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Abstract

The major part of thighesisdescribes work done to investigate the organic and
inorganic impurity content in metformin hydrochloride samples and their effect on
induction time and nucleation kinetics.

Crystallisation from solution plays a significant roléhie pharmaceutical, chemal

and food industry, because it is widely used as a separation and purification
technique. Nucleation is the first step of crystallisation, where the extremely small
species called nuclei are formadsolution This step determines the quality of a new
crystalline material, however, at present the understanding of this process is
relatively poor. One of the factors affecting the nucleation pathway and kinetics is
the impurity content.

Impurity control in the pharmaceutical industry should be plannethatdrug design
stage and carried throughout the entire drug production process. Acceptabéisl

for impurities in drugs are defined in official regulations released by the International
Conference of Harmonisation (ICH), the United States Food andAdrampistration
(FDA) and the Canadian Drug and Health Agency (CDHA).

Aliquid chromatography/mass spectrometry (LC/MS) methodlHierdetermination

and quantification of metformin hydrochloride and five out of six known impurities
was developed and valitled during this poject. This method was thensed to
determine the levels of these impurities sgamples taken during the temperature
stability test of metformin hydrochloride. Thesults revealed that the chosen model
compound was relatively stable und¢he chosen conditions anthe levels of
impurities werewithin the acceptable levels. A separab@ ichromatographynethod
wasdevelopedfor the determination of dimethylamine.

Initial experiments showed that the raw material of metformin hydrochloride
contained several inorganic impurities, howeyeatue to time limitations only
ammonium sulfate was chosen as the source of sulfate ions to test their effect on
nucleation rate of metformin hydrochloride. It was found that when up to 0.5 %w/w
of ammonium sifate was added to the solution it caused a decrease in nucleation

rate and an increase in the average induction time. On the other hand, addition of



1.0 %w/w of ammonium sulfate had no influence on either nucleation rate or average
induction time. The unepected loss of the impurity effect was investigated further
using many analytical techniques such as Scanning Electron Microscope (SEM), Time
of Flight ¢ Secondary lon Mass Spectrometry (IRIMS), Differential Scanning
Calorimetry (DSC), Dynamic Lighdt&eing (DLS) and lon Chromatography (IC). The
results obtained did not provida definitive answewith regard towhy the highest
concentration of impurity had noféect on nucleation kineticst was thoughtthe
effects on induction times were due in@tions betweersulfate andthe nucleation
clusters formed during crystallisation ofetformin hydrochloride, however further
investigation is required.

In a ®parate part of this project was amvestigationinto whether or not a batch
CoFlux reactor cdd be used to produce a pure polymorpHorm of Lglutamic acid

and whether or notenthalpy measurements were an advantage of this reactor for
monitoring the crystallisationParticles obtained from crystallisation experiments in
this reactor were analysk using imsitu Raman spectrometry (for several
experiments) and offine XRay diffraction (XRPD), laser diffraction (LD) and
microscope imaging. The results obtained in the CoFlux reactor were reproducible
and a narrower particle size distribution was haved with the impoved
temperature control. Bthalpy measurements were not an advantagehen

monitoring the crystallisation of-glutamic acid.

X
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1 Introduction

1.1 Project Background

Crystallisation is a process which can be used as a natural or artificial way of forming
solid particles. Irthe chemical and pharmaceutical industry crystallisation is widely
used to produce drugs, dyes, pesticides, etcprsisent,more than 90% of active
pharmaceutial ingredients (APIs) aproduced through crystallisation, as a final step

of API formatior{1].

Crystallisation can also be used as a chemical-Bquidl separation technique,
where the process is used to purify the prodge¢herefore crystallisation is an aspect

of precipitation.It is achieved through varying the abllity conditions of the solute

in the specific solvent and does not occur as a result of a chemical reaction like other
precipitation processe$2].

There are a few essential key aspg@isthat have to be considered while designing

a successful crystallisation process:

1) Solubilityg the solubility of the compound is defined as the maximum amount
of solute that can exist at equilibrium under given conditionsa certain
solvent Usually the solubiy increases with temperatureand is highly
dependent on the solvent compositiofd]. The driving force for the
crystallisation is the supersaturatipwhich can be described as a state of a
solution that contains more diss@d solid than represented by the
equilibrium saturation[5]. Supersaturation is a necessary conditifor
nucleation to take placgs].

2) Metastable zone widtlg the beginning of the crystallisation is dependent on
the cooling rate, because the width of the metastable zone dependsisn
parameter As the cooling rate increases, the metastable zone width widens,
so the position of the optimum supersaturation leweianges. Therefore,
choosing the best possible cooling profile is crucial. The best way is to use a

parabolic cooling profile, which providdsetter control of nucleation and



constant crystal growth, however this kind of cooling profile is quite often
unreachable. In practice a linear cooling profile is most often yggd

3) Nucleation characteristios determining parameters such as nucleation rate
or nucleation induction time provides information about timescales of
nucleation and the behaviour of the chosen compound under certain
conditions[3].

4) Crystal growth characteristicgparameter crucial especially when a particular
size distribution is required, for seed production or in order to improve
downstream processes, such as filtratiGh.

5) Hydrodynamics of crystal suspensipthe behaviour of the slurry will have a
significant effect on downstream processes, so it is essential to provide this

information at the stag®f designing the crystallisation unit operati¢si.

Qystal properties depend on thermodynamic conditions and the kinetics of the
nucleation and growth processeslucleation happens when the supersaturated
solutionwhich isnot at equilibrium crystallises in order to rela equilibrium. At this
stagethe solution contains extremely small speatgsuclei, which initiate the crystal
growth. Molecules prefer to cluster in a supersaturated solution and continue to
growrather than dissolvg4].

Nucleation can be divided in to two classegrimary and secondary nucleation.
Primary nucleation occurs when no crystalline matter exists in the supersaturated
solution, and secondary nucleation is when nu@ee generated in the vicinity of
crystalsalready present in a supersaturated solution. Primary nucleation can be
distinguished into two classes homogenous (spontaneous) and heterogeneous
(induced by foreign parties). Two theories describaucleation¢ according to the
classical nucleation theory the nuclei are miniature crystals, nearly perfect in form,
according to norclassical nucleation thep the nucleiare diffuse bodieswith
molecules or solvated ions in a state moo different fromthe buk solution, with no

clearly defined surfacd-{gurel and Figure2) [5] [4] [6].
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As mentioned above the second step in the crystallisation process is crystal growth.
This step determines the cryst&size. Solute molecules diffuse through the liquid
phase to approach the crystal face, which results in Hoydayer growth of the
crydals[6]. Two processes are observed during thestalygrowthc the first one is
mass transport of the soluteybdiffusion to the crystal fageand the second one is a
surface integration of the material into the crystal lati¢ adsorption onto the
crystal surface and then addition to the lattice (solvation shell is [d§t)

The ability of a compound to adopt different crystalline arrangements is described as
polymorphism. The major polymorghform produced during the crystallisation is
dependent on the system parameters: solvent choice, temperature range, mixing
speed, impurities present and supersaturation level. The supersaturation level is a
parameter which plays the most important roleedause the nucleation and growth
kinetics are supersaturatiomependent [8]. Different polymorphic forms show
different physical properties such as shape, morplglesolubility, density or colou
Different properties can emege from different polymorphs, so the proper

polymorphic form is vital in the pharmaceutical industry. The trarmmsftion of



polymorphs is goroblem for the pharmaceutical industry, because different
physical propertiesf different polymorphic formsféect the product properties such

as the bioavailability, shelf life, compactness efa drug compound.fie control of

the formation of polymorphs during crystallisation is a crucial point of the process
[9].

The impuritiesin pharmaceuticals are unwanted chemicals tlaatse from the
synthetic route andremain with the ative pharmaceutical ingredientgjevelop
during formuhtion or arise during agingnd formulationof drugs The presence of
impurities in drugs masignificantly change produduality and safety, therefore
production ofpure {ncluding the control opolymorphic form presence) products is
especially important in drug manufacture, where the patient may be potentially at
risk.

Impurity control in drugshould be considered at the drug design stage and should
be carried on throughout the entire drug production process. Procedures of
determination, quantification and control of impurities are included in official
regulations released by International Cergnce of Harmonization, the United States
Food and Drug Administration (FDA) and the Canadian Drug and Health Agency
(CDHAJ10].

In general impurities present in excess of 0.184/w) should be identified and
quantified. Identification of impurities below thigevel is not necessary, however if
the potential impurities are expectetb be unusually toxidhey also should be
identified and quantified. The impurity guidelines have been published by the
International Conference o Harmonisation (ICH) [11]. This guideline defire
methods for analysis of impurities in new drug substances, new drug products,
residual solvents and microbiological impurities for registration of pharmaceuticals
for human useThresholds for the impurities are given in the guidelines for reporting,

qualification and identification of impurities and are presentedTiablel.



Tablel. Threshold given in the guidelines for reporting, qualification

and quantification of impurities in druffsl]

Maximum o o
dai Reporting Identification Qualification

aily

thresholdP° threshold® threshold
dose?

. 0.1% or 1mg per day 0.15% or 1mg per da
XH3IKR 0.05% '
intake intake
>2g/day 0.03% 0.05% 0.05%

a. The amount of drug substance administered per day
b. Higher reporting thresholds should be scientifically justified

c. Lower thresholds can be appropriatehie impurity is unusually toxic

ICH guidelines also provide decision tree for identificatiomnd qualificationof

impurities, which is shown below Figure3.
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Figure3. Decision Tree for Identification and Qualificatddhmpurities[11]



The ICH guidelinalso containsclassification of impunés. According to this
document, impurities can be classified into 3 categorig®rganic inorganicand
residual solvents.Most of them can be related to the synthetic route of
manufacturing process. Typical sources of impuriies

U intermediates generated during synthesis,

U products or residuals from incomplete reactions during the synthesis,

U products of overreaction or sideeactions,

U impurities from solvents, reagents or starting material,

U impurities from catalysts, inorganimpurities

U degradation product§l2].

A more detaileccharacterisatiorof the types ofimpurities is shown iTable2.

Table2. Classes of Impurities

Organic impurities Inorganic impurities Residual solvents

Organic impurities can
appear during the
manufacturing process
and/or storagge. This group
of impurities include:
starting materials, by
products, intermediates,
degradation products,
reagents, ligands and
catalysts.

Inorganic impurities may be
produced during the
manufacturing process. Thig¢ This group containg
group includes: reagents, | all organic and
ligands and atalysts, heavy | inorganic liquids
metals or other residual used during the
metals, inorganic salts, othg manufacturing.
materials such as filter aids,
charcoal etc.

The determination and identification of drug impurities should be a crucial stage of
every manufacturing process, especially whenithpurity couldpotentiallybetoxic.
British, European, United States and Indian Pharmacopd@japrovide not only
limits of acceptable levels of impurities, but aBdist of analytical techniques, that
should be used for isolation and characterization of impurities in pharmaceuticals.
Both chromatographic and spectroscopic techniques can be used in order to

determine and quantify the impurity level. The fundamentateria for the choice of



analytical technique is the ability to differentiate between the compounds of interest.
Spectroscopic techniques are more useful for determining isolated
compounds/impurities however the limitation of techniques such as ultrdeiqUV)
spectroscopy or Infrared spectroscopy is their ability to detect low amounts of
impurity. Nuclear Magnetic Resonance (NMR) or Mass Spectrometry (MS) can be
classed as very sensitive techniques, however costs of using these techniques is
relatively high. When impurities are not isolated, chromatographic techniques are
the first choice for their detection. Gas chromatography is especially useful for
volatile organic compounds, while liquid chromatography can be applied to a wide
range of organic impities ¢ high sensitivity and robustness of this technique have
been achieved by the use of a variety of detectars UV, fluorescence,
electrochemical, MS, etf13][12]. Currently chromatographyg the most commonly

used in monitoring the drug substance and its impurities and applications of liquid
chromatography for this purpose are widely reported in the literature. A review
published by Rao and Nagarajli2] reports that over 450 papers describing
chromatographic methods for determination of impurities were published in the

time period from 1995 to 2001 and this total is still increasing.



1.2 ProjectOutline

1.2.1 Determination of the Effect of the Temperature Control ors@hysation of L-
Glutamic Acid
Work was carried out in order to investigate the effect of an improved temperature
control on crystallisation of-Glutamic Acid using a Coflux reactoiGlutamic Acid
was chosen as a model compound, duextensive liteature available and therefore
better opportunity to compare the results obtained with those present in the
literature. A series of cooling crystallisations of this model compound were carried
out in order to evaluate the performance of a batch CoFluxct@ain relation to
polymorphic forms being produced, crystal size and crystal distribution. Obtained
results where then compared with the nalés obtained by Dr Laura Palmi@d] for
stirred tank reactor and oscillatory baftiecrystalliser reactor.
An additional aim of this work wat® assess if enthalpy measurement was an
advantage of this reactor for monitoring the crystallisation of this compound.
Experimental conditions along with experimental results are presented ipt€ha.
It should be noted that the work described here was performed under supervision of
Professor David Littlejohn and Dr Alison Nordon from the Pure and Afgttiechistry
Department at University of Strathclyde.

1.2.2 Determination of the Influence of Impties on the Crystallisation of
Pharmaceutical Materials

Metformin hydrochloride (anthyperglycemic agent and the first line drug choice for

the treatment of type Il diabetes) is the active pharmaceutical ingredient chosen for

this project.The reason behind is that the effect of inorganic impurities was to be

investigated throughout the project and therefore metformin hydrochloride as an

ionic compound waa suitable choice.

The first step of this project was toedelop a quick quantitativeand quditative

chromatographic methodo identify and determine the impurities in nifermin

hydrochloride samples¢ for organic impurities high resolution liquid

chromatography coupled withmass spectrometrywas used, while for inorganic



impurities an ion chromatography methodwvith conductometric detectionwas
developed

In the current work acelerated degradation experimenigere also undertakeror
metformin hydrochloride in ordeto find out which organic impurities ase from the

synthetic route andvhich arse fromthe degradation of the API.

Initial analysis of metformin samples using ion chromatography revealed that sulfate
amongst others was present as arorganicimpurity. The compound ammonium
sulfate was chosen as the source of sulfate asifor further investigation into the
effect that sulfate levels have on the nucleation ratémall scale reactog a
Crystalline reactor; was chosen in order to minimise the costs of the experiments
carried out throughout the projectTwo unrelated modelsvere applied to the
obtained data- ter Horst model and Classical Nucleation Thednyorder to obtain
nucleation rates. Both models are described in Chapter 2 and the results are
presented and discussed in Chapter 5.

The focus on inorganic impuritiesas dictated mainly by a nature of the model
compound, however a high cost of organic impurities was the reason for elimination

the investigation of the effect of these impurities on nucleation rate.

One of the aims of this project was to provide enougfoimation about the
impurities present and their effects on the continuous crystallisation environment to
simplify the design of the crystallisation process, in case the continuous campaign for
metformin hydrochloride will be taking place in the futuréhelfollowing problem
statements were addressed during this project:
U Growth and habit control: where the effect of impurities in the systemsan
effect and hence must be understood if continuous crystallisation is to be
implemented.
U Particle attributesand performance: any impurities, at any concentration
within the system can influence the particle attributes and in turn the

performance of the crystals being produced.
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U Process understanding: through monitoring theanoges in impurities
throughout continuous crystallisation, a deeper understanding of their

influence on the entire process can be achieved.

This part of the entire project was carried out under supervision of Dr David Watson
and Professor Alastair Florence fr@trathclyde Institute oPharmacy & Biomedical

Sciencesit University of Strathclyde.

1.3 Project Management

As mentioned above this PhD project was undertaken in two different departments

- Pure and Applied Chemistry Department aiglathclyde Institute of Pharmacy &
Biomedical Sciences under two different supervisions due to unforeseen
circumstancest-or these reason, there were a numbereaperiments that could not

be carried out or repeated due to time limitations.

LG Ffa2 ySSRa (2 oS y2 i SiyDdifficdilies wiereyaded S NB dza
during this projectg the lab closure for nearly 6 months caused a delay in project

progress.

1.4 Thesis Structure

This thesis is split into 6 chapters. Chapter 1 introduces the project background and
project aims and objectivs. In Gapter 2 crystallisationtheory background is
provided including classical and twsiep nucleation theories. Chapter 3 covers the
theory and setup of the CoFlux reactor as well as the methods that were
implemented. Chapter 4 provides a theoretichhckground to crystallisation
techniques and describes the methods and compounds used in this study. Chapter 5
details the experimental and data analysis work carried out to determine the effect
of the ammonium sulfate on the nucleation rate of metformirydnochloride.
Chapter 6 presents the overall conclusions drawn from this work, as well as

suggestions for future work. The structure is shown below:
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2 Crystallisation Thepr

2.1 Chapter Outline

This chaptermims to coverthe background theory on crystallisan, with focus on
nucleation as well as provide a literature review different aspects of nucleation
and crystallisation.

Chapter delivers a brief familiarisation withystal chemistry and physical properties
of organic crystalline materials and provides a detailed description of the
crystallisation driving force supersaturation. In the subsequent sections nucleation
process is discussed in detail, providing informatibout classification of nucleation
processes, energy barriers needed to be overcome during these processes as well as
two approaches describing the nucleation steglassical nucleation theory and a
non-classical, twestep mechanismAtheoretical backgsund and diterature review

on crystal nucleation and growtin presence of impuritiess also included in this

chapter.
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2.2 Crystal Chemistry and Physical Properties of Organic Crystalline Materials
There are three general states of mattelgaseous)iquid and solid¢ and each of
them representdifferent degreesof atomic or molecular mobilityin the gaseous
state moleculesare well separated, with no regular arrangement and they move
freely at high speedsThis state is easily compressed and eitbia low viscosityin
the liquid statethe molecules are loosely packed and constanttyving, the viscosity
of liquids is much higher than gases dhérefore they can be less easily compressed.
The stateof the most restricted molecular motion is thelsl state. For this state,
molecular motion is narrowed to an oscillation about a fixed position. The structure
of the solid state is well defined artde material is not compressib[d] [5] [6].
There are two types of solid crystalline and amorphous, where the crystalline
material consists of atoms, ions and molecules arranged in definite and tieygea
three-dimensional patterns (known as a lattice) and this is whiérentiate it from
the amorphous materigdb]. Themodel crystal comprises a rigid lattice of ions, atoms
or molecules, the location of which are characteristic of the substaridee to its
well defined internal structurecrystals have a characteristic shggg[5]. The angles
between two corresponding faces of a given substance remain constant
independently of the relativsize of the individual facesthese angds alongwith the
crystal dimensions define thaystalstructure.
Relatively often, crystals are to some degree symmetrical, and therefore this fact can
be used as a means of crystal classification. There are three elements of symmetry
that should be cosidered when defining crystal symmetry:

U a centre of symmetry,

U an axis of symmetry and

U a plane of symmetri4] [5].

Those elements of symmetry can form 32 possible combinaticsts called classes
or point groups. These 32 classes are grouped into 7 systems characterised by the
angles between theix, y andx axesand the length of axe@he directions of the axes

are siown below inFigureb).

14



=Z

Figureb. Crystallographic axes and angles describing the seven crystal §g$tems

As it can be seeftom the figure above is the angle betweey andzaxes] is the

angle betweerx andzaxes and is the angle betweer andy axes[5].

Miller indices(hkl) define directional and planar orientationithin a crystal lattice.
They can refer to a specific crystal face, a direction, a set of faces, or a set of
directions.

Crystal habit (known also as morphology) is the shape a crystal adopts in relation to
its internal structureHowever, it needs to beoted that the presence of the solvent
2NJ AYLIJzZNRGASE YIe KIFE@S | aAWMBTFAOLYG STTF.
The ability of a compound to adopt different crystalline arrangements is desteb
polymorphism. The major polymorphic form produced during the crystallisation is
dependent on the system parameters: solvent choice, temperature range, mixing
speed, impurities preserand supersaturation level. The supersaturation level is a
paramete which plays the most important role, because the nucleation and growth
kinetics aresupersaturation dependen{8]. Different polymorphic forms show
different physical properties such as shape, morphology, solubility, desrstylour.
Different properties can emerge from different polymorphso the proper
polymorphic form plays a significant role in the pharmaceutical industry. The
transformation of polymorphs is a big problem ftire pharmaceutical industry,
because differat physical properties of déirent polymorphic forms effect the
product properties such as the bioavailability, shelf life, compactness etc. of a drug
compound. That is why the control of the formation of polymorphs during
crystallisation is crucial pait of the proces$9]. Production of the pure (also in case

of polymorphic form presence) products is especially importadtirg manufacture

where the patent may be potentially at risjé].
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2.3 Solility and Supersaturation

Solubility islefined aghe amount of a substance that will dissolve in a given amount
of a particular solvent, under given conditions of temperaturