges inpolymorphism can also affect the downstream
processabilitpf materiathrough changes in shape or mechanical propgt&da$ A
thorough understanding of the polymorphic behaviour of a system can prevent
unexpected manufactog issuearising. It can also serve to protect intellectual property

andextendfinancial viability, as different polgnphs can be patentsdparatelji22]

Batch crystallisatiostudies have been conducted investigatieg polymorph
dynamic$123] [124] Polymorph control may be employédan unseeded procdss
several methods: carefaintrol of supersaturation; lmglying on a solvenmediated
transformation frona metastable to stable foron by isolatn of the crystal product
before such a transformation can take placesdmitol ofother attributes such @SD
and yieldmay behindered by such methadCrystallisation processesn control
polymorphism by employing a seeding strategyd careful adgtment of
supersaturation to prevent nucleation of an undesired[i&%5}) which also provides

control over CSDif the initial seed material has a narrow span

For a continuous crystallisation process, nucleation must constantly take place if seed
material is not beingontinuouslyprovided, otherwis¢éhe sedswill be washed out of
the crystalliserThus, seeding strategies that are traditionally adopted for batch
crystallisationare not readily transferrable to continuodisconstant supply of seed
material is often employed for continuous crystallisptioressg409]126] Thiscan
require the preparation and isolation of significant arsofiseed material. To deliver
the seeds to the continuous process, they are typically suspended in a saturated solution
of the compoundT his preventshe use of metastable polymorph as seed material, as
the solution would be undersaturatedhmiespect to a metastable form and result in
dissolution of some seed mater@hd potential transformation of the sedah
antisolvent process osan alternative seeding method in that seeds can be suspended
in antisolventHowever, if the compound is not completely insoluble in the antisolvent,

there can still béhe potential for solvennediatediransformationalbeit the rate of
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transformatiormay be affectedrhe seed material may also be poorly wetting in the
antisolvent, leading to difficultiessaspension and eveispersion of seefln idealised
processnay involve a controlled continuous nucleation of seed material that has a
specified ashnarrow CSD and the desired polymorph, that could therfedinto a

growth unitto achieve control over the final product quality.

There has beemvestigation intgpolymaph-specific MSMPR crystallisations for
enantiotropic systenj$27], [128] which successfully controlled polymorphism and
gave a high yield, but these involved a cooling crystallisation appfbéc chapter
investigates the polymorph dynamics in a continuous antisolvent crystallisation.
Anthranilic acid in an ethanol and water solvent system are once again employed due
to existing knowledge on the polymorphic behaviptif[5] andexperience with the
systen from work in Chapter 4.The effect of residence time and antisolvent fraction
on the polymorphism of anthranilic acid inMBOBC is investigated experimentally
Seeled and unseedesdtartup stratégs are employed to determine the effect of the

initial ed condition on theevolution of theprocess.
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5.2 Experimental
5.2.1 Moving Baffle Oscillatory Baffled Crystalli@BOBC)

Feed solution Antisolvent

To collection
f//' vessel

-

|

W,

Capsule
filter

Figure5.1. Schematic of the MBOBGetup used fantisolventrystallisation
studies.

The crystallisation platform used in these experiments is shokigure5.1. This
consisted of a jacketed vessel of approximately 25@arinum operatinggolume.

Within this vessel was a string of three PEEK baffles connectedtaiittess steel
threaded rods. Téhbaffle string was driven by a linear motor that provided oscillations

a frequency of 3 Hz and a cente peak amplitude of 10 mnThe temperature was
maintained at 25 °C by a circulating water bath (Lauda ECO RE 6201@)ected to

the jacket. A side podllowed for incorporation dFBRM betweenthe baffle spaces.

The MBOBC vessel was selected as it was expected to be more robust than the COBC
used in the previous chapter and not susceptible to the gas accumulainvisisin

would allow it to performas a continuous nucleation unit.

The experimental conditions used for the continuous antisolvent crystallisations in
the MBOBC are detailed ifable5.1.
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Table5.1. Experimental conditions for the MBOBC experiments

Temperature flc-)rvst?a:te rel\s/li((ej?errllce 3 S Seed Seed
CC (mimin)  time (min) load, % polymorph
25 50 4 0.46 1.59 0 n/a
25 50 4 0.46 1.59 10 I
25 100 2 0.46 1.59 10 I
25 100 2 0.46 1.59 100 I
25 50 4 0.60 2.76 100 I
25 50 4 0.60 2.76 10 I
25 100 2 0.60 2.76 100 I
25 50 4 0.35 1.19 10 I
25 50 4 0.60 2.76 100 1]

The MBOBC platform has been used previoullly characterisation of mixing
conditionsand temperature contrl abatch procegbatcould betranslatdto COBC
operation[129] but this is believed to be the first instance where ibkas operated

as an MSMPRerystalliser for antisolvent crystallisatidie MBOBC offers a different
hydrodynamic environment than a conventional MSM&Rred tank cryalliser as

mixing is provided by the oscillatory motion of a baffle string as opposed to an impeller.
The shearates will also differ between these systems, and is expected to have an effect

on nucleatiorf130]

Due to the presence of impuritidscussed in the previous chapadrigh-capacity
capsule filtefWhatman)shown in Figure 5.2 was used d remove these #fine,
eliminating the needo prepae recrystallised materidhis filter consistd of PTFE
membrans of 0.45um pore sizewithin a robustpolypropylene housingrhe feed
solution was comprised of anthranilic acid in 75% ethanol (v/v) saturated at 25 °C. This
differs from the solution in Chapter 4, where 100% etharad used for the feed
solution. This was decidaupon as there is no generation of supersaturation until this
point in the phase diagrarRigure4.10); there is a reduction in gas solubilfgure
4.19); and that the presence of water in solution may assist in dissolutienN#HClI

impurities in the raw materiahd increase the lifespan of the filter.

Seed loading is defined by the ratio of the added seed mags, tihé theoretical
yield, Y, as deermined from the concentration of the initial solution and solubility in

the final solution after addition of &ulvent.
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Figure5.2. Filter capsule used for-Ime filtration of impurities.

The feed saition and deionised water were held irlitbe jacketed stirred tanks
connected to circulating water baths (Lai@® RE 620 G). These werked into the
MBOBC via peristaltic pumps (520 Du, Watsbtarlow) fitted with Marprene
thermoplastic elastomer tubi(®2 mm internal diameter, 2.4 mm wall thicknegk)s

tubing was connected ®16 gradestainless steel tubin§1.6 mm internal diameter

to maintain the feed and antisolvent inlet positions across all experiments. The outlet
tubing also consisted ohé sameamodel of peristaltic pumpand elastomerttubing
material.The inlets were positioned above the operating liquid level of the vessel in an
attempt to minimise any fouling that may occur on the steel, as this had been observed

in the previous chaptevhere the inlet was in contact with solution at all times.

Initially, the tap at the bottom of the MBOBC was to be used as the outlet for the
slurry. However, the geometry of the bottom of the vessel resulted in sedimentation of
crystals at this locatiomhe outlet tube was then placed inside the platform between
the baffle spaces to prevent this sedimentafibe. vessel was filled with various
volumes of solvent to determine a suitable operating volume. If the liquid level is too
low, there is significaisplashing due to thep baffledisruptingthe airliquid interface.

If it is too high, the suspensiavill not be adequately mixed. A volume of 200 ml was
determinedo provide minimal splashing and good particle suspension at the operating
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frequency ah amplitude Degassing by the mixing of solvents wassaue inthe
previous chaptedue to the geometry of the COBC. As the MBOBE not a closed
systemany gases liberated from mixing of the solvents could escape, and therefore did
not hinder the procgs. The concentration of thesolution was determined
gravimetrially by taking samples of filtered mother liquor at various time intervals.

FBRM was used to give an indication of the dynamics of solid in the process.

5.2.2 Solubility Data for Anthranilic Acid aVarying Temperature and
Antisolvent Fraction

It has been showthat the solvermediated transformation of anthranilic acid form Il

to form | occurs at differematesdepending on the temperatufg05] with faster
transformation at lower tempéuges. This was considered as a potential control strategy
for driving polymorphism to a particular form, and so additional solubility data was
acquired for the systerfigure5.3 shows the gravimetrically determined solubility for
form | at 15, 25 and 35 °CThis strategy was ultimately not adopted, but the solubility
data is included here for completeness.

280
260 J 35°C
240 § 25 °C
220 A +15°C
200 A
180 -
160 4
140 -
120 - ¢

100 - .
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60 4 ¢
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20 A .

0 ] ] ] ] ] ] ? ? * ?
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Concentration (g/L solvent)

Figure5.3. Gravimetric solubility data for anthranilic afgdn | at 15, 25 and
35 °C across a range of antisol@rater)volume fractiongd) .
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5.2.3 UnseededbtartupProcess Operation

Forthe unseeded process, the MBOBC was startedadstebtisolvent crystallisation.

A solution of anthranilic acid with a concentration of 156 g per litre of 75% ethanol
(v/v) and deionised water were flowed irttee MBOBC to give 3 = 0.46 at a total

flow rate of 50 ml/minuntil the target volume of 200 ml was reached. The pracass
maintained as a batch until 20 minutes after nucleation was observed. Flow was then
reinitiated and the process operated as a ooatis crystallisevith the outlet flow

maintaining the 200 hvolume.

5.2.4 Seeded®btartupProcess Operation

For seeded experimentie MBOBC was prdilled with 200 ml ofsaturated solution

of anthranilic acidThe concentration and antisolvent fraction af grefill solutions
varied depending on thexperiment They were prepared such that the antisolvent
fraction was equal to that would be delivered in continuous flow during the experiment,
and the concentration was equal to what would be the equilibriumoentration under
these conditiong his ensuredseed mateal wouldbe suspended in saturated solytion

and that the antisolvent volume fractiwauld be consisterfior the whole experiment

The anthranilic acid raw material from Acros Organics wastanmmif forms Il and
lll, whereas form | was required for de®. As an alternative to preparing form | seed
material as was performed in sectidhl, form | raw material was ordered from Sigma

Aldrich. This was confirmed tiee form | by XRPD as shown ifrigure5.4.
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Figure5.4. XRPD patterns of anthranilic acid raw material froiffierent
suppliers and reference patterns from the Cambridge Structulzdgeata

The required mass of seéalseach experimentere weighed from the anthranilic acid
form | raw materiatlirectly. Seedmaterial was therapidly suspended in the solution
and inlet and outlet flows were initiatethe seedsvere only provided asanitial

bolusat the start of the experimeandwere not continuously fed into the MBOBC.

5.2.5 Quantification of Polymorphic Content

As it was expected that some experiments mayagiwixture of polymorphs, it was
desired to be able to quantify the relapeé/morphic content of each forim a sample

This was achieved by preparing standard samples of known mass fractions of each pure
polymorph. Form | material was the previousgtéed raw materiaForm Il was a

surplus sample from experiments in Chagtehat had been analysed by XRPD
previouslyand reanalysed to confirm it had not undergone transformation in storage.
Data was collected as described in Se&idi2 The pure polymorphs were lightly
trituratedseparately in aagate pestle and mortarminimise the effects of preferred
orientation These were then combined separate viat® give 250 mg ofmixed
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component as detailed Trable5.2. The mixtures were thoroughly blended to ensure

homogerity.

Table5.2. Polymorphic mass fractions of form | and Il for preparation of
calibrationline.

Mass fraction form | Mass form | (mg) Mass form Il (mg)

1 250 0
0.8 200 50
0.6 150 100
0.4 100 150
0.2 50 200

0 0 250

Analysis of the blends by XRPD gave six diffraction patternm Ehe peak height
ratio of peaksharacteristic to form | and form Il, which occur at 24.28 ° and 26.58 °
2[ respectivelyversus the known mass fraction in each sample, a calibration line was

prepared, depicted igure5.5.
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Figure5.5. Calibration line foranthranilic aid polymorphic content based on
ratio of XRPD peak height foform | (2d = 24.28°) to form Il d = 26.58°).

86



5.3 Resultsand Discussion

5.3.1 Effect ofUnseeded versus See&drtup
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Figure5.6. Concentratiorand Sover time for 3 = 0.46, 50 ml/min.
Upper limit (red line) maximum possible concentratiohmixture
Lower limit (green line)equilibrium concentration

The concentratioprofiles of the seeded and unseeded experiments are shogurén

5.6. The upper red line shows the maximum achievable concentration of anthranilic
acid in the soluat mixture after antisolvent has been added. This would be the
concentration if no crystal growth or nucleation were to occur. The lower gneen li
shows the concentration of anthranilic acid in the solvent mixture at equilibrium.
Therefore, the differencbetween these two bounds is the maximum amount of
anthranilic acid that could crystallise. Tihge and orange lines that lie between these
bourds represernhe measured concentratidrhe dashed lindsghlightthe difference
between the starting conceation of the process and the first measured concentration
value The unseeded process starts at a higher concentration, due to there besng no pr
fill procedureand duration of batch operatiam place for this condition. This higher
concentration therefe produces a greater supersaturation ratio in the unseeded process
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than is present in the seeded procEss concentratiosof both processekdn tend

towards a similar value.
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Batch Continuous
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Figure5.7. FBRM total courisfor 3 = 0.46, 50 ml/min, unseeded.

The FBRM data inFigure5.7 shows the solid dynamics inglexperimentThe pracess
rapidly nucleatesgs indicated by the initial spike in the FBRM total counts. The
number of crystals then trends upwards for thetidaraf the batch phase of operation
albeit appearing to be approaching a plateau. After 20 minutes of batcloopieedi
solution and antisolveirtlets andthe outlet flows were initiated. There is a decrease
in counts at this point, whicks indicaive of thedisplacment of materiafrom the
MBOBC. This decreaseasthen followed by a large increase in the totalnts, and
was also observed visually by a denser crystal slurry in the crystaltisetuous
secondarywucleation is therefore takindace; otherwise, the decrease in counts that
was observed when flow was initiated would have continued until thase ne

crystalline material remaining in the vessel.
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Figureb.8. FBRM total countdor 3 = 0.46, 50 ml/min, 10% seed load.

The point of addition of the seed material can be seen in the FBRM daiguire5.8.

After theseedsvere suspended, inlet and outlet flows were initiated. There is a decrease
in total countsat this point, attributed to the washing out of crystals as was seen in the
unseeded startup proces§igure5.7. This was similarly followed by a large increase

in counts.

It is important to note that due to the startup proaedfor the unseeded process
where the vessel was filled from empty, the solution was not well mikkthaniquid
level reached the first baffle. Nucleatimrcurredrapidly and wasobserved before
thorough mixing of the feed solution and antisolvend, ia likely due to high localised
supersaturation at the point of contaat.alternative startup ategy for the unseeded
condition would involve preilling the MBOBC with solvent or a saturated solution
and operating in a continuous mode for a numdsieresidence times until enough
solution had been displaced to provide the target concentrbtawever, as there is
no realtime concentration measurement in this case, it would have to be estimated
when the target concentration had been reached befaehsg to batch mode and

then back to continuous. It is also probable that nucleation would tates iplahis
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startup phaseTherefore, the alternative startup with no -fitlein the unseeded

experiment was deemed a suitable compromise.

70 min
60 min
50 min
— 40 min
— 30 min
— 20 min
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Figure5.9. XRPD patterns forg = 0.46, 50 mimin, unseededThe first sample
at 20 minutes represents moving from the batch startup mode to continuous.

For theresults of solid form from thenseeded condition iRigure5.9, thefirst sample
consisted of mestable form Il polymorp, with form Il being maintained for the
duraton of the experiment at oveBkesidence timeger continuous modeAlthough

the process had operated as a hatobess at the start of the experiméarim | was

not detected after 20ninutes, and swolventmediated transformatiohad not
occurred However, the lower measured concentratiorR@tminutesvs the seeded
experiment may suggest that the process was tending towards nucleation of stable form
| beforeswitching to continuousmode andhad batch operation been maintained for
longer,form | mayhave nucleated.
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Figure5.10. XRPD patterns forz = 0.46, 50 mimin, 10% seed load.

In contrast to the unsded experimenin the presere ofseeds of formthere was no
metastable form Il observéalr the duration of the experiment gppoximatelyl7
residence time&orm | was the only polymorpproduced demonstrating the direct

control expected antthat there was a lack of any unwahteicleation.

The results here are in agreement with observations in Chapter 4, such that in an
unseeded continuous crystallisation process with sufficient supersaturation, form Il will
nucleate and be maintained. Thencentration at the end of both expaents were
equivalent, suggesting thia¢ére was a quasteady state production of form Il, and that
had form | nucleated or been added manually there may have been a shift from form I
to form | production.

The presence of slight variation in the pattar Figure 5.10 for the 55 minute
sample at 14 ° and peak height at 25 ° across all samples could be attributiegto the
scan speed employed (1 sec/0.017 ° step), which would affect the resolution of peaks.
A slower scan speadbuld have given higher resolution, but would have increased

collection time significantly
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5.3.2 Effect of FlowRate
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Figure5.11. Concentratiorand $data for3 = 0.46, 10% seed load.
Upper limit (red line) maximum possible concentratiohmixture
Lower limit (green line)equilibrium concentration

The residence time in the crystalliser wathiced from four minutes to two minutes
by increasing the tal flow rate from 50 to 100 rhinin. Initial ed loadingand
antisolvent volume fraction were kept constant at 109gan@.46 respectively. The
concentration profileare shown inFigure5.11 At higher flow rates, the process
operated at a higher comteation than the respective lower flow rate conditiand
therefore a higher supersaturatiaith an olserved maximum of, & 1.34. This
supersaturation therefatees have sufficient time to bensumed by either nucleation
or growth After the feed solution was depleted for the higher flow rate condition, flows
were stoppednd the unit operat as a batcprocess for 20 minutesighlighted by
the dashed orange linEhe concentratiorthen reaches the equilibrium concentration
for form I.

The polymorphic outcome of the higher flow rate conditioh 100 ml/min is
shown inFigure5.12 In comparison to the lower flow rate conditiaf 50 ml/min

shown inFigure5.10, where the polymorphism remains consistenbss all sampkes
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form |, the presence of metastable form Il is rapidly detectdladt second sample.
All subsequent samples in continuous operation show a mixture of forms | and Il. Batch
operation for 20 minutes shows only the presence of form I, and was therefore sufficient

for solventmediated transformation of the form |l matkrwaform I.

— 56 min (20 min batch)
— 36 min
— 30 min

22 min
— 16 min
— 11 min
— 5 min
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Figure5.12 XRPD patterns forz = 0.46, 100ml/ min, 10% seed load.

The gquantified polymorphic fraction across the experiment is showigume5.13.

This showshe rajd formation of form Il in the process, contributing to roughly half

the polymorphic content of the experiment just over five residence times into
operation. This then increases to where near 80% of polymorph in the process is form

[I. This behavioucouldbe explained by a number of mechanjsirstussed below.
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Figure5.13. Polymorph dynamics in the continuous prodegsveen | and Il
3 =0.46, 100 ml/min, 10% seed load

Clearly form llis producedy nucleaibn, as there are no form Il seeds present at the
beginning of the experiment. Threduction in percentage of form | could be attributed

to theinitial form | seed material washingt@f the MBOBC; however, the amount

of form | present does nogach zerpso brm | nucleation must occur as the fraction

of form | in the process then increases. This mechanism could be due to secondary
nucleation of form | by the presence of form Idsem by primary nucleation of form

I; concomitant polymorphisnmithis system has been reported previouslywauodd

be a likely explanation as to the mechanism occurring f2&e However, in the
unseeded experiment only form Il was present, even when operating at lower
supersaturations than in this instance, which removes the possibility of both the primary
nucledion of form | and also a solventediated transformation progestherwise it

would have been observed in that experiment. Therefore, it can be concluded that the
mechanism responsible for the presence of form | is due to secondary nucleation from

the initial seed

Previous work by Jiang et al with this compound amigdesit system identified
regions of supersaturation whereby form [, Il or a mixture could be obtained, as shown
in Figure5.14.
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Figure5.14. Polymorphs of anthranilic acid as a function of supersaturation and
antisolvent volume fractioR eproduced fronj24].

The maximum observed supersaturation at the higher flow rate condition=wh84%

versus the lower flow rate condition=S1.23. Based on the information kigure5.14

and from experimental dat#jg suggests the limit of supersaturation to produce only
form | lies between these valu€kerefore, to produce form | exclusively, one would

have to ensure the supersaturation in the process did not exceed the threshold at which
form 1l then nucleatesThis could be achieved by operating with a longer residence
time, such that the supersatima has time to be consumed by growth of form |
material. To produce form Il exclusively, either an unseeded startup strategy, seeding

with form Il or short residere times would be required to prevent form | nucleating.

An alternative condition was instiggated with a higher antisolvent fractpn=
0.60, again with a 50 and 100 m#in total flow rate and a 10% seed loadidge to
the higher antisolvent fraction, the it concentration was lower at 30.3 g/L.
Concentration profiles for these experiments are depictédjime5.15. As was the
case with the lower antisolvent fraction condition, at higher flow rates the concentration
remains higher than lower flow rates throughout the course of the continuous portion
of the experimentAs in the previous condition, thanit was operateals a batch process
for 20 minutesefore the end of the experimefthe concentration then reaches the

equilibrium concentration for form | within this time.
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Figure5.15. ConcentratiorandS data for3 = 0.60, 10% seed load.
Upper limit (red line) maximum possible concentratiohmixture
Lower limit (green line)equilibrium concentratian

The polymorphic outcome of these higher antisolvent fraction experiments are shown

in Figure5.16 andFigure5.17. The polymorphism at 50 ml/min is consistently form |

for the duratio of the experimentapproximately 16 residence timAs.mentioned

for Figure5.10, the change irrigure5.16 for the sample at 38 minutes at 14 ° can be
attributed to the fast scan speed and slight variation in sample and plate preparation that
can affect the resolution of peaks. With the rest of thermpabeing consistent with

other sampleghis was not determined to be a significant enough difference to be of

concern.
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Figure5.16. XRPD patterns forz = 0.60, 50 ml/min, 10% seed load
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Figure5.17. XRPD patterns forz = 0.60, 100 ml/min 10% seed load
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At the higher flow rate of 100 ml/min, metastable form Il is rapidly produced, being
detected by the second sampléoat residence times. The process tbparates with

a mixture of forms | and Ipresentor the duration of the contuous portion of the
experiment,23 residence time#fter the process moves from continuous to batch
mode,there is a solvemmediated transformation, and after 20 minute®m@i 11 has

transformed to form. |
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Figure5.18. Polymorph dynamics in the continuous process;
3 = 0.60, 100 ml/min, 10% seed load.

The quantified polymorphic fraction for this condition is showRigure5.18. As was
observed ifrigure5.13at3 = 0.46, there is a reduction in the mass fractiorbatixble

to form | due to the nucleation of form Il. This reduction in form | continues up to 32
minutes, which is equivalent to 16 residence times in this instancéhétadeen no
continuous nucleation of form I, it would be expected thatreater pragtion of the
initial seed material would have washed out of the MBQ@&E€r this many residence
times; therefore, even though there is a reduction in the amount of Ifpnesent

relative to form I, there is still continuosscondarpucleation of form occurring.

All continuous experiments performedzat 0.60 in Chapter 4 produced form I

exclusively, at flow rates ranging from 25 to 100 mil/min. Batch antisolvent
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crystallisations at comparable antisolvent fractions also produced form Il exclusively
[24]. However, it is not theantisolvent fraction, but the degree of supersaturation that
determines which polymorghwill nucleateThe supersaturation ratio at the higher
flow rate reaches its observed maximum at 4 residence times, witt38, which is

when form Il is first deteted inFigure5.17. It is possible that the supersaturataiio
between sampling times was even greater than this, but regéndless/as a point
where sufficient supersaturation was generated to indunedhteation of form Il. The
lower flow rate condition reaches an observed maximum supersaturatior 8ato o
1.23. There was insufficient supersaturation under the lower flow rate conditions to
induce the nucleation of form lISecondary nucleation inded by the presence of
form | seed material is sufficient to maintain form | at low flow rates, bue¢badary
nucleation kinetics are not fast enough to overcome the increasing supersatiration
higher flow rates, and form Il nucleates. As in thesloantisolvent fraction conditions,
forms | and Il are maintained throughout the experiment, implying dbatpeting

nucleation mechanisms are taking place.

5.3.3 Effect of Seed Polymorph

Form 1l polymorph of anthranilic acichad been previously isolatég sovent
mediated transformatidinom form | at elevated temperature described1®5] A

sample prepared by this approaels sieved to < 250 um and used as seed material for
the experinent described here. The earlier work all used form | seed material. Form Il

is a metastable polymorph, @bk the solubility lies between that of form | and II. It

was hypothesised that the presence of form Ill seed, being more stable than that of form
[I, may promote secondary nucleation of form Ill and demonstrate a reliable method

to produce this form.

Basd on the success of the seeded experiment performed at 50 ml/mig with
0.80 at producing form | continuously with no form Il present, and that dnidlow
rates had led to nucleation of form II, the lower flow rate condition was selected.
Initially, a 10% seed loading of form Il was used. However, upon attempting
suspernsn of form 1, the material rapidly dissolved. The solution that the seeds wer
introduced to wasaturated with respect to form |, and therefore undersaturated with
respect to form Ill.The MBOBC was flushed with fresolution and a much more

substandil seed loading of 100% was used. This would ensure that even though some
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of theseed material would dissolve, there would be a significant amount of form 11 still
present in suspension to promote secondary nucleAtie@xperiment was also carried
out with a 100% seed loading of form | mateagg = 0.60 to make comparisons

betwesn the conditionsvith minimal variation.

The concentration profiles for the two different polymoggleding experimerdase
shown inFigure5.19. The first samples at two minutes correspond to half a residence
time. The concentration for the form Il seeded experiment is higher than that of the
form | seed. This can be attributed teetdissolution of some form Il material. The
concentration then pr@eds to decrease and reach a steady state, in contrast to that of
form | that increases before reaching a steady state.
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Figure5.19. Concentration data fog = 0.60,50 ml/min, 100% seed load
Upper limit (red line) maximum possible concentratiohmixture.
Lower limit (green line)equilibrium concentratian
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Figure5.20. XRPD patterns forz = 0.60, Form lll seed50 ml/min, 100% seed
load

The polymorphic outcome of the form Il seeded experiment is showigure5.20.

From the firssampleonly the presence of form Il is detected. This is understandable,
as there is still a mificant amount of the initial seed material still present in the
crystalliser. After two residence times, there is still form 11l present, but form W is no
detected and has therefore nucleafedm Il then proceeds to become the dominant
form for the emainder of the experimerftorm| wasdetectedowards the end of the
experiment, at approximatelyd %. Therewas no discernible form Il present by the
end of the experiment at over 12 residence times.

The presence of form Ill seelid not appear tqoromote secondary nucleation of
form 1ll, nor did it prevent the nucleation of form Il. As the observed maximum
concentration was greater for the form Illldegkexperimentit is possible that form Il
was produced by primary nucleatidtowever, an alterna mechanism could be that
form Il seed material acts as a template for the secondary nucleation of form Il, which
has been reported in other syst¢h3d ]
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Figure5.21. Relative solubility of the three polymorphs of anthranilic acid.
Reproducedrom [105]

Form Il has reportegllan intermediate solubility, and therefore intermediate stability
relative to form | and Il at 25 °C, as depicted-igure5.21. This makes it difficult to
target this form under the conditions tested. An alternative method thaprove
more successful would involve performing the process\ated tengrature where

form 1ll becomes théhermodynamically stable form
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5.4 Summary

Continuousantisolvent crystallisation of stable and metastable polymorphs of anthranilic
acid have éen demonstrated in an MBOBC for the first tim€ontrol over
polymorphsm was achievedby varying residence timand initial seed polymorph
within the crystalliserStableform | polymorphwas produced exclusively when a
seeded startup strategy was enaplognd residence times were sufficiently long.
Metastablgform Il polymorph was produced exclusively with an edse startup

strategy.

A mixture of stable and metastable polymorphs were produced when the residence
time in the MBOBC was decreased by meaisicreasing flow rates of feed solution
and antisolventSecondary ncleation kineticsvere deemed insufficietd maintain
the stable polymorplexclusivelyunder these condition¥he MBOBC platformwas
demonstratedo operate as a robust continuous leation unit with polymorph
selectivity This continuous nucleation platform could be pled with a growth unit
to target other attributes such as C&Dyield that were not directly explored in this

chapter.
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6 Determination of Kinetic Parametersr fthe
Optimisation of Continuous Antisolvent
Crystallisations in a COBC
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6.1 Introduction

It is essentidbr industrial crystallisation that the process is tightly controlled and
monitored, to ensure the production of a crystal product with the nec€&Q&y In
addition, there must be sufficightoughputsuch that the supply chain is notdemed.

To ensurethe necessary throughput whilst not having a detrimental effect on the
product qualitiegprocess optimisation strategiesdevelopedvhichtypicaly involves

a combination of PAT and mathematical modelling of procEg8sWhen designing

a crystallisation process, the CSD is the attribute that iscomastonly desired to
control, as it influen@several downstream processes. The CSD is dependent on several
mechanisms, such as nucleation, growth, attrition and agglomesdticimgdepending

on how the process is desigreshall occur concurrentlguring crystallisation.

The evolution of CSD throughout a crystallisation process can be described
mathematically by the use of population balance equé@&tss) There aregenerlly
two approaches to estimating model paramefengs can either be performed
simultaneously, whereby all crystallisation phenomena at the same tinendare
fitted in one expressioby usinga least squares methfiB319[135} or sequentially,
whereby these phenomena are decoupled, allowing for independent determination of
kinetic parametelfd36], [137] The first approach has disadvantages in that it produces
numerical values for kinetic parametevghout physical basi§l38] which is
undesirable if thenodel is to be used to inform crystallisation processes that have a
broader range of operating conditions and target crystal attrifutesefore, a

sequential parameter estimation method is employed.

Previous chapterwere focused primarily on polymorphism as the key product
attribute. However, controlling other attributes such as the crystal size and yield are also
critical to crystallis@an processes. This chapter investgytite use of population
balance model® toptimisea continuous process fidrese attributesGrowth and
secondary nucleation kinetics of anthranilic acid in ethanol and water soéwgons
estimated achieved by igbermal seeded batch experiments in a moving fluid
oscillatory baffled crystalliser (MFOB®&)sequential parameter estima@qproach is
taken to determine kinetic parameténs designing experiments that minimise the
occurrence of mulgile crystallisath phenomenawith the resultant data incorporated
into the gPROMS FormulatedProducts In3odelling platform to solve the PBEs.
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6.2 ExperimentaBetup

C———
FBRM _
Oscillator
| »
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Recirculating
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Figure6.1. Batch moving fluidDBC for antisolvent crystedation

The experimental apparatus is shown Figure 6.1. Antisolvent crystallisation
experiments were performed in an OBf approximately 190 ml total operating
volume. This consistedf a piston head in a DN22 section of OBconnected to a
DN15 baffled bendection, which in turn was connected to a DN15 straight section
with portsthat allowedor theincorporation of PAT This straight section consisted of
a different internal geometry than the other sections, the detailgabf ark described

in detail elsewherfl39] and was used due to the presence of these qmitshe

improved mixing and particle suspension characteristics over the previous DN15 baffle
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design[140] A recirculating water bath was connected to the integrated jacket to
maintain temperature at 25 y@hich wasmonitoredwith a thermocouple mounted
directly in the process. The bend section was not jacketed, but due to thiéyntdjo

the equipment being jacketed and the process being operated near lab tengetature
therefore no significant temperegudifferentigl there was not expected to be any
significant effectMixing was provided by piston driven by a linear motor éra
control box that allowed for modification of oscillation frequency and amplifude.

bleed valve facilitated filling of ti@BC at the beginning of the experiment.

6.3 Experimental Procedure

6.3.1 Phase Diagram aiitkperimental Parameters

A number of concentratias of anthranilic acidsolutionsin various ethanol mass
fractions were prepared detailed ifable6.1. This was achievealy the addition of

the desired mass of compourthanol and deionised water a flask and stirring at
elevated temperature until the material had dissolved. The ressdiingons were
filtered over a 0.45 pm filter to remove impurities that were present, resulting in clear
coloured solutionsThe phase diagram and intended experimental trajectory is shown
in Figure6.2. The highlighted rows imable6.1 and red dashed lines kigure 6.2

show conditions that were originally intended, but had to be modified, the reasoning

for which is desribed in detail in sectio®.3.3

Conditions were selected to maximise the effects of crystal gomeththose of
secondary nucleatidty employing aelativelylow power density and providing a high
surface area lthe use ofa higher seed loadingf small seed$or expeiments to
maximise secondary nucleation, the seed loading wasloweh and the seed sizes
and power densities were either equivatenotr greater than those for the growth

experiments.

Power densities weralculated by the following equation:

GE "W p I 7
o 0

(6.0)

£l e
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where¢ is thenumber of baffles per metrejs the liquid densityp is thecentreto-
peakoscillation amplitude (n1) is the oscillation frequency (Hg) is the free aresa
calculated by the orifice area divided by the tube areagans the discharge

coefficient.

As the piston head was 22 mm in diameter, compared to the 15 mm of the rest of
the apparatyusny seto on the control box of the piston would resuita higherw
being provided to the DN15 sections. This was therefore accounted for to ensure the

correctw in the DN15 sections were reported.
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Table6.1. Experimental ppcess parameters forddic studiesHighlighted rows show originally intended experiments before these
conditions were deemed unfeasible by preliminary experiments.

Initial  Initial & | Mixed Mixed @ Seed Power

# | e 19 | Qe / ct oo (cogfer ) Seed  nggt 5 ()Xo genit
(g//g)/ ( so(lﬁt?on) (g//g)/ ( so(I?Jt?on) (9/9) (9/9) (g/9) loading (um) ( (mm) (W/m%/

1 0.60 0.06/ 0.60 0.0669 | 0.1044 -0.0375 -0.3591 -100% 90 4 54 1560

2 0.90 0.1 0.60 0.1352 | 0.1044 0.0308 0.2954 10% 90 4 54 1560

£ | 3 0.75 0.1 0.40 0.0799 | 0.0424 0.0375 0.8857 10% 90 4 54 1560
5 3 0.75 0.140 0.50 0.0979 | 0.0706 0.0273 0.3863 10% 90 4 54 1560
Ol 4 0.55 0.0h8 0.30 0.0424 | 0.0217 0.0207 0.9542 10% 90 4 54 1560
4 0.55 0.075 0.36 0.0504 | 0.0331 0.0173 0.5222 10% 90 4 54 1560

5 0.40 0.0 0.20 0.0152 | 0.0093 0.0059 0.6345 10% 90 4 54 1560

6 0.90 0.19 0.60 0.1352 | 0.1044 0.0308 0.2954 1% 90 4 6.5 2695

7 0.55 0.05 0.3 0.0424 | 0.0217 0.0207 0.9542 1% 166 4 6.5 2695

5 7 0.55 0.075 0.36 0.0504 | 0.0331 0.0173 0.5222 1% 166 4 6.5 2695
=28 0.40 0.0 0.20 0.0152 | 0.0093 0.0059 0.6345 1% 110 4 6.5 2695
% 9 0.90 0.19 0.60 0.1352 | 0.1044 0.0308 0.2954 1% 110 4 7.5 4280
; 10| 0.75 0.140 0.40 0.0799 | 0.0424 0.0375 0.8857 1% 110 4 54 1560
_‘g 10| 0.75 0.140 0.50 0.0979 | 0.0706 0.0273 0.3863 1% 110 4 54 1560
5|11 0.40 0.0 0.20 0.0152 | 0.0093 0.0059 0.6345 1% 166 4 7.5 4280
$112| 0.40 0.0 0.20 0.0152 | 0.0093 0.0059 0.6345 1% 90 4 54 1560
« 13| 0.75 0.140 0.40 0.0799 | 0.0424 0.0375 0.8857 1% 90 4 7.5 4280
13| 0.75 0.140 0.50 0.0979 | 0.0706 0.02/3 0.3863 1% 90 4 7.5 4280
14| 0.90 0.1 0.60 0.1352 | 0.1044 0.0308 0.2954 1% 166 4 54 1560
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Figure6.2. Phase diagram for anthranilic acid in an ethanol/water solvent
systemArrowsshow trajectory fronundersatutéon to supersaturation by
addition of antisolvenRed arrowsshow initially planned trajectory.

Seed material was prepared by the method described in &2tand the resulting
fractionsareshown inFigure6.3. Particle size distributions are showrkrigure6.4.
Seed loadirgof 10% and 1%wvere selected to givieigh surface area where crystal
growth was desired, and low surface area where secondary nucl#attsveecre
targetedrespectivelySeedoading in this instands defined by theatio of the added
seed magshl g, to thetheoretical yieldY 1, as determined from th@ncentration of the
initial solution andsolubility in thefinal solution after adiiton of antisolvenfl41] and

can be expressed as:
T | P
3AAA | I—(ﬁ—AEh@ (6.1)

As can be seen frothe fractionrmicroscopy irFigure6.3 and the tails in the PSDs in
Figure 6.4, there are some fines in the larger sieve fractions. This could be due to a
number of factorsush as the duration of sieving not being sufficient to ensure smaller

particles can leave pass through the mesh, or attrition of larger crystals on thelfsieve its
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, 63125 pm (middle) and 12850 um (bottom).

Figure6.3. Sieved seed fraatie of anthranilic acid form I.

0-63 um (top)
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Figure6.4. Particle size distributions for the three anthranilic acid sieve fractions.

6.3.2 Mixing and AdditionMethod

In an ideal scenario, the solution and antisolvent would be perfectly mixed, with the
seed material evenly and instantasbBodispersed throughout the entire volume at the
onset of the experiment. However, this is not practically possible, and so anadditi
strategy was devised that was deemed to have the fewest compromises. One
consideration was the addition of solutionthe OBC, followed by the required
volume of antisolvent and seed material. However, the seed material is poorly wetting
in water, andvould result in difficulties transferring the entire mass of seed@ithe

Other potential problems with mixing, gadeéding and initial concentration
measurements led to alternative addition strategies being considered. The strategy that
was ultimatgl adopted was mixing the solution and antisolvent outwith theC OB
followed by addition of the majority of the resultingxture to the OBC. Some
solution was reserved to facilitate seed addition. This method ensured the ATR probe
was submerged and gas thé piston head could be purged. Concentration
measurements could then be made in the supersaturated solution forisantata

points. Seed material was then transferred tO@BE€ by suspension in the remaining
solution volume. To ensure rapid mixin§solution and antisolvent, the solution was

weighed in a 250 ml flask, and the antisolvent was weighed in a synoge, ia
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Figure 6.5. The action of depressing the plunger of the syringe rapidly mixed the
solution and antisolmg and ensured as much of the antisolvent as possiblededs ad
to the solution, compared to a different vessel where some antisolvent may not be

transferred due to adhesion to the walls.

Figure6.5. Seedsolution and antisolvent in preparation for mixing.

6.3.3 Induction Times and Modification of Initial Design Space

The addition methoddescribed in the previous sectimyguired a sufficiently long
induction time such that primary nucleation would not occurtle resulting
supersaturated solution before the semalld be added. Therefore, a srsallle
experiment was set up, shown kgure 6.6, where the required solution and
antisolvent masses were added to flasks with magieés, with no seeds present.
Induction times of less than five minutes weéeemedecessary, which would allow
sufficient time for the mixing of solution and antisolvent, transfer t@O®€ and
addition of seeds before primary nucleation wouttir, with afew minutes of leeway
Although these induction times asffectivelymeasured imn STR as opposed to an
OBC, and will therefore be different across the platfothes; were assumed to be
reasonably transferrafld?2], [143] Furthermore, prticles were not observed when
adding solution to th©BC in all cases, and the induction times measured represent a

worstcasescenaripas in practice the solutions were not continuously stirred after
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antisolvent was added and so would experience nofsbraahe action of a magnetic

stirrer

Figure6.6. Induction timemeasurements faritial antisolvent fractions.
From left to right:ta, 6, 5 0.2, 0.3, 0.4 and 0.6.

The original conditions showed induction times that were too shasj, gy ¢f 0.3and

0.4. As the starting solutions had already been prepared, it veasargdo reduce the
ratio of antisolvent to solution in ord&r produce a lower supersaturation ratio in these
conditions.Ethanol mass fractions were modified as detail&€dble 6.1 and Figure

6.2, beingincreasedrom Gy, T 0.3 and 0.4to Gy, T 0.36 and0.50, respectively.
This in turn reducedc-c*)/c* from 0.89to 0.39for e, T 0.50, and from0.95to
0.52for &y, 7 0.36. Induction time measurements under these modified conditions

showed no unwanted primary nucleation within the requineck tperiod.

6.3.4 UV-Vis Spectroscopy Calibration akéasurement

Different concentration measurement techniques were considered for the, jmadcess
as athranilic acid habeen shown to be UV actiy@00] ATR UV -vis wasselected
This allowed for the acquisition gkaltime concentration data that would give
sighificantly more data than poisamples by an offline technique. This also had the
advantage thahe potential fointroducingdisturbance by sampling was eliminated

UV calibration was performed by preparing a range of concentrations of anthranilic acid
in a range of ethanol mas<fiens and measuring the absorbarfe .example of an
unprocessed anthranilic acid spectrum is showigure6.7.
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Figure6.7. Representative unprocessed UV spectrum of anthraaitic

The UV spectum shavsthree distinct absorbance peaks at 222, 2484 nm. For
development of a calibration model, the raw spectra were processed by taking the first
order derivative over nine points to correct for any baseline ditft an exanple

shown inFigure6.8.
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Figure6.8. Representative first order derivative UV spectrum of anthranilic acid.
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The derivatisedJV spectrum of the UV spectra of anthranilic acid sh@amaximum

at 27 nm, and was therefore the wavelength that was selected for development of the
calibration model. To develop the model, UV spectra were collected for a range of
anthranilic acid concentrations in a range of ethanol mass frathisngas @rformed

in the same apparatus abEigure6.1, with the exception that the bottom bend section

was replaced with a bend with an integrated tap. This facilitated dreahitign from

the apparatus between concentration measuremehiistpreventingdisturbancef

the optical fibresf the UV probethatcould affect the calibration model.

For each ethanol mass fraction, six standards were prepared at varying anthranilic
acid concentrations, corresponding to approximate supatgatuaios of 0.68 1.1
The measurememhethodfor each ethanol fraction consistedvaishing through the
apparatus with blank solvent of the appropgattanol fraction, followed by filling with
this blankio submerge the ATR prob&he blank solvenivas allowed to reach 25 °C
before aeference spectrum was tak&his process was repeated with the anthranilic
acid solutions, moving from the lowest to the highest concentration, and then repeated
in its entirety for each new ethanol fraction. Speceeewolleted with anmtegration
time of 60 msand5 scans peneasurementvith single measurements for developing

the calibration model, and measurements every 10 seconds for the experiments.

6.3.5 Sizing by Laser Diffraction

Particle size was measured adftin a representative sample taken at the end of each
experiment. The samples were filtered over a vacuum filter, washed with 20% ethanol
(w/w) and dried over 24h. The dried crystals werthen characterised by laser
diffraction as described3m.5.1

6.4 Formulation of the Population Balance Model

The modelling tool selected was gPROMS FormulatedProducts 1.3, a commercial
software developed by Process Systems Enterpm#edLfor the modelling of
crystallisationand other pharmaatical manufacturing processing with binlt
population balance equations (PBEs). The numerical method implemented in
gPROMS FormulatedProducts 1.3 to solve the PBEhé&s high-resolution finite
volume scheme with fluximited function (HRFVSFL), whichis described in detail
elsewher¢l44], [145]
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For a batch crystallisation the population balance takes the form of:
Q"0
—. 06 O (6.2

where"Ois te linear growth rate) the nucleation rate arid the crystal loss rate. In
this speci€ caseas all experiments are to be seeded, primary nucleation is not
considered. Thereforé, solelyconsistef secondary nucleation. These can be further

defina by the appropriate kinetic modedescribed in the following sections.

6.4.1 Model Assumptions

The madel makes the following assumptions:
1 The contents of the crystalliser are uniform in space, i.e. the vessel is well mixed.

1 The liquid and solid phases in thilk are in thermal and mechanical

equilibrium, i.e. at the same temperature and pressure.

1 The liquid and solid phases are not in chemical equilibrium, i.e. different

chemical compositions.

1 All crystals are of the same shape and can be characterisdwb&gnalinear

dimension).

6.4.2 Growth

Crystal growth is dependent on many factors such as supersaturation, temperature, size
and more, and as such there is no single method of expressing growth rate that takes all
these factors into accoui®4]. There are various growth rate expressions that could
potentially be implemented, as detailedable1.2. However,to faciltate solving the

PBE, a sizéndependent growth rate expression was applied:

.0 s
' QN — 6.3
B

where 'Q is the linear growth rate constan{m/s), (c-c*)/c* is the relative

supersaturation, af@isthe growth rateorder. Terms’Q and"Qhighlighted in blue in
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Equation 6.3are parameters to be estimatddpower law has been successfully
implemented elsewhere to determine growth kinetic parameters for anthranilic acid in
a water/IPA solvent system in the presentcaddlitives, showing that this method is
acceptabl¢l46] A simple generic expression waed initially; however, this could
later be modified if other factors were determined to igeifant, such as by

incorporation a sizdependent growth factor.

6.4.3 Secondary Nucleation

Secondary nucleation is the process of nucleation influenced bydeegaref existing
crystalsAs in the case of growth rate expressions, there are variousasgooicteation
expressions that could potentially be implemented, as detailethleil.1. A power

law functionwas selected to simplify solving the PBEs

~ ~
g

where 6 4 js the secondary nucleation raf@, is the secondary nucleation rate
constant¢ is the secondary nucleation rate ordeis the energy dissipation rate
(W/kg), ®is the energy dissipation rate ordeis the slurry density (kg and®is

the slurry density ordeAs stated previously, other crystallisation phenomena could be
considered, such as primary nucleation and agglomeration. However, seeding allows

primary nucleation to be ignore8lurry density provides information on caithin rates.

6.4.4 Solubility Expression

The solubility of anthranilic acid in ethanol and water mixtures was determined
experimentally in sectiod.3.1 Whereas the solubility was expressed in terms of
volume fractions previously, heitds expressed as mass fractions to facilitate processing
of data within this chapteihe solubilityis described by polynomialfitted to the
experimentally determined solubility data

@ T8 T U, ( TP TWRe, ( T @ XKoo, (TBIPp MO (6.5

The fit is shown as the blue dashed lingFigure 6.2, and has good correlation
(R2 = 0.9973.
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6.5 Results and Discussion

6.5.1 Growth Parameter Estimation

Crystalgrowth can be described as a {8tep mechanism, consisting of diffusion of
solute to the surface of a crystal, followed by the integration of solute into the crystal
structure[147] Dis®lution is in effect the reverse of this process with no integration
step, and can be used to determine thelnat#ing factor in crystal growth, i.e. limited

by the diffusion of solute or the integration of solute to the crystal surface. Atidissol

experiment was performed, the results of which are showigure6.9.

0.12

0.11

o
=

0.09 H

0.08 -

Concentration (g/g solution)

0.07 A

0.06 . . .
0 500 1000 1500 2000

Time (s)
Figure6.9. Concentration profile for massnsfer experiment 1.
If the rate of dissolution was slow, then fhrecess would be limited by the diffusion
of solute into the solvent and the concentration would increase slowly. However, the

concentration increases rapidly, indicating mass tramgfapid. Therefore, crystal

growth is likely to be limited by surfasgegration.

The concentration goes through a maximum before reaching a stable value. This is
due to the position of the UV probe in the apparatus relative to the location of solid
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additon. The compound dissolves rapidly, which asserved as the spika i
concentration. However, there exists a localised area of high concentration at the UV
probe, due to the solute not having been completely dispersed throughout the total
volume of the vesel. The observed reduction in concentration is where the distnibuti

of solute occurand reaches a steady value

To estimate parameters for growth rates asHgpration 6.3, anumber of
experiments were performeddetailed inTable6.1. The concentration profileand
the initial fits to the stadard growth model are shown Higure 6.10. Only the
concentration data is fitted, with the CSD being measured but not fitted. Fitting is

performed simultaneously over multiple experiments.
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Figure6.10. Measured (solid lines) and predictakbed lines) concentration
profiles for growth rate experiments

Each experiment shows a similar trend. Initially, there is a rapid reduction in
concentration, which is attributable to the higihpersaturation driving crystal growth.
The rate of reductiof concentration then slows as the supersaturation is consumed,

and the crystal growth rate decreashks.initial fitsto the standard growth model are
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