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Abstract

Active pharmaceutical ingredients (API) and excipients are normally present in crystal
form, obtained by crystallisatiofpllowed byfiltration and drying. Filter bed drying is
theunit operation of choice in the pharmaceutical industry, where the csysiaénsion
is first filtered, washed and then dried. Heat is applied to the filtered bed of crystals and
agitated to promote heat transfer, and homogeneous moisture and teraperatur
distributions as the bed dries. The agitation induces shear stressaghethed, which

can cause undesirable particle attrition and polymorphic transformations.

This thesis mainly addresses the research conductedunderstanding the
polymorphic phae transformation of carbamazepine dihydrate crystals and their
breakage Weaviour during agitated filter bed drying process. The coupled effect of
thermal and mechanical stresses is isolated and studiedefyidration and rehydration
of the model crysta due to thermal and relative humidity gradients satelied under
well controlled environmental condition$he ramping rate of humidity is found to have

some interesting effect of the water sorption capacity of the crystals.

The presence of cleavage pég in theacicularcrystalsor carbamazepinare
investigated and related to their breakage behavim# to impactusing a novel
aerodynamic dispersion methadsing this new approach, the breakability index of
carbamazepine dihydrate crystals is detesdi A new agitated filter bed test rig is
develged to study the effect of process parameters on the breakage behaviour of the
crystals. The breakage data correlates well with the input energy supply to the particle

bed through impeller blade rotatidRocky software based dbiscrete Element Method

Abstract



\
(DEM) is used to study the effect of particle shape on the particle dynamics as well as the

stress and strain distributions in an agitated bed.
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Chapter 1

Introduction

1.1 Attrition and Phase Changes during Agitated Drying

Crystalline solids may exist as different structures or polymorphs depending on
environmental and stressing conditions they experience. Polymorphic transforroftions
active pharmaceutical ingdients (API) alter their mechanical, chemical, thermal and
physical properties which could influenc
bed drying is the unit operation of choice in the pharmaceutical industigofation of

API after crysallisation. A typical agitated filter bed dryer comprises of an impeller
which intermittently agitates to promote homogenous distribution of moisture and
temperature throughout the bed during drying. Shear stresses induttediimpeller,
together withthe heat supplied to the filter bed dryer could lead to undesirable particle

attrition and polymorphic transformation.

Attrition of particles in the filter bed dryer is closely related to the dynamics of
the particle bed. Bagst and Bridgwatef1970)conducted a study on materiabf in an
agitated dryer and found that the dynamics of the bed is influenced by different process
properties such as blade height, blade angle and bed height. Particle breakage could arise
from both impact and shearing of bullaterial, of which the lattas the dominant cause

of particle attrition in filter bed dryer. Impact breakage due to particle to particle collisions
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or particle to other mechanical parts in the filter bed dryer can be té@sad and
analysed using thangle particle impactdster first used byYuregir et al (1986) The
agitating impeller induces breakage and shear deformation as the impeller blade pushes
the particles forward, forming a heap d&ef falling back behind thelade. To study bulk
shear deformation, various shear cells were initially designed to study flow problems in
bunker or hopper(Jenike, 1961; Walker, 1967Carr and Walker, 1968)but
Paramanathan and Bridgwat€t983) later developed a special one to study the
mechanism of attrition in a defined failure zone such that the stress, strain and rate of

strain are well controlled.

Polymorphic transform@tion or polymorphism of APduring drug development is
of paramount importanda the pharmaceutical industry. Transformation of one crystal
structure to another could lead to the alteration of the physical and chemical properties of
an API. This could hae catastrophic consequendewards the formulated products as
one polymorph may have lower bioavailability than another and this will seriously
compromise the efficacy and drug delivery of the API. Polymorphic transformation is
dependent on the environmtal factors such as humigiand temperatur@tsukaet al,
1986; Otsukat al, 1999) Studies of solid state transformation during milling are very
well reported in literatur@WVillart et al, 2001; 20052007; Desprez & Descamps, 2006)
Studies on polymorphism dag drying however are very limited.ee et al., 2011; Yu
and Ng, 2002)This research therefore ainwsfill this gap and to address the effett
the stressnduced transformation, incorporating the breakage tilawfs, towards the

polymorphism of API in filter bed drying.
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1.2 Aim and Objectives of the Research

The aim of this work is to developreew methodfor assessing the extent of attrities

well as the phase changes @atymorphic transformations of API sigeted to filter bed

drying. This involves the use of both experimental and simulation work. The objectives

of the thesis are as below:

Vi.

Understand the effect mechanical stresses on the phase transformation of API.
Analyse the dehydration and rehydrationaohydrate crystals due to the
surrounding temperature and relative humidity.

Analyse the breakage behaviour of acicular crystals and associate that with
their crystal structure.

Develop a method to predict the breakage of acicular crystals due to impact
Develop a lakscale agitated filter bed dryer to study the effect of process
parameters on the breakage of crystals.

Study the effect of particle shape on the particle dynamics as well as the stress

and strain distributions within an agitated filter beyedr

Chapter 1 Introducton



1.3 Structure of Report

The main research topic of this thesis concerns the attrition and phase changes of a
pharmaceutical crystals during agitated filter bed drying, which is a unit operation of
choice in the pharmaceutical industry for isolationrgstals from the mother liquofhe

model compound studied in this thesis is the carbamazepine dihydrate, which is the active
ingredient of a common anticonvulsant medication used for treating epileptic séizure.
series of initial characterisation of theterial properties were performed and the results
provided inputs to the other research areas addressed in this thesis. During agitated filter
bed dryer, both the heat applied and the mechanical agitation induced by the rotating
impeller impose stressto the particles within the systenihese stresses could both
contribute to the phase transformation of the model compound studied in this thesis.
Hence, the very first research area addressed in this thesis ohwaestigating the

effect of mechanicalby subjecting the crystals to different stresses such as impact and
compaction) and thermal stresses on the phase transformation of the model compound, as
well as determining if there exists a coupled effect between these stresses. Being a hydrate,
the moa compound is prone to dehydration. The rate of crystal water l@s$uastion

of temperature is studied. During agitated filter bed drying, dry gas is often supplied to
the system to facilitate the drying of the wet cake. The relative humidity plays an
important role in the phase changes of the model compound and is addressed through a

series dehydration studies under controlled ambience.

Apart from the phase changes, the ofleeusof this thesis is on the attrition of
the model compound as a resufttbe shear induced by the rotating impell€he
tendency of a particle to break is governed by its material properties. The ratio of the
hardness and fracture toughness give a measure of the breakability of the nfatezval.
impactbased approach igekloped to determine the breakability of acicular crystals and

to address the role of crystal structure in the breakage behaviour of the material. A
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miniaturised agitated filter bed dryer unit was developed subsequently to simulate the
agitation processlhe breakage of the model as a result of different process conditions
was characterised. Numerical simulation using Discrete Element Method (I¥&#)
performed to quantify the stress and strain distributions within an agitated bed, which are
too difficult to obtain experimentallyThe research areas detailed above are formulated

into several separate chapters as shown below.

Chapter 1 gives a brief introduction ofetlthesisand the aim and objectives of this

research work.

In chapter 2,e@view of thditerature is documentedocusing on the particle breakage and
phase transformation in an agitated filter bed drying. Particle breakage in an agitated dryer
is caused by a combination of shear and impact. Different models to describe both impact
breakageand slear breakage are reviewed here. In addition, an overview of Distinct
Element Method (DEM) is given which summarises different contact models.
Polymorphic Transformation of APIs could result in different polymorphic forms and is
dependent on environmtl factors such as temperature and moisture content. This is

addressed in this chapter as well.

The summary of the material propertissdocumented irChapter 3 concerning the

characterisation of physical and mechanical properties of the study maseda

Chapter 4 aims to dissect the effect of thermal and mechanical stresses on the phase

transformation of the model API.

A comprehensive study on the dehydration and rehydration of the model APl under well

controlled temperature and humiditydiscussedrad that is documented in Chapter 5.
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Chapter 6 relates the impact breakage behaviour of the model API to its crystal structure.
A model is proposed to describe the impact breakage data obtained from a commercial

particle size analyser, giving aeasure oftte breakability of the model API.

Chapter 7 covers the @ds of the development of a lazale agitated filter bed dryer test
rig with an industrial partner. The newly developed test rig is used to study the effect of

process conditions on lakage of tk model API.

The simulations of agitated filter bed dryer by DEM, concerning the effect of particle
shape and process conditions on the stress and strain distribution in the particle bed can

be found in Chapter 8.

The conclusions of the thesisdafuture esearch recommended is summarised in Chapter

9.
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Chapter 2

Literature Review

2.1  Particle Breakage and Attrition

2.1.1 Attrition in Agitated Dryer

Agitated drying of API is known to be a complicated process. Particle agglomeration or
attrition are very common pitems thaioccur during agitated drying and the tendency

of API to undergo polymorphic transformation complicates the process even more.
Normally, about10-20% of moisture content is retained after filtration. Initially particle
attrition is low and oftemegligible due to the presence of the solvent retained in the
particle bed forming liquid bridges between the particles that reduces the frictional
contact of particles to the impeller blade. As the particle bed dries, down until a critical
moisture level(1.57 2%), particle breakage starts to increase agdlameratesare
formed(Lekhalet al, 2003; 2004)Although impact breakage is present in the dryer due
to particleparticle and particlenechanical component collision, breakage as a result of
shearing of the particle be@Neil and Bridgwater, 1994)s more proounced and

dominant, hence rendering the former negligible.

Attrition and agglomeration are constantly competing with each other during
drying. There are many process parameters that could alter the behaviour of the particle
bed in terms of parle breakge and agglomeration. Previous studies have shown that

the final crystal properties are affected by process parameters such as agitation rate,
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temperature and pressuyteekhalet al, 2003; 2004)Low drying rate and/or high shear
rate tends to promote particle breakage, while agglomeration is domirnagh alrying
rate and/or low shear rate. Agglomeration during drying is found to affect the drying
kinetics especially in those APIs which are capable of forming hyd(kteso et al,
2010) One key thing that has to be taken into consideration when assessing the particle
breakage in a lab scale dryer is the validity to scale up to industrial pilot scale. A recent
study (Remy et al, 2015) has proposed the importance of reproducing the range of
hydrostatic pressures during scale drying processwhen conducting lab scale

experiments.

2.1.2 Shear Failure

2.1.2.1 Attrition in Annular Shea r Cell

Annular shear cell was first developedPgramanathan and Bridgwater (1988¥study
attrition in a shear ban@&wyn equation (1969yas initially developd to describe the
attrition of catalysts in a fluidised bed and since then was used commonly as the base

model in describing attrition in different contexts.
W= K t™ (2-1)
whereW s the extent of breakaglés andmg are both attrition constants ahid time.

An improved model was developedgil (1986)to address the lack of stress component
in Gwyn model. It was found experimentally that in some cases the extbréaiage
increases with applied normal str€dgrgensert al, 2005) The model developed by

Neil assumes a fraction of the stress applied to the bed contributasi¢tepreakage.

\8‘;
[V}

N

b
L
C (2-2)
C

B ﬁ
m(I)
F O
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whereKy, U, andby are theattrition constantsiiscsis the side crushing strength of the
materialandd is the shear straikchuhmanis (1940)modelwas found to correlate well
with the size ditribution of the breakage produ¢ideil and Bridgwater, 1994)
a

W=W (2-3)

B
Je A AR

O
o
3

wheredr is the initial size\Wr is the mass passing sideandG is the size distribution
modulus. This modeH(g. 2-3) uses only one single value to describe the particle strength
while in reality there exista distribution dparticle strengthOuwerkerk (1991proposed

an alternative approach that incorporates the effect of stress and shear strain and found
that the width of imgle particle crushing strengtistribution actually influences

amount of brelage

\&*
7))

W= Ky 6 (2-4)

ref

l-oo: of°
O I\
CC/ /o

whereKo and U are empirichfitting constantsand Cref is the reference stress level
However, it is worth noting th&iq.2-4r ef er s t o a case ofiis Neil
assumed to be 0.5, hence giving less flexibility in compari&radiri et al (2000)
conducted a comprehensive stunh the effect of shear toward attrition using porous
silica catalyst carrier beads. Different breakage attrition models were tested in that study
and it was found that bot®uwerkerk (1991)and Neil & Bridgwater (1994)models
describe attrition data best when considering only fine debtisitidn data which
included bigger attrition products caudadfragmentation did not correlate well, hence
suggesting that these models were suited better to describe surface damage rather than

fragmentation.
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2.1.3 Impact Breakage

2.1.3.1 Brittle Failure

In brittle failure, plastic deformation is not apparent before fractlestplace. Presence

of preexisting or surface flaws play an important role in affecting the strength and
particle breakage. However, without the knowledge of the size, number, and position of
these flaws, the only way to characterise the breakage is pyi@h modes. One
common approach to fit the empirical data for this failure mode is based on Weibull
analysis(Weibull, 1951)where the probability of breakag8, is a function of applied

stress{l, characteristic flaw density, strengthfls and measure of spreaf strengthm.

Qo

e
S=1- expé z >

g s

(2-5)

'|'C¢:)Ol3
e e ]

o

In order to takenaterial propertiemto considerationyogel & Peukert (2003ntroduced
two material parameterf;a: and Wk into the equation above to deserilnpact grinding

performance independently.

S=1 _eXpS fﬂatx(w V%{min) (2'6)
wherefmat reflects the materigharameterx is the initial particle size\Wk is the mass
specific kinetic impact energy almin is the masspecific threshold energy for particle

breakage.

2.1.3.2 SemtiBrittle Failure

In semibrittle failure, plastic deformation takgsecedence over cragkopagation as
plastic yield is reached. Fracture mechanics describes this failure mode successfully and
it i s governed by materi al me ¢ hEaHaidress) pr o

H, yield stresstl, and fracture toughneds.
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Chipping

A medanistic model has been developed3hadiri and Zhang (2008) describe impet
attrition of particulate solids in this failure mode. The model relates the extent of breakage
to the material properties and impact condition.

rviH

R=a—

(2-7)

whereR* is the extent of breakag®,is a proportionality constant is the density of
particle,v is the impact velocityi, is a characteristic particle sizd,is thehardness and

Kc is the facture toughness.
Fragmentation

There is no theory to predict the particle size distribution dumpact at the moment.
However, the fracture force to fragment a sphere with diarDetan be estimated based
on indentation fracturenechanicsas proposed bghadiri and Zhang (2002pr crack

extension.

F,~ KD'H® (2-8)

r

Transition Velocity

Two important aspects of impact breakage are the plastic deformation to chipping and
chipping to fragmentation transition velociti¢&hadiri, 2006) The critical phstic
deformation to chipping transition velocity for rouodrelatively flatcontact between a
particle and target is defined as

. &K, GE

V, &l g—r?D? (2-9)
"8 %

whereas the chipping to fragmentation transition velocity is defined as
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Vv, rzp? (2-10)

r

O Qo
191(5
%o

Accurate measurement of the mechanical properties is the key to get reliable results using

these models.

2.1.4 Breakage Pattern of Particles

Particles could break either through chipping, fragmentation or disintegration depending
on the material strength aslivas the stresses and strain rate applied. To plastically
deform the particles and cause chipping, a minimum force is required. Aagtotiare

2010) the radial cracks will extend rtilner toward the centre of the particles, causing
fragmentation when the force applied is beyond a certain thredhagdimportant to
identify the breakage pattern of order to analyse the breakage data. The change of trend
of the particle size distribiain with the impact velocity was studied Byapadopoulus
(1998) It was found that the trend of the curves obtained by plotting the cumulative
percentge under size as a function of normalised size is very different for particles
breaking through different pattern. The trends of the cativel plot vs the normalised

size for different breakage patterns are showfignire2-1.
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Figure 2-1 Breakage pattern of chipping, fragmentation and disintegration

2.2 Environmental Factors

2.2.1 Temperature Effect

Agitated drying is often operated at elevated temperature to speed upitigeraty and

to drive out the solvent that could not be removed under standard ambient conditions.
Materi al properties such as hardnests and
(Wendy C DuncarHewitt and Weatherly, 1989A study byHassanpouet al (2004)

using -lactose under suambient conditions found that the breakage propensity reduces
with temperature due to the increase in fracture toughAessiilar trend was observed

by Olusanmiet al (2010) The extent D breakage increases with the increase of
temperatureAn impact breakage mod@gbhadiri and Zhang, 200®)as used in this ork

to analysehe data and the functional grokifKc?, representing the material properties
was found to increase with temperature, suggesting that the fracture tougkness,
decreases with temperature. It is however worth notirtghleae experiments wedone

in the absence of liquid in the particle bed. In an agitated dryer, where liquid is present,

an increase in temperature leads to increase in particlé_gkleal et al, 2004) This is
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however not a result afissolution of finer API into the solvent that promote growth of
larger crystalbut rather an outcome of increased solubility that agglonsdtregecrysél

solids togethe(new crystal growth on the interfaces between the particles)

APIs can exist in different polymorphic forms. In enantiotropic systaelative
solubility of polymorphs is dependent of temperature. Changes of temperature could lead
to previously stable polymorghto transform into another polymorphic form. Glass
transition temperaturdg, is a common parameter used when describing polymorphic
transformation. A lot of work has been done on investigating polymorphic transformation
in milling with reference tdly (Desprez and Descamps, 2006; Lefort et al., 2006;
Descamps et al., 2015Below Tg, milling is found to amorphise the sugdtactose,
trehalose, mannitol and sorbijolvhile polymorphic transformation is found milling
above Ty (Willart et al, 2007) A study by Gan et al (2002) shows that different
polymorphic crystals are formed at different temperatures. It is also found ériain
temperature range, different polymorphic forms of the crystals can coexisperature
also has an effect on hydrates or solvates where the crystallisation solvent is embedded
into the crystal lattice. By subjecting them to high temperature, dehydration/desolvation
could happen. Dehydration &f lactose monohydrathappens at 140C where the
hydrate form of lactose transforms into the anhydrous form which is hygroscopic. A
further heating will then convert the hygroscopic lactose into another polymorph which
is stable(Garnier et al, 2002) The glass ransition temperature of carbamazepine
dihydrate is ~53 °C and the dehydration process finishes by {Eachrimanis and
Griesser, 2012)Upon reaching the glass transition temperature, anhydrous form | of
carbamazepine is first formed and transformed later into anhydrous fati 80 °C. A
fast water molecules meoval leads to amorphisation whereas a slow process promote

transformation to anhydrous crystalline form.
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2.2.2 Moisture Effect
After filtration, the API is isolated and most of the solvent is removed from the particle
bed.However, around 220% of the solvenstill remains in the particle bed, interacting
with the particlesHeat is then supplied to the partidelvent mixtureto remove the

remaining solvent content that could not be removed by filtration.

(d) (e)

Figure 2-2 Schematic diagram of different liquid and particle interactions. (a) Dry (b) Pendular (c) Funicular (d)
Capillary (e) Slurry

Figure 2-2 shows the schematic diagram offfelient liquid and particle
interactions that occurs during the drying process. The end product of crystallisation is a
mixture of crystal solids and solvent in slurry state which then undsiigolation process
to separate the crystal solids from theveat. As the slurry dries, the liquhrticle
interaction changes slowly frofe) to (a) as shown ifigure2-2 (Newitt and Conway
Jones, 1958; Iveson et al., 200Ih) slurry state, there is no aegive interaction between
the particles. Filtration process isolates the crystal solids formed from the slurry and
drives the system intaa capillary state where the particles are interacting with each other
cohesively Funicular state followsapillary sate where both liquid bridges and liquid
filled pores coexist. Drying the system further gives ris¢htopendular statewhere

particles are merely joined together by thin liquid bridges at the contacs.fgoiptstate
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describes the situation where lidicontent is completely removed and cohesion effect is
minimum or negligible. It is found thatbove the critical moistureuel, the higher the
amount of liquid present in the bed the lower the particle size redy&tEmyet al,
2015) Viscosity of the liquids proportional to the stress aisdalso foundo affect he

dynamic behaviour of granular mat{€@hou and Hsiau, 2011)

2.3  Polymorphic and PhaseTransformation

2.3.1 Phase Transformation

It is a standard procedure for a nelaemical entity to undergo polymorph studies prior

to any further development ithe pharmaceutical industry. The combination of
temperature, pressure and humidity selected for drying the API could favour the
transformation of one polymorphic form to anat(Bauer, 2008; 2009)n enantiotropic
systems, one polymorph is the preferred and stable form within a certain temperature
range as compared toe others. There are studies that show that by applying sufficient
stresses at dérent temperatures, transformation could o¢@vitlart et al, 2001; 2010;
Desprez & Descamps, 20068Yormally, amorphisation occurs below glass transition
temperatureJg, while aboveTy polymorphic transformation takes plad#hile particle
breakage is more pronounced at the later stage of drying, polymorphic transformation of
API could happen at any g of drying. It is hence of paramount importance to have a
profound understandingf athe thermal response of different polymorphic forms,

especially in enantiotropic systems.
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2.3.2 Polymorph Characterisation Techniques
Polymorphic transformation can be chaearsed by a wide range of techniques. Some of
the main methods of analysis are mggopy, thermal methods, powderay diffraction,
Raman spectroscopies, inverse gas chromatography and dynamic vapour sorption. There
is no technique that can accurateharacterise every polymorphic form of a compound
at the momenMicroscopy techniguesuch as Scanning Electron Microscopy (SkEh)
capable of providing surface information of the crystals such as shape and size. Some of
the polymorphs have distinguishaldrystal shape which can be identified easily under

SEM.

Differential Scanning Cafimetry (DSC) and Thermogravimetric Analysis (TGA)
are two of the most commonly used thermal analytical techsiid®C measures the heat
flow when a sample is heated. 2epling on the nature of the reaction, either endothermic
or exothermic peak can béserved hence giving indications of temperature for melting,
solid state transition, glass transitions, dehydrédiesolvationetc. A lot of work has
been reported usingis techniqug¢Rustichelli et al., 2000; Perrenot and Widmar#94,
Grzesiak et al., 2003 GA is a gravimetric technique that measurestange in weight
as the sample is being subjected to heat. Unlike microscopy tecfnigu& provides
the ability to quantify the phase changes due to dehydration/desolvatterns of
weight changes. Information regarding the physical phenomena (abspgutsorption,
desorpion, crystalline transitioetc.) and chemical phenomena (desolvation, dettigufr,

solid-state reactionstc.) can be obtained easily using T@2oats and Redfern, 1963)

Powder xray diffraction (PXRD) is a technique that makes use of the diitia
of X-raysto identify the crystal structufgisset al, 2003) Since every material has their
own unique diffraction pattar PXRD allows the identification of different matesials
well as the presence of impurities in the sample. A typical way to analysing the PXRD

data is plotting the intensityf diffracted Xray against @ whered is the incident angle
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of the Xray. Figure 3-17 shows the PXRD of four different anhydrous forms of

carbamazepine even though they all have the same chemical composition.

Instead of using Xay, Raman spectroscopy technique utilises laser light and
measures the scattered ligRaman and Krishnan, 1928)lost of the scag¢red light is
of the same frequency as the source. However, a small amount of scattered light
experiencesn energy shift due to the interaction of the electromagnetic waves and the
molecular vibrational energy levels. A Raman Spectrum is created bnglttelaser
frequency and the shifh energy measurednverse gas chromatography (IGC) is a
material characterisation technique that is used in surface analysis of solids. IGC requires
a constant concentration of gas to be injected into the columeguaadth the sanlp and
the retention time is measured. IGC can be used to measure isotherm, surface energy,
heat of absorption, surface heterogeneity, permeability and diff(iBm@lmann, 2004)
There iswork reported using IGC to chacterise polymiphic transformationgiven by

CaresPaclecoet al (2014; 2015)

Dynamic vapour sorption (DVS) is a gravimetric technique that measure the water
sorption isotherms of a material. It is a technique typically used to study water uptake and
stability of a material under variouslative humidity steps. DVS can also be used
study the formation of hydrates and solvgi&sckton and Darcy, 1995; Vollenbroek et
al., 2010) In order todo so, the sample must be able to readt wie solvent readily to
form hydrates/solvates. The formation of hydrates/solvates will result in weight gain

hence allowing the transformation to be quantified.
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2.4 Numerical Simulation

2.4.1 Distinct Element Method (DEM)

Discreet Element Method (DEM) is a nunoat simulation method for computing or
estimating the motion of a particles in a systamd the forces acting on theBPEM was

initially introduced by Cundall in 1971 and this line of work was then furtherloeed
(Cundall and Strack,1979) DEM i s based on Newtonés sec
displacement law which stat#sat the acceleration is dependent on thdaree and the

mass of the object. The introduction of DEM has provided a way to study the behaviour

of particles and it is able to provide information that is too difficult to be obtained
experimentally. DEM isa cost effect approach and has been usdélywnowadays to

simulate particle flow in complex process

2.4.1.1 Contact Models

Linear Spring-Dashpot Model

The motion of particle resulting from th
second law. Theigplacement of the particle can then beteslato forcedisplacement

law to find the contact forces. The deformation of particle is represented by allowing the
overlapping of particles and contact force is dependent on the magnitude of the overlap

(Cundall and Strack, 1979)he forcedisplacement takes the following form
(2-11)

where F, is the contact forcd,<n is the contact stiffnesBn is the relative displacement

between the particles artds the time.
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Hertz-Mindlin Contact Model
HertzMindlin model is the most commonly used contact model in within EDEM and it
assumes the contact between two particles to be elastic. The contais fofwection of
reduced midolusit,gdilsced radiudk and normal overlapd and it takes the

form below(Zhu et al., 2007)

N5}
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(2-12)

2.4.2 Particle Shape

Most of the DEM simulation software support only using sphere in the simulation due to
its well defined geometry and simplicityHowever, in real life not all particles are
spherical and using spherical particles in the simulation walitably yield anon
representative resulf.o account for shape effect, rolling friction is normally introduced
proposed byMorgan, 2004)Clumped sphere method allows the approximation of the
irregularity of the targeted particle while maintaining the accuracy and efficiency of
spheres. Simulating particle shape hdihensionalsystemshad beerattempted and
repated in literaturgJenseret al, 2001; Jenseet al, 2001) 3-dimensionakystemsad

been attempted byWang et al, 2007)in which both clumped sphere and ellipsoid
methods were implemented. It was found that clumped sphere method could represent
the particle shape more accurately but it is more computdiioegbensiveand more
spheres are requiretihe dlipsoid method, on the other hand, provides less accuracy but
more computational affiency. A recent study has shown that by using clumped sphere
method, satisfactory representation of particle shape faat &ggaringsystems can be
obtained(Pasheaet al, 2015) Superquadrics are anethapproacho simulate particle
shape and they are described by similar equation as to ellipsoidal pdBmies1981)

Interlocking of particle is possible with this model however the aspect ratio has to be
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significantly higher than one in the angle repose test to be retatgeras e particles
generated have round corn@tasudaet al, 2006) DEM simulation has always been
done using spherical particles where in the case otphbarical particle shape is needed,
clumped spherenethod is implemented. Polyhedra hdke advantages gdreserving
both mass and volume of the partiplgthout having to overlap the particlagmpared
to clumped spherenethod. This approackvas first commercially implemented in
ROCKY DEM softwareThere is work reporte(Mack et al, 2011; Nyeet al., 2014)on
DEM simulatiors using polyhedral, however it is relativéilyited. A technical paper has
been published discussing the DEM simulation in a fesnshute using polyhedra

(Potapov and Donohue, 2013)

2.4.3 Particle Breakage

The advancement of DEM over the years has led to more capabilities being added to the
model. Particle breakage is a complicated process and DEM @ldnsufficient to
describe particle attrition in different procesbhe Performance of comminution
proceses has been describe using empirical approach and mathematical models as of
recently. To predict particle attrition, DEM simulation is often coupleith empirical

data to describe attrition in specific proas®EM simulations of ball milling have been
successfully used to predict the breakage behaviour of the particles through post
processing of the simulation d4favares, 2017; Datta and Rajamani, 2002; Tavares and
de Carvalho, 20094 prediction of breakage in an agitated dryer has been refbidee,

2010; Hareet al, 2011) Particle breakage was predicted by first characterising the
particle breakage in a shear cell. The particle bed was separated into/arf doimains

which allow the stresses experienced at different region to be estimatedndthod
provided an insight intahe stress and strain distribution of the particle bed and is

applicabe to systems that the attrition arises predominantly threbghr. Similawork
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was also reported byee et al (2010) in predicing the breakage rate in a
centrifugal/vibration mill. The DEM simulation impact energy of thidl mas found to

correlate linearly with the breakage parameter.

The work mentioned earlier were conducted without incorporating the breakage
model into the DBM but correlating the simulation and empirical data instéaddate,
three different approaches have been reported in the literature to describe particle
breakage intrinsically with the DEM simulation and they are called the bepatédle
model (BPM)(Potyondy and Cundall, 2004the discrete grain breakage model (DGB)

(Potapov and Campbell, 199 d the patrticle replacement model PR Cleary, 2001)

Potyondy and Cuadall (2004) demonstrated that BPM approach was able to
simulate the strain softening of granite in both confined and unconfined compression tests.
PRM approachmodek the breakage using spherical particles is to replace the mother
particle by smaller dayhter particles if the impact energy is sufficient to cause breakage.
Some recent work reported Belaneyet al. (2015)andSinndt & Cleary (2015)have
adopted this approach to simulate the particle breakage in an industrial scale cone crusher

and impact crusher.

ROCKY DEM is a relatively nevsimulation packagand they adopted DGB
breakage model in thesoftware packagerhe beakage model is based arvVoronoi
fracture particle subdivision algorithrand modifiedTio approach proposed hi &
Kojovic (2007) A technical article has ke published using this breakage model to study
coal breakage in conveyor transfer chytestapov and Donohue, 2013) was four
that this model is capable of predicting breakage rates and fragment size distribution
provided the breakage strength of the particles is kn&gure 2-3 shows a ROCKY
DEM simulation of polyhedra breakage itraisher. The feed particleBigure2-4) are

fed through the crusher where the particles experience stresses and fragment into smaller
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particles. The fragmented particledsigqure 2-5) have a size distribution based on the
breakage energy probability. UnlikRiRM method, the daughter particles have the volume
and mass as the feed particldiis model is very good in desarily fragmentation of

rocks and brittle materials

A recent paper published BiménezHerrera et al(2018)has compared the three
different breakage modelling approashi was found that BPM is capable of describing
theforce-deformation profile and the interaction of particles in the bed with the dropping
ball. The breakage distribution however is difficult to be fitted. The computational effort
required is also trenmelously high. DGB model describe the interaction leetwthe
dropping ball and the particle bed well qualitatively. However, the measured force
deformation profile and progeny size distribution is not ideal. PRM method, despite being
the crudest method amgst the three allows the size distribution of thegeny to be

fitted well.
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Figure 2-3 RockyDEM i Breakage of polyhedra in a crush@mage taken from the software)
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Figure 2-4 Rocky DEM i Polyhedra befordeing crushedimage taken from the software)
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Figure 2-5 Rocky DEM i Polyhedra after being crushdtinage taken from the software)

2.4.4 DEM Simulation Validation Technique

2.4.4.1 Position Emission Particle Tracking PEPT)

Validation is a very important aspect in any numerical simulation. For DEM simudation
one way to validate the particle flow in a system ig@oe a single particle and observe
the flowing pattern. Positron emission particle tracking (PEPT)aslantque developed

at the University of Birmingham whiclwasderived from the commonly used positron
emission tomography (PET). In PEPT, a tracetiglarwhich typically has the same size
and density igrradiated so that it emifgositrons. When a pos@in contacs an electron,
they are annihilated arttvo collinear gamma rays are produced. The tracer particle is
mixed together with other partideand the system is placed between two detectors,
allowing the gamma rays to be traced. The position of thejgacan then be estimated
usingatriangulation methodas shown irrigure2-6 (Sevilleet al, 2005) This technique

has been used in literature quite often to validate DEM simulation of different processes
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of particle flow(e.g.Hare, 2010; Mariget al, 2013) Multi-PEPT is an improved version
of PEPT which was initially proposed Mangetal. (2006) that could trace more than
one particle by labelling the tracers with different radioactive levels. The algorithm was

then improved to enable the tracking of ffeEmving particles(Yanget al, 2007)
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Figure 2-6 Determining tracer location in PEPT

2.5 Concluding Remarks

Attrition of APIs in agitated dryers is found to be dominant by shear deformation.
Although breakage as a result iafipact is present, it is less significant compared to
attrition caused by shear deformation. The attrition shear cell has proven to be a useful
tool to investigate particle attrition in a confined shear zone by making sure the particles
are sheared againeach other rather than moving together as a block. Single particle

impact testers are useful in characterising the particle impact breakage as a function of
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impact velocity and material properties. Various factors could result in the final particle
sizedistribution to be shifted and yield undesirable product specification. Temperature
is found to alter the particle material properties, though not by a significant margin, and
could either promote or mitigate the breakage. Paipialéicle interaction deends on the
amount of liquid present in the particle bed and different regime could arise depending

on the moisture level.

Apart from attrition, agitated drying could also induce phase transformation. APIs
are known to exist in different polymorphic forniolymorphic transformation during
agitated drying is undesirable as it may lead to poor drug delivery and low bioavailability.

It could also cause some processing problems such as agglomeration. Stress and
temperature havieeenfound to have an effect dhe polymorphism of ARI Different
combination of stress and temperature can favour the formation of different polymorphs.
There isliterature that investigatephase transformation of particles during milling.
However, less has been attempted with éggitdryes to quantify the attrition and phase

changes of the API.

The DistinctElement method (DEM) has provided a way to estimate the stress
distribution in the particle bed which experimentally is too difficult to achieve. Empirical
data obtained for asssing a given material under shear cell or impact tester could then
be coupled with DEM simulatian providing a predictive tool to estimate the breakage
in the agitated dryefThe introduction of polyhedrparticles in DEM simulationhas
opened up anber interesting area to assess particle flow and breakage as compared to

the conventional way which uses only spherical particles.
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Chapter 3

Material Characterisation of Carbamazepine

Dihydrate Crystalsand Methods

3.1 Introduction

Material characterisation is essathtin the early development of a new product in the
manufacturing industry. It is a necessary step in devising the process plan, especially
when the product is brand new, to reduce the cost and time associated iretbprdent.
Knowing the material pragties of a new compound, together with the constitutive
models of the process of interest, allows one to predict its downstream processing
behaviour. The model compound studied in this research work is carbamazepine
dihydrate, a hydrate form of carbampiree which is clinically used in the treatment of
epilepsy and bipolar illneg®ost et al., 2007) Carbamazepine dihydrate has two wate
molecules embedded to a carbamazepine molecule in a stoichiometric ratio. It is acicular
in shape. Losing its crystal water through dehydration, the crystal lattice integrity of this
hydrate is disrupted and it thesubsequently phase transforms into jatbus
carbamazepine, which could exist in four different polymorphic fai@rgesiaket al.,

2003) depending on the environmental conditions it is subjected to. The acicular nature
of this compound and its potential to phase transform into different anhydrous
polymorphs makes it an ideal candiddier the study of crystal polymorphic

transformation and attrition during processing. A process stage where this readily occurs
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is the agitated filter bed drying. In this chapter, the material properties of carbamazepine
dihydrate are characterised exteebvand the results serve as the bésimdation of

the research work documented in the chapters that follow.

3.2  Material Preparation

Anhydrous form of carbamazepine was purchased from Sigma Aldrich and recrystallised
into carbamazepine dihydrate by Dr Kas Sinha at AbbVie Inc. (Chicago, UBgfore

being shipped to the University of Leeds for this research work. Two separate batches of
carbamazepine dihydrate were produced at different times, both having distinctive
physical features that differs from d&aother. The very first batch of carbarepine
dihydrate provided by AbbVie is of the smaller scale, at 1 kg, while the second batch is a
scaleup version, at 9 kg. While the solgflate properties of these two batches remain the
same, the physical propies (size and aspect ratio) of thesgstals are different and will

be further discussed in the following sections. The first batch of carbamazepine dihydrate

(batch no.: CB2H>O_B2016) was produced according to the procedure below.
Forward Addition of Anti-solvent into CarbamazepineEthanol Solution

1. Anhydrous carbamazepine is first charged to crystallizer. A mixture of
ethanol:water (80:20 w/w%) is then charged to the pot. The solution is stirred at
250 RPM and brought to 65 °C for complete dissolution.

2. The temperature is then reduced to @lahd wetmilled seeds of carbamazepine
dihydrate (previously prepared) are added into the solution.

3. The crystalliser is then allowed to come to equilibrium for an hour.

4. Anti-solvent (water) is then charged into tisdusion at 41 °C at 13.6 ml/min.
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5. Once he addition of antsolvent is complete, two heat/cool cycles are performed,
one at 0.1 °C/min and other at 0.05 °C /min. There is a hold time of 90 min at the
end of each cycle.
6. The slurry is then filtered, and thake is washed with water twice to isi@ldhe
crystals from the mother liquor.

7. The wet cake is then dried at room temperature.

The procedure to crystallise the second batch (Batch no.:.2EB2 B2018) of

carbamazepine dihydrate is detailed below.

In-situ Seed Generation and ForwardAddition of Anti-solvent intoCarbamazepine

Ethanol Solution

1. Anhydrous carbamazepine is first charged to crystallizer. A mixture of
ethanol:water (75:25 w/w%) is then charged to the pot. The solution is stirred at
70 RPM and broght to 65 °C for complete dissolution.

2. 9 litres of the solution is taken out and cooled down to 41 °C to bring to
supersaturation of 1.14.

3. Wetmilling of solution at 41 °C is then used for-situ seed generation of
carbamazepine dihydrate seeds.

4. A samples then taken and verified to makeestine crystals are of the right form
by powder Xray diffraction (PXRD).

5. The prepared seeds are then added to the crystallization tank by pressure transfer
from a port on top.

6. Another sample is taken a few minutegfab check the crystal form.

7. Two heatcool cycles are performed, first one at 2 °C/hr and second at 4 °C/hr. A
cooling end point is 22 °C and heating end point is 42 °C. A hold time of 1 hour

is given at the end of cooling cycle.
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8. The slurry is then presge transferred to agitated filter dryand filtered, and the
cake is washed with mother liquor composition twice to isolate the crystals.
9. The wet cake is then humidified dried (RH not less than 30, was kept at 70) at
28 °C until loss on drying reacheiet theoretical end point. Orthogonal
measurements were done via Karl Fischer (KF) and quantitative Nuclear

Magnetic Resonance (QNMR) to call off drying.

3.3  Physical Properties

3.3.1 Observation under Scanning Electron Microscopy (SEM)

The micrographs of the carbamazepine dihydrate crystals were tsikgntivie Hitachi
Tabletop Microscope TM3030 Plus. It has the ability of examining uncoated samples as
it is operated under a low vacuum pressure, hence reducing the-opaispeies over
sample that are typically found in the filedged SEM setup, thoughe clarity and
resolution of the images taken are relatively inferior. The results dbtivard addition

of antisolvent into carbamazeph®thanolsolutionis crystals that have higispect ratio

as shown irFigure 3-1. The third dimension (thickness) of the crystals is significantly
smaller compared to the first two dimensions dtanand width) that constitute the

dominant face of the crystals, leading to an acicular ané-ltatcrystal morphology.
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: i T
| MMD&.8 x150 500 um

Figure 3-1 SEM image of carbamazepine dihydrate crystals (2B20_B2016)

The physical attributes of the 9 kg batch carbamazepine dihydrate are shown in
Figure3-2. Similar plat-like feature is observed but the particles are bigger in size, and
the aspect ratio is lower compared to the 1 kg batch. The particle size of the 9 kg batch
also seems to have a wider distribution. This is inferred from the existerieesshalle

crystals that are lying on top of the bigger crystals in the micrograph.

| L MD7.4 x100 1mm

Figure 3-2 SEM image of carbamazepine dihydrate crystals (2B20_B2018)
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3.3.2 Shape and Size
Observation of the carbamazepdibydrateusing SEM provides only a qualitative image
of the physical appearance of the crystals. To quantify the size and shape of
carbamazepine dihydrate crystals, a commercial particle size analyser, Morphologi G3
from Malvern Panalytical is used. Thewuice conprises an aerodynamic dispersion unit,
an optical microscope and an automated XYZ stage. Standard operating procedure
involves first dispersing the test sample (dry or wet) onto the glass slide and then
subsequently capturing a series of micropeapf thedispersed sample with the aids of
the XYZ. Image analysis is then performed on the micrographs captured to generate the

distributions of different particle size and shape parameters of the test sample.

3.3.2.1 Setting Up Standard Operating Procedure (S®) for Carbamazepine
Dihydrate Crystals

The accuracy of image analysis is sensitive to the lightning conditions when the

micrographs are taken. The reflective and refractive properties of a sample is material

dependent and hence a dedicated SOP is neededsurethe repeatability of the

measurements. For carbamazepine the setup of the SOP is as below:

=

Sample Size 7 mn?

2. Dispersion Type : Dry

3. Dispersion Pressure: 0.5 barg

4. Light Source . Episcopic (top light)
5. Optics Selection : 5x

6. Z-Stacking : None

7. Threshold Rage : 0to 156

8. Scan area : 30 mm (radius)
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Approximately 7 mm of sample is measured using a volumetric spatula provided by
the instrument and fed into the sample well of the dry dispersion unit. The pressure used
to disperse the sample is 0.5 barg, wisdhe lowest allowable pressure of the instrument.
Two different light sources can be used to provide the illumination needed for micrograph
acquisition. In the case of carbamazepine, the episcopic light is used as it provides better
contrast between therystals and the background. Morphologi G3 comes with 5 optic
lenses with different magnification levels ranging from 2.5x to 50x. The level of
magnification has a significant impact on the scan time of the sample. The higher the
magnification, the longethe scan time. It is found that 5x magnification works best fo
carbamazepine dihydrate crystals used in this work, as it produces clear micrographs that
have enough pixels for both the large and small crystals to be detected by the image
analysis suite. Btacking is a useful feature for producing crisp micrograpiparticles
with a large variation of thickness by fusing a few micrographs captured at different
depths into one. However, this feature is not adopted as the carbamazepine dihydrate

crystals & platy and the variation of crystal thickness is small.

Themicrographs captured using Morphologi G3 at@t8mages with greyscale value
ranging from 0 to 255. In order for the image analysis suite to differentiate the particles
from the background, sechnique called thresholding is performed to convert thi 8
greyscale images to binary images. Thresholding is the simplest technique of image
segmentation. It works by converting pixels that are not within the specified threshold
range into white pigls (background) and those within into black pixels, essntial
separating the pixels into two groups, background (white) and particle (black).
Unfortunately, human intervention is needed to determine the optimal threshold range
and hence the accuracy thle measurement is prone to subjective measurement error.
Nevatheless, this error can be minimised, provided a set of criteria (will be discussed

later on) is fulfilled by the threshold range selected. An example of image thresholding is
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shown in Figure3-3. The first image on the left (a) is a cropt of the 8bit greyscale
image captured by the Morphologi G3 without thresholding. It can clearly be seen by eyes
that only one single particle isgsent. This imagdowever, is difficult to be interpreted
and analysed by the computer as it is made up of pixels with a wide range of greyscale
value from 0255. As can be seen in the second image (b), the pixels in blue are the
ibackgr oun dave beensegrhestbytlimitng the threshold range of interest
between € 0 O . The rest of the pixels make u
subsequently be subjected to particle size analysis. However, more than one particle will
be detected if imagéb) is now being bjected to particle size analysis. This is due to
inadequate threshold range used to segment the image. Apart from the single crystal, the
background noise is also assumed to be individual particles and taken into the particle
size analsis. A more apprapate threshold range to be used 143D and the result is
illustrated in image (c). Using this threshold range results in a crystal with clean and clear
edges while keeping the background noise at minimum. The void encircled by ¢he edg
will be filled auomatically in the image analysis suite and hence would not affect the
particle size measurement. Further narrowing down the threshold range could lead to
incomplete particle where the edge is broken as shown in image (d) and andlgsing t

size of the paitle will incur substantial error in the measurement.

0-100 O
Threshold Range

Figure 3-3 Thresholding of greyscale image
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3.3.2.2 Exclusion of Particle Anomaly by Image Analysis
A pulse of pressurised air is used in Morphologi G3 to dsspthe test sample from a
sample well, breaking up any lumps present before the particles exit and settle down on
a glass slide by gravity. In the process of doing so, it is possible for the particles to rain
down on top of other patrticles that have alseaettled down on the glass slide, that will
later on be captured by the instrument as clusters made up ohazhjarticles as shown
in Figure 3-4. Those clusters, if left untreated, will lead to false represent of the

particle size and shajkstribution.

Figure 3-4 A cluster made up of two conjoined particles

Image thresholding provides a way to segment the particles from the background,
but it could not dferentiate a single crystal from @uster of particles. Overlapping
particles are undesirable in particle size analysis as they give a false impression that big
particles are presentinthe sampleh i | e t hes e faotuallymade aprot i c | e
smdler individual particles lying on o of each other. There are different ways that one
could apply to remove those clusters. In this work, image filtration using two shape
descriptos, namely convexity and solidity is adopte@ionvexity is defined as the
perimeter of the convex hull dividday its perimeterSolidity, on the other hand is

defined as the object area divided by the area of the convex hull. Both of these shape
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descriptors give a measure of thevexqgyarti c

and solidity calculation is slwn in Figure3-5.

Perimeter of (A + B
Perimeter of A

Area of A
Area of of (A + B)

convexity =

Solidity =

Figure 3-5 lllustration of convexity and solidity

A sensitivity analysis was performed to determine thenwgdtvalue for convexity
and solidity. The scatter plot of solidity versus convexity of carbaspine dihydrate
crystals is shown ifrigure3-6 (a). The particle population density is centred around the
top right coner of the scatter plot, inclingitowards unity for both convexity and solidity.
On the lower spectrum of convexity (region A), particles appear to be jagged and
incomplete as shown iRigure 3-6 (b), whereas paxies recorded with low solidity
(region B) appear to be fibiike as those found ifrigure 3-6 (c). On the other hand,
particles with convexity and solidity close to unity (region C) have standalone crystals
with wel-defined crystal shape. A series of values are tested for both convexity and
solidity and the optimal value determined. It is found that a value of 0.85 used for both
of these shape descriptors yields the best result, removing most of the incomplete,
overlapping and fibrdike particles. The result of the image filtration is showirigure
3-7. The image on top (a) contains the patrticles that have solidity and convexity higher
than 0.85 and they will be used farther particle size analysis while the partidleshe

image below (b) are the outliers that will be excluded.
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Figure 3-6 (a) Scattemplot of solidity vs convexityb) Particles at region A; (c) Particles at region B; and (d)
Particles at region C
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Figure 3-7 Remaining particles after filtration (a) and the particles that have been filtered out (b)
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3.3.2.3 Particle Volume Esimation

Like most particle analysers, Morphologi G3 capturesn2ensional information of the
particles that lie otheir maximum stable planand converts the particle projected area
into a circle equivalent area. The assumption that the particle volopnexamates that

of a sphere with equal projected area woekatively wellwith equant particles. However,
this asumption falls short for highly acicular and platy particles in that it tends to

overestimate the particle volume. Platy particles like aadwepine dihydrate have a
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third dimension that is significantly smaller than the other two dimensions. It is hence
safe to assume that a constant thickness value can be applied across the particle projected
area and still result in a reasonably represmsmtavolumetricbased particle size
distribution. To avoid confusion, the particle sibeis represented by squagquivalent
side length rather than circle equivalent diameter. Square equivalent side length is defined
as the side length of a square thas the same projected area as the particle. The PSD

plots in this thesis are constructed based on such assumption.

3.3.2.4 Statistical Reliability and Data Smoothing

G3 Morphologi has miniscule sample size requirement, typically in milligram range for
each measement. However, small sample size is also associated with lower population
of particles being measured and herfeelocal particle size distribution measured may

not be representative of the global particle size distribution. Depending on the particle
size and shape of the sample, multiple measurements may have to be performed to
improve the statistical reliabilityfdhe measured particle size distribution. The particle

size distribution of bigger and nepherical particles, especially those with laagpect

ratio, tends to have a wider scatter compared to those of smaller and round&thones.

3-8 shows an example of the PSDs of carbamazepine dihydrate dispersed and measured
at 0.5 barg. An average of ~2500f analysed in each measurement. Note that the
partide size distribution measured using G3 Morphologi is in the form of discrete
probability distribution but is presented as continuous probability distribution in this
thesis for better visual presentatidrhe scatter of the PSD is large for each individual
measurement. Hence, a summation of six of these measurements is performed to reduce
the scatter. A moving average of 11 points is then applied to the PSD of the sum to iron

out the peaks present duethe deficiency of particle population in the measwpinAs
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shown inFigure3-9, a moving average of 11 points produces a reasonably smoothened

plot and the overall distribution is not shifted excessively.
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Figure 3-9 Moving average of PSD using different number of points

The partcle size distribution of the two batches of carbamazepine dihydrate

crystals are shown iRigure 3-10. It can clearly be seen that CBRH>O_B2018 has a
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wider particle size distribution compared to CBHA>O_B2016 andhis in in agreement
with the visual observation made using SEM. The span of a vdbased size

distribution gives a measure thie width of the distribution and is defined as:

- D
Spare w (31

V,50

where Dy is the volumetric size and the subscript that follows after is the volume
percentage below the size of interest that the sample contain2KzBZB2018 has a
span value of 1.56 while CBZH.O_B2016 has a lower span value of 1.29, indicating

that the forner batch has a wider distribution.
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Figure 3-10 Particle size distribution of carbamazepine dihydrate crystals

Apart from the size, the spa distribution of the two batches also varies. The
aspect ratio of the particles is of particular interest here and the distribution of this shape
descriptor is shown iRigure3-11. The aspect ratiAR, is definedas the quotient of the
particle width,W over the particle length, as shown irEq. 3-2. An equant particle will

have an aspect ratio of about 1. The more elongated the particle, the lower the aspect ratio.
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AR:VTV (3-2)

As expected, the aspect ratio distribution of CBZO_B2016 is skewed towards
the left, indicating that the particles arergler in shape. CBZH.O_B2018, on the other

hand, has a shorter length and a distribution mode of ~0.5 that approximates a 2:1 ratio

of the length and width.
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Figure 3-11 Particle aspect ratio distributionf carbamazepine dihyate crystals

Both the size and shape distributions provide quantitative observations that agree
very well with the SEM micrographs presented in the earlier section. The crystals of
CBZ.2H,O_B2016 are more acicular and have a narrowe&e distribution.
CBZ.2H,O_B2018, in contrast, appears to have wider size distribution and the crystals

are bigger in size, but Athicker plateso
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3.4  Solid State Properties

3.4.1 Classification of Organic Solids
Solid state characterisation isgaramount importanda pharmaceutical industry, as the
end products are most commonly manufactured as organic solid matégal®3-12

shows he classification obrganic solids

Organic Solid

4

PseudePolymorphs
Polymorphs (hydrate/solvate) Co-Crystals

Figure 3-12 Classification of organic sol&l

In general, organic solids can be either amorphous or crystalline nfdrplaous
state describes the situation whtre crystal structure is totally disrupteddano orderly
arrangement of the molecules is observed. Amorphous mateoald be created
intentionally, or they could be a result of phase transformation during crystallisation or
post crystallisation process.They areoften undesirablelue to the lek of distinct
physicochemical propertiemd potential instabilityCrystalline solids, on the other hand,
consist of atoms, ions and molecules that are orderly arranged in repeating patterns. They
can be furtbrdivided intofour subclasses of polymorphsseudepolymorph, cecrystals

and salts

Polymorphs refer to those crystalline solids that have the exact same chemical
composition but different crystal lattice structuseudepolymorphism is the resulifo

solvate or hydrate being entrapped in thgstl structure. Solvates are crystals that
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contain solvent of crystallisation whereas hydrates are the products of crystallisation with
water. Depending on the interaction between the solvent and the dtystsiability of
the solvates is varied. Imé case where the solvent is forming part of the hydrogen
network, the solvates formed are relatively more stable and more difficult to be
desolvated/dehydrated compared to those cases where solvent is meuplyirarthe
voids in the crystalCompounds iat have their mwlecules joied together by ionic
bonding are known assalts. The formation of salts could alter the physicochemical
properties of APIs such as stability, solubility and dissolution Gaerygalsare defined
as O6crystallsiemde ogoltiwdbs ocomma e mol ecul es
FDA (Aitipamula et al, 2012) In the crystal lattice of cecrystal, a neutral gues
compound referred as conformer is bonded with the host APl compound vianon

interaction.

3.4.2 Phase Transformation and Polymorphism

Solid state phase transformation refers to the process when one matangé<lits
composition. It could be temperatudriven and might involve the reaction with another
material. For instance, subjecting a hydrate/solvate to high temperature could lead to the
loss of crystal water/solvent, hence transforming the hydratefeotea anhydrate,
referred to as dehydratiomsblvation. Conversely, subjecting an amorphous phase
material to humidity may lead to the phase transformation of the material to a more stable
anhydrous crystalline form or even the formation of hydrate gifsffstem and ambient
conditions allow it. Pgimorphism occurs when a material changes its crystal lattice
arrangement, but without altering the compositibhe combination of temperature,
pressure and humidity could favour the transformation of one pophitoform to
another(Bauer, 2008; 2009)n enantiotropic systems, one polymorph is the preferred

and stable form within a certain temperatand humidityrange as compared to the others.
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Phase transformation and polymorphism of organic solids are dependent on factors such
as temperature, humidity, pressure and mechanical stress. Studies have shown that a
combined thermal and mechanical stressesd lead to the amorphisation of crystadlin
material (Willart et al, 2001, 2010; Desprez & Descamps, 2008Jormally,
amorphisationtend to occur below glass transition temperatufg, while aboveTyg

polymorphic transformatiorakes place.

Phase transformation and polymorphism during the manufacturing process could
lead to offspecification end products and compromise drug performance, such as reduced
bioavailability and stability bthe API. In the worstase scenario, theseawanted
transformations could render the drug inefficient and hence, seriously impairing the
efficiency of the treatment promised by the drug. A classic example is the Ritonavir
manufactured by Abbott (now Abl®), an antiretroviral medication used to trea
HIV/AIDS that was called to be removed from the market due to unexpected polymorphic
transformation of the compound. This drug was originally administered as an ordinary
capsule comprising form | polymorph thife compound (the only polymorph discovered
during the development of the drug). However, a more stable polymorph (form Il) was
discovered a few years later that has lower solubility, and thus lower bioavailability when
taken orally(Bauer et al., 2001 he presence of polymorph form Il, even in the slightest
trace, could transform the therapeutic polymorph form | tontbee stable polymorph
form Il. It has now beame a standard procedure for a new chemical entity to undergo

polymorph studies prior to any further developmenhapharmaceutical industry.
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3.4.3 Polymorphsand Hydrate of Carbamazepine
Carbamazepine is a meld compound that has been used for decadestudy
polymorphism. To date, there dree anhydrous forms of carbamazepine, Form I, 1I, 11l
IV and Vreported in the literatur@Grzesiak et al., 2003; Arlin et al., 2011lowever,
there is only one hydrate form of carbamazepine that has been reported in the literature
(Laine et al., 1984)Due to the large amount of research activities performed on
carbamazepine, the nomeaitire of the carbamazepine polymorphs andatgdeported
in the literature is not standardised, but most of them comply to the convention as

illustrated inFigure3-13.
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Figure 3-13 crystal arrangementsf anhyrous polymorphs and hydrate of carbamazeaieained from Mercury
Software)

The hydrate form of carbamazepim&s two water moleculemd the structure is
found to be monocliniqHarris et al., 2005)The systematic aangementof water
molecules forms channéke structure that is parallel to the crystallographic a&xias
shown inFigure 3-14. The crystal morphologyfaarbamazepine dihydrate calculated

using Mercury software is shovimthis figure. The calculated morphology is acicular in
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shape and it is in agreement with the carbamazepine dihydrate crystals observed under

SEM in the previous section.
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Figure 3-14 Calculated crystal mgrhology of carbamazepine dihydrate (obtained from Mercury Software)

Hydrates/solvates are generally more stable chemically and haveslawieiity .
In a study comparing the bioavailability of different polymorphs of carbamazepine, the
hydrate form of cdvamazepine shows no performance boostlissolution ratand has
lower bioavailability as compared to the anhydrous fo(Ksbayashiet al, 2000)
Different salts of carbamazepine halsobeen reported in the literatu¢(Buist et al,
2013; 2015) Carbamazepingicotinamide and carbamazepis&ccharin are both €o
crystals ofcarbamazepine and they are capable of undergoing another polymorphic
transformation to form polymorphs of carbamazepinernystal (Porteret al, 2008)
Much like saltsco-crystals are of great interest to researchers nowadays to enhance the
physicechemical properties of APIs.atbhamazepinsaccharin salt was found to have
better dissolution properties angyher oral absorption rate compared to the anhydrous
counterpartgHickey et al, 2007) It was also found that by introduciegnformers into
intraconazole, the eorystals formed exhibits better dissolution propergMerissetteet

al., 2004)
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3.4.4 Polymorph Characterisation Techniques

Polymorphic transformation can be characterised by a wide range of techniques. Some of
the maimmethods of analysis are microscopy, thermal methods, powdkgyr diffraction,

Raman pectroscopies, inverse gas chromatography and dynamic vapour sorption. There
is no technique that can accurately characterise every polymorphic form of a compound

at themoment

3.4.4.1 Microscopy Techniques

Microscopy techniques such @gptical andScanning Eletron Microscopy (SEMpare
capable of providing surface information of the crystals such as shape afulissiussed
in previous section)Some of the polymorphs havestinguishable crystal shape which
can be identified easily under SEMigure 3-15 shows two SEM images of
calbamazepine polymorptwhich have differentcrystal shapesHowever, some
polymorphs and other solvates oraystals might exhibit similar morphology hence

making microscopy a qualitative hatr than a quantitative technique for polymorph

identification.

HMMD5.5 x400 200 um

NM D52 x300 300 pum

Figure 3-15 SEM images of anhydrous carbamazepine (left) and carbamazepine dihydrate (right)
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3.4.4.2 Powder X-Ray Diffraction (PXRD)
Br a g g 0 $e fundamentaklawtof Xay crystallography and was derived by English
physicists Sir W.H. Bragjand his son Sir W.L. Bragg in 1913 to explain why the faces
of crystalline materials appear to diffractrXy beam at certain angles of incidende,

(Figure3-16).

2dsing=n/ (3-3)

Incident Beam ScatteredBeam

Figure3-16Br aggdés | aw

Powder Xray diffraction is a technigub as ed on Batagkgduse of thew
diffraction of X-rays to identify the crystal structuréLiss et al, 2003) Since every
material has their own unique diffraart pattern, PXRD allows the identification of

different materiad as well as the presence of impurities ingheple

The Xray diffraction patterns of the four anhydrous polymorphs of
carbamazepine and its dihydrate calculated from Mercury softwashawen inFigure
3-17. The anhydrous polymorphs of carbamazepiak have the same chemical
compositiorbut very different crystal lattice arrangemant that is reflected in their-X
ray diffraction patternThe X-ray diffraction pattern is a unique footprint of crystalline
materials. Each peak in therdy diffraction patern corresponds to a specific plane in

the crystal lattice structure. The-rdy dffraction patterns of the two batches of
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carbamazepine dihydrate are showirigure 3-18. They were performed usiryuker
D8 Advan@ XRD devce. Thesapleswer e scanned using Cu KU
nm) from 51 40 ° with step size of 0.05 °/s at room temperatlitee measured -xay
diffraction patterns of the two batches of carbamazepine dihydrate (b & c) appear to have
less paks compared to thealculated Xray diffraction pattern (a). This is an artefact due
to the preferred orientation of the crystals in the sample and it is always present. Ideally,
the sample prepared for measurement should have its crystals arrangedpletecom
random orientéon. However, such situation will only happen if the particles are spherical.
Both batches of carbamazepine dihydrate crystals are acicular and platy in nature. Even
though these samples were manually ground down to mitigate ther@debeientation,
the crystal fragments still have a strong tendency to lie flat on the surface, exposing
mostly the dominant face (h0O) of the crystals and hence enhancing the intensity of Bragg
reflection of that particular face. The effect of preferrdadrdation is promiant in both
carbamazepine dihydrate samples. The plane that gives rise to the sharp peak at ~9 ° is
the (100) crystallographic plane, together with the other peaks identified, proves that the

two samples tested are indeed carbamazefinyelrate.
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Figure 3-17 CalculatedPXRD patterns of different anhydropslymorphs otarbamazepiné its dihydrate
calculated from Mercury software
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Figure 3-18 X-ray diffraction patterns o€BZ2H-0O_B2016& CBZ2H.O_B20B

3.4.4.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the heat #hgainst time or
temperaturavhen a sample is heateith a specied atmosphereDSC comprises two
identical measuring cells that is made of the same material to keep the difference in heat
losses to minimum. In a powerodulated DSC, when the sample gmhtaining the
specimen is heated at the same rate as the reéecetl (both have separate heater), a
difference in temperature starts to occur due to the different thermal response of the
specimen the additional power input supplied to compensatentipetature difference.

The differential power signal (heat flong then recorded as a function of the actual
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sample temperature. On the other hand, in afheaDSC, only one heater is used and
the temperature difference between the sample and refergligsevhich is proportional
to the heat flux difference, is usetstead to compute the heat flol¥epending on the
nature of the reaction, either endothermic or exothermic peak can be observed hence
giving indications of temperature for melting, soliétst transition, glass transitions,

dehydratiofndesolvatioretc.

The DSC thermographs of the four anhydrous polymorphs of carbamazepine
acquired byGrzesiak et al.(2003) are shown inFigure 3-19 and their transition
temperatures are listed imable 3-1. According trio (2033),zakk si a k
carbamazepine polymorphs eventually transform intdifiic Form | if the temperature
is increased to 200 °C. Form II carbamazepine recrystallises into Form | between the
temperature range of ~140 to 160 °C (exotherm observed) and sulibequelts at
~192 °C (melting point of Form | carbamazepine). TheCOilBermograph of Form Il
carbamazepine exhibits two endotherms and one exotherm. The first endotherm (~175 °C)
corresponds to the melting of Form Il carbamazepine, and recrystallisatieorm |
(exotherm) is quickly followed afterward. The second eneloh at ~193 °C represent
the melting of the recrystallised Form | carbamazepine. Form IV carbamazepine has very
different DSC thermograph compared to the others. It has two endothetrascthary
close to each other and the bigger of the two is recatled88 °C, which corresponds
to the melting of Form IV carbamazepine. The second and smaller endotherm corresponds
to the melting of Form 1. Unlike form lll, recrystallisation exothesmot observed in
the DSC thermograph of Form IV. This is due tohikating rate used to collect the DSC
thermographs (20 °C/min was used). A Lower heating rate at 5 °C/min reveals two
distinctive endotherms which correspond to the melting point of Fdramél Form 1, as

well as a recrystallisation exotherm.
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Figure 3-19 DSC thermographs of the four anhydrous polymorphs of carbamaZé&piresiak et al., 2003)
Table3-1 DSCpeak positions athe four anhydrous polymorphs of carbamazejezesiak et al., 2003)
Triclinic Form 1 Trigonal Form Il P-Monoclinic Form Il C-Monaoclinic Form IV
Peak 1 (°C) - 140160 174.8 187.7
Peak 2 (°C) 193.5 192.1 193.2 191.5

The DSC thermograph of carbamazepine dihydrate record¥ddiyhashi et al.
(2002)is shown inFigure 3-20. The first endotherm corresponds to the dehyahradf
carbamazepine dihydre, commencing at around 60 °C and finishing at ~90 °C.

Subsequent heating results in the second endotherm which marks the melting point of the

anhydrate.

| \/ Y

I 1
60 120 180

Endothermic

temperature (C)

Figure 3-20 DSC thermgraph of carbamazepine dihydrgtéosihashi et al., 2002)

The two batchesf carbamazepine dihydrate were analysed using Mettler Toledo
DSC1 under nitrogen purge (50 ml/min) over a temperature range of 40 to 200 °C at a
heating rate of 10 °C/min. The DSC thermographs recorded are sh&iguie3-21. It
can clearly be seen that the two thermographs are almost identical to the one reported in

the literature. These two samples go throudtydeation (first broad endotherm) first and
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the dehydrated crystals then melt at ~ 192 °C, confirntag these two batches of
samples are indeed carbamazepine dihydrate and they bothtgmesdermed into

anhydrous Form | carbamazepine due to dehyadrdmgsore undergo melting.

AZO

s 1

R

Eo-w

LL ]

8 ] CBZ.2H,O B2016

T 1 &H0_

-20 FV—m—me————————rTrt Tt
40 60 80 100 120 140 160 180 200
2

I

\;/ -w

8 61

LL i

g ]

T 1 CBZ.2H,0_B2018

-14 =Vt 17—
40 60 80 100 120 140 160 180 200

Temperature (AC)

Figure 3-21 DSC thermogrphs of the two batches of carbamazepine dihydrate

3.4.4.4 Gravimetric Techniques

Gravimetric technigues make use of the weight change to identify the hydrattdsol
content present in a sample. There are a number of gravimetric techniques available but
only themogravimetric analysis (TGA) and dynamic vapour sorption (DVS) are used and
discussed here. Carbamazepine dihydrate is a stoichiometric hydrate andait has
molecular mass of 272.3 g/mol and 13.2 % of the weight is contributed by the two water
molecules (rolecular mass of #D = 18.01 g/mol) embedded in the crystal lattice. Unlike
nonstoichiometric hydrates, in which the water composition is variable deygeod the

water activity or relative humidity of the environment, the water composition in
carbamazepe dihydrate is fixed. The difference in weight upon complete dehydration
of the hydrate could provide a quantitative measure of the crystal water,ihimgag

the crystallinity and purity of the sample.
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Thermogravimetric Analysis (TGA)

TGA is a gravinetric technique that measures the change in weight as the sample is being
subjected to heatlt consists of a high precision balance with a sample pan in a
programmeetontrolled furnaceUnlike microscopy techniqeeor PXRD TGA provides

the ability to quantify the phase changes due to dehydration/desolvation irs tedrm
weight changes. Information regarding the physical phenomena (absorption, adsorption,
desorpion, crystalline transitioetc.) and chemical phenomena (desolvation, dettipdr,

solid-statereactionsetc.) can be obtained easily using T@2oats and Redfern, 1963)

The TGA studies bthe two batches of carbamazepine dihydrate were performed
using Mettler Toledo TGA under nitrogen purge (50 ml/min) over a temperature range of
30 to 120 °C at a heating rate of 10 °C/min. The resulting TGA thermographs of the two
batches bcarbamazepia dihydrate are shown Figure3-22. The crystal water content
is calculated by subtracting the dry mass of the sample from the initialoh#se feed
sample. The difference is then normalised with the initiadl feess and expressed in
percentage. The water content in the two batches of carbamazepine dihydrate is found to
be 13% and 12.9%, respectively. These results agree very welheitheoretical water
content (13.2%) in carbamazepine dihydrate. The detigdratarts at ~60 °C and
finishes at ~100 °C, which coincides with the DSC results discussed in previous

subsection.
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Figure 3-22 TGA curves of the two batches of carbamazepine dihydrate

Dynamic Vapour Sorption (DVS)

Dynamic vapour sorption (DVS) is a gravimetric technique that measure the water
sorption isotherms of a material. It is a technique typically usstlitty water uptake and
stability of a material under various relative humidity stepVS can also be used to
study the formation of hydrates and solvgt&sckton and Darcy, 1996; Vollenbroek et

al., 2010) In order to do so, the sample must be able to react with the solvent readily to
form hydrates/solvates. The formation of hydrates/solvates will result in weight gai
hence allowing the transformation to be quantifi@d. the contrary, the weight loss of

can be used to quantify the solvent content of a hydrate/solvate.

The two batches of carbamazepine dihydrate were studied using Surface
Measurement Systems DVS Advtage at 25 °C and at 0% RH. The sample is kept in the
chamber until the change of mass peinute (DMDT) of the sample is less than

0.005 %/min. The initial mass of the sample and the final dry mass of the sample are used
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to calculate the water contenttime sample. Again, both batches appear to have water

content that are comparable to theotiedical value, at 13% and 13.1%, respectively.
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Figure 3-23 DVS curves of the two batches of carbamazegiimgdrate

3.5 Characterisation of Mechanical Properties using

Nanoindentation Method
Nanoindetation is widely used to characterise mechanical properties of a material at the
nano/microscaléBroitman, 2017) Its working principle involves probing an indenter
into a surface under a specific load. The basic information that are etpiperform
nanoindentation are the penetration depth, area, time and load. Differentemde
geometries can be used to perform various measurements such as Hakdness,0 un g 6 s
modulus,E, fracture toughnes&c etc. The contact area is a functiortled penetration
depth and it varies with the type of indenter used {sd®e 3-2). A typical indentation
load-displacement curve is shown kigure 3-24, consisting of an apgation of load

followed by an unloading sequence.
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Table3-2 Projected area for various types of indent@fscherCripps, 2011)

Indenter type  Projected area

Sphere A~ m2Rh,
Berkovich A = 3/3h tan?6
Vickers A = 4h.tan?0
Knoop A = 2h.2 tan 6y tan 65

Cube corner A = 3/3h tan?6

Cone A = mh tan’a
P
Pmax
/] !
1| dP
dh
U
1 |
/ !

Figure 3-24 Typicalindentation loaedisplacement curv@ischerCripps, 2011)

Hardness is defined as

=— (3-4)
where P is the indentation load and A is the projected area of contact.

Indentation modulus, or reduced modulbs,is determined from the gradient/slope of
the unloading curve at maximum load. It is defined as a function dhdfPd the area of

contact (calculated from the valuehgj as shown below.

_1JpdpP
2.JA dh

For the ease of performing the indentafiobig labgrown crystals of

E* (3-5)

carbamazepine dihydrate were prepared and supplied by Dr Gabriela Schneider Rauber

at the University of Cambridge and the tests were performed at the University of Leeds.
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These crystalare (h00) facelominant, similar to thewto batches of carbamazepine
dihydrate prepared by AbbVie. The indentations were performed using Berkovich
indenter on the (h00) dominant face of the crystal, following a partial unloading approach.
Four loads weresed from 5 mN to 20 mN, with an intenafl 5 mN (Figure 3-25). At
each load increment, the sample is partially unloaded to allow the measurement of the
stiffness of the contact. This enables the measurement of changes in modulus or hardness
with penetratio depth. The indentations were performed on six crystals. The mean
hardness and reduced modulus are showmaidle 3-3, respectively. The error bars
represent the standard deviation between the six different measurements.dadgibel
seen that hardness decreases with the indentation load. The reduced modulaothen the
hand, is consistent regardless of the indentation load, and the mean reduced modulus is

found to be 16.68 Ba.
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Figure 3-25 Load-displacement curves of carbamazepine dihyagrat
Table3-3 Meanhardness andeducednodulus at different loads
Load Hardness, Stand?rd Reduced Modulus, Star.‘d‘?rd
Test (MN) H (GPa) Deviation E* (GPa) Deviation
(GPa) (GPa)
1 5 0.39 0.04 16.54 0.92
2 10 0.34 0.02 17.21 1.28
3 15 0.31 0.02 16.69 1.47
4 20 0.30 0.02 16.28 0.80
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Chapter 4

Phase Transformation of Carbamazepine

Dihydrate due to Mechanical and Thermal Stresses

4.1 Introduction

During agitate filter bed drying process of active pharmaceutical materials (API), the
wet cake experiences both thermal and mechanical stresses induced by the heated
jacketed vessel and the agitating impeller. Together, these stresses could lead to
undegrable particeé attrition and polymorphic transformation of the API. Thermal
stresses are known to induce polymorphic transformation in enantiotropic crystal systems
where one polymorph is the preferred and stable form within a certain temperature range
compared to thethers(Bauer, 2008; 2009Mechanical stresses are also found to induce
transformation of crystalline materials when sufficienestes are apptl at certain
temperature(Willart et al., 2001; 2010; Desprez and Descamps, 2086)ymally,
amorphisation occurs below glass transition temperalgreshile abovely polymorphic
transformation takes plag®Villart et al., 200). Carbamaepine dihydrate is prone to
dehydration at elevated temperature and could phase transform to one of the five
anhydrous polymorphs or loses its crystallinity completely if amorphisation takes place.
Each polymorph has its own unique PXRD and DS@théfootprint (shown in Chapter

2) that would help in identifying the polymorphic form of the dehydrated sample.
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According toRemy et al(2015) the hydrotatic pressure experienced by the particle bed
Is proportional to the scale of the agitated filter bed dryer. The range of pressure
experienced by the particle bed can vary between 0.2 (50-gr#d dryer) to 3.0 kPa
(500 kg commercial scale dryer). Témale ddifferent agitated filter bed dryers and their

corresponding hydrostatic pressure is showhahble4-1.

Table4-1 Hydrostatic pressure experience by different scélegitated filter bediryer (Remy et al., 2015)

Scale Pressure (kPa)
Traditional lab dryer (50 g) 0.2
Pilot plant dryer(150 kg) 1.4
Commercial Scale dryer (500 kQ) 3.0

The focus of this chaer is to assess the effect of mechanical and thermal stresses,
separately and concurrently, on the phase transformation of carbamazepine dihydrate
crystals. Mechanical stresses are induced to the crystals by subjecting them taimdpact
bulk crushing. Ohe other hand, thermal stresses are induced through heating the crystals
in an oven. DSC and PXRD analyses are then performed to assess the phase

transformation of the crystals from hydrate form to anhydrous form.

4.2  Phase Transformdion due to MechanicalStress

Mechanical stresses induced by the impeller is one of the two major stresses that the
particle bed experiences during agitated filter bed drying process. This study aims to
investigate the influence of mechanical stressesgatngnd bulk crushing)n the phase

transformation of the carbamazepine dihydrate crystals.

4.2.1 Materials and Methods

CBZ.2H>O_B2016 crystals were used in this study. The crystals were subjected to impact

by using the dry dispersion unit, Scirocco, of Malvern Panalytical Mazter&000,
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which is a commercial particle size analyser based on laser diffraction technique. The
sciroao unit comprises an-elbow that is designed to break down agglomerates present
in the measuring sample. The dispersion pressure of the unit is argoience making
it a suitable device for inducing impact damage to the crystals. Four differeatsiisp

pressures were used, and 2 g of crystals were used in each test.

Apart from impact, the crystals were also subjected to bulk crushing usiraninstr
material testing device. 1 g of sample was fed into a 20 mm die and flattened before being
loaded bya piston at a displacement rate of 1 mm/min until the maximum load was
reached. The maximum loads tested were, 0.1, 0.5, 1 and 5 kN and the corrgspondin

pressures exerted to the particle bed are shown in the table below.

Table4-2 Maximum loads and their corresponding pressures during bulk crushing

Maximum Load (kN) Pressure GPa)
0.1 0.3
0.5 1.6
1 3.2
5 15.9

The stressed crystals were collected, and wet dispersion technique was used to
measureheir size distributions. The collected samples were also analysed using Bruker
D8 Advance XRD to assess the associated phase transformation due to impadit and b

crushing.

4.2.2 SEM Observations

SEM micrographs were collected after each test and the caopdretween them are
shown inFigure4-1. It can clearly be seen that carbamazepine dihydrate crystals are very
prone tampact breakage. A significant size reduction can be observed even at the lowest
dispersion pressure, at 0.5 barg. As the dispersion pressure increases, the progeny size

decra s e s . The broken crystals appear to be
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presence of cleavage planes in the crystal. The presence of cleavage planes in the crystals

and their influence on breakage behaviour is discussed comprehensi@apter 6

On the other hand, bulk crushing does not cause as much size reduction as
compared to impact. The SEM micrographs of the crystals after being crushed with
different loads are shown Figure4-2. At 5 kN, the reduction of crystal size becomes
conspicuous through visual observation. In additio the obvious size reduction,
agglomeration of particles also become prominent as the load increases asetiustr
Figure 4-3. Huge agglomerates that appear to have fused together are found when the
crystalsare crushed at 5 kN. Substantial deformation of tiistals is observed too after
bulk crushing. An interesting example is giverFigure4-4 where it can be seen clearly
that the crystal (circled), aftéeing crished at 0.5 barg, is deformed but no evidence of

breakage is observed.

Bulk crushing and impact are two very different loading methods where the
former is quasstatic while the latter is dynamic. During impact, particles are being
accelerated bthe airin the Scirocco disperser before hitting on thellhow. Even though
the experiments were performed in bulk, the parpegicle interactions are in fact very
infrequent along the air stream that carries the particles, mimicking that of santibéep
impact. Upon impact, the incident kinetic energy is dissipated either in the form of particle
relocation/reorientation or, if the energy is large enough, initiating cracks on the crystal
and subsequently leading to crystal breakage. On the cqrtiargneagy is distributed
across the particle bed during bulk crushing where the crystals are in racdtipéect
with their neighbouring crystals, providing support to each other. This then gives rise to
the occurrence of agglomerates and deformedaisyst the sample upon being loaded
as the particle bed is experiencing increasing compressive normal and hoop stresses while

the space available for particle relocation and reorientation is reducing.
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Figure 4-2 SEM micrographs of the feed and collected samples after being crushed at 0.1, 0.5, 1 and 5 kN
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T MMD7.7 X100 Tmm | MVD83 x40 2mm

Figure 4-3 Formation of agglomerates due to bulk crushing

MMD8.3 x800 100 pm

| MMD8.2 x600 100 ym

Figure 4-4 Crystal deformation due to bulk crushing

4.2.3 Particle Size Analysis by Wet Dispersion Technique

The collected samples were disged in cyclohexane and their size distributions were
analysed using Hydro 2000S, the wet dispersion unit of the Mastersizer 2000. The
volumebased size distributions of the impacted and crushed samples analysed are shown
in Figure4-5 and4-6. Shifting of the particle size distributions to the left is observed for
both impact and bulk crushing, indicating significant size reduction of the crystals upon
impact, though to a $ser extentn the latter case. This result is in line with the
observations made from SEM micrographs in the previous section. The feed distribution
appears to be trimodal and that can be attributed to the limitation of laser diffraction
technique. Lasediffraction technique is suitable for analysing the particle size

distribution of equant particles but falls short when it comes to highly acicular particles.
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Using optical imaging technique, the size distribution of the same sample appears to be
monomodahs depictedh chapter 3The trimodal appearance of the distribution is in fact
the manifestation of the diffraction of the three highly varied dimensions (length, width
and thickness) of carbamazepine dihydrate crystals. The reduction in particle size
expressed irthe shift of specific surface areqS $S8A as a function of dispersion
pressure and maximum load is showfigure4-7 and4-8, respectiviy. o S SsAlefined
as the difference of specific surface area between the &®4) (and the sample of
interest.p S $S8A gives a measure of the extent of generation of the new surface area.
At 0.5 barg, thep S $S8A is ~3. This is a relatively signdant increase in the specific
surface area compared to the other subsequent dispersion pressures. A<fasburg,
at 0.1 kN, thep S $S8Ais ~2.5. increasing the maximum load from 0.5 to 1 kN does not
result in observable increase of tpeS $S8A. The specific surface area of the sample

after being loaded at 5 kN is ~4.5 times the specific surface atea fefed.
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Figure 4-5 PSDs of impacted CBZH20 crystals at different dispersigressures
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Figure 4-6 PSDs of crushe@BZ.2HO crystals at different maximuloads
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Figure 4-7 Shift of specific surface area as a function of dispersion pressure
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Figure 4-8 Shift of specific surface area as a function of maximum load

4.2.4 Phase Transformation Study using PXRD

The diffraction patternsfahe CBZ.2HO crystals are shown iRigure 4-9. The first
diffraction pattern shown is the calculated pattern of carbamazepine dihydrate from
Mercury Software. Compared to the reference, the diffraction pattern of the feed appears
to have less diffraction peaks. As previously discussed in Chapter 2, acicular crystals of
CBZ.2H0 have a very high tendency to orient themselves in a particulatiolirdnence
exposing the dominant face (h00) of the crystals in the measurement of their diffraction
pattern. This is reflected in the diffraction pattern as a very sharp peak at ~9 °, which
corresponds to the (100) plane of the crystal. As the dispegysissue is increased and

the particle size is reduced, the artefact caused by preferred orientation of the crystals
becomes less prominent, revealing the peaks that were previously masked out by the
strong diffraction signal from the (100) plane. TheksdaigHighted in yellow boxes are

some of the characteristic peaks of CBZ0 crystals. The peaks corresponding to (040)

and (140) get more discernible as the crystal size gets smaller, along with other peaks of

CBZ.2H20. These diffraction patterns ar@aparedagainst the diffraction patterns of the
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anhydrous polymorphs of carbamazepine and no obvious evidence of phase
transformation is discerned. Similar results are obtained from the diffraction patterns of
crushed samples. Increasing the maximum |ddzutk crushing reduces the crystal size
and hence reducing the effect of preferred orientation on the diffraction pattern of the
crystals(Figure4-10). The diffraction paks of nordominant faces become clearer as the
particle size becoss smaller. No apparent phase transformation is observed for the
crushed samples. These results suggest that carbamazepine dihydrate crystals do not
undergo phase transformation within thage of mechanical stressing conditions tested.
Even though the gstals have undergone significant breakage, their crystal structure

remains intact.
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Figure 4-9 X-ray diffraction patterns of CBZH20 samples impacted at different dispersion pressures
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Figure 4-10 X-ray diffraction patterns of CBZH20 samples crushed at different maximum loads
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4.3 Phase Transformation due to Thermal Stresses

4.3.1 Materials and Methods

4.3.1.1 Thermal Analysis using DSC

CBZ.2H,O_B2016 crystals were used in this work. The therimahaviour of these
crystals was studied using DSC at different heating rates. The experiments were carried
out at six different heating rates of 2, 6, 10, 15, 20 and 30 °C/min. The tempenag#re ra
tested was from 30 to 230 °C with a nitrogen flow of 3@mm over the sample. A sample

size of ~ 5 mg was used for each test. The aluminium crucibles were crimped, and a hole

was punched on top of the lid to allow the water vapour to escape.

4.3.1.2 Inducing Phase Transformation through Oven Heating

CBZ.2H>O_B2016 cystals were spread evenly in a petri dish and subjected to heating at
48 °C. Nine samples were heated at 1, 2, 3, 4, 5, 6, 7, 8 and 24 hours. The samples were
collected and analysed using DSC &XRD right after each test to assess the phase
transformatio. The experimental setup for DSC is similar to the one used for thermal
analysis in the previous sectiof.3.1.), but the heating rate is fixed at 10/min. As

for the PXRD characterisation, the operating conditions are the same as the one described

in Sectiord.2.1

4.3.2 Thermal behaviour of Carbamazepne Dihydrate under DSC
The DSC thermographs of CBZH>O_B2016 as a function of heating rate are shown in
Figure 4-11. Two endotherms can be observed ihthe thermographs. The first

represents the dehydration/vaporisation of crystal water, while the latter corresponds to
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the melting of the dehydrated carbamazepine. The DSC thermal characteristics of each

carbamazepine polymorphs reporteddigesiak et al(2003)are summarised below:

Form |
I One endothermic peak at ~193 °C, corresponding to the melting point of this
polymorphic form.
Form Il
I One small endotherrnm the range between 140160 °C followed by an
exotherm that corresponds to the recrystallisation to Form 1.
ii. Subsequent increasetemperature lead to the melting of Form | at ~193 °C.
Form Il
I Endotherm that corresponds to melting and recrystallisadio Form |li
between 162 and 175 °C.
il. Endothermic peak at ~193 °C, corresponding to the melting point of Form |
Form IV

I An endothermigeak at-187°C (corresponding to the melting of Form V)

ii. Another endothermipeak at-192 °C (corresponding to the meg of Form

)

Heating rate has a pronounced effect on the dehydration of the samples. The onset,
peak and endset tempenags of the dehydration endotherms are showhrigire 4-12
(the onset temperature presentetehis the extrapolated onset temperature which is
defined aghe intersection between the extrapolated baseline and the extrapolated edge
of the transition. Sed-igure 4-13). Increasing the heating rate increasks onset
temperature of dehydration though the change is small. The effect of heating rate is most

discernible on the peak and endset temperature of dehydration. At a heating rate of
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2 °C/min, the dehydration commences at ~48 °C and finishes at ~76 °(&, athi
30 °C/min, the dehydration commences at ~58 °C and finishes at 120 °C. These
dehydration temperatures are in agreement with the literature regoirtetdal., 2000;
Yoshihashi et al., 2002)he melting of the dehydrated crystals, on the other hand, are
not affected by the heating rate. The endotherms appear sharp and the peak melting
temperatures independent of the heating rate, remaining at ~190 °C. This corresponds
to the melting temperature of anhydrous polymorph Form | of carbamazepine, indicating
the polymorphic form of anhydrous carbamazepine that the crystals dehydréke to.
onset, peakand endset melting temperatures of CBZO _B2018 as a function of

heating ratere shown irFigure4-14.
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Figure 4-11 DSC thermographs of CBZH,O_B2018 at diferent heating rates
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Figure 4-14 Onset, peak and endset melting temperatures ofZEB@ B2018 as a function of heating rate

The thermal kinetics of dehydration ofrbamazepine dihydrate can be modelled

using Arrhenius equatioffArrhenius, 1889as shown below.

a-E
k = Aex 2 4-1
pae—g = (4-1)

wherek is the rate constan the preexponential factorza the activation energyr the
gas constant antithe temperature. The Arrhenius parameters can be obtained from the
DSC thermographs by using the Kissinger met{i&b57) which assumes the reaction

rate reaches maximum at the peak temperature of the reaction and it takes the form below.

ap 0
Inael_b—2 alnﬂ? Eai (4-2)
T2 2E RT

whereb is the constant heating raf€ the peak temperature of the reactién, the
activation energyA the preexponential factor an the gas constant. The Kisggr plot
is shown inFigure4-15. It can be seen th#te Kissinger method fits the DSC data very

well, having achieved a coefficient of determinatiBf),of 0.99.
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Another commonly used method to determine the Arrhenius parameters is the
Ozawa metho@1965)as shown below.

In(b) = const 10525 (4-3)
RT,

P

whereb is the heating ratds, the activation energyR the gas constant arie the peak
temperature of the reaction. The DSC data fitted with Ozawa method isedepi€igure

4-16. A very clear linear relationship between the heptrate and the Arrhenius
parameters can be observed. A summary of the Arrhenius parameter for dehydration is

shown in the table below. The resudtre in agreement with the literature reportediby

et al.(2013)
Table4-3 Summary of Arrhenius parameters for dehydration
Kissinger Ozawa
Activation EnergyEa(kJ/mol) 96.4 97.5
R (-) 0.9958  0.9963
-12
_ A
a3l T A
] A-.. y =-11606x + 18.604
z | ATl R2? =0.9958
T Ao .
Q"= A
e o o e T I e
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E -ttt
-15 j "-.A
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1Tp (K1)

Figure 4-15 Linear relationship established according to Kissinggua&tion for dehydration
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Figure 4-16 Linear relationship established according to Ozawa equation for dehydration

4.3.3 Phase Transformation of Dihydrate toAnhydrous Carbamazepine

4.3.3.1 Physical Changes of Crystal Mophology of CBZ.2H20 upon Heating

From the thermal analysis using DSC, it was found that the dehydration commences at
48 °C at the lowest heating rate tested. This temperature was then useak tap
CBZ.2H0 crystals at different lengths of time in an ov® study the progressive
changes of the crystal morphology as a function of time under SEM. The SEM
micrographs of the CBZ.24® samples being heated for 1 up to 24 hours are shown in
Figures4-17 and4-18. Under low magnification, the crystal shape appéa remain
identical to the original crystals even after it was heated for 1 hour, little change is
observed (Al & A2). However, a closer look at the surface of the crystals reveals the
formation of whisketlike features on the dominant (h00) face. Afteing heated for 2
hours, notwithstanding the patchy surfaces of the crystals, the overall crystal structure
still remains intact and preserves the plétg morphology (B1 & B2). At this pat, the
surface coverage of whiskbke features is found todve increased but not covering the

whole crystals. Apart from increasing the surface coverage of the whilekdeatures

Chapter 4 Phase Transformation of Carbamazepine Dihydrate due to Mechanical and Thermal Stresses



82
and roughening of the crystal surfaces, heating the crystals foildext@eriod does not
impose any significant change to the macogsc crystal morphology of CBZ.28. The
transformation of the crystals seems stop progressing after four hours of heating. The
whiskerlike features are ubiquitous all over the surface efdtystals (seEigure4-19).
The formation of whiskers has been reported in the worKlado et al.(2013)in which
the crysals were subjected to vacuum pressure dehydration. It was found that those
whiskers are in fact Form | carbamazepine thateates on the surface of the crystals
upon dehydration. PXRD and DSC analyses confirmed the dehydrated crystals are
indeed Form Icarbamazepine, agreeing with the literature (discussed in the following
sections). These dehydrated crystals are porousasish figure G3, where the edge of

one of the crystals is chipped off, exposing the crystal internal structure.
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Figure 4-17 Morphological changes of CBZH:0O at 48 ° as a funiin of time (1 5 hours)
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Figure 4-18 Morphological changes of CBZH.O heated at 48 °C as a function of timé (84 hours)
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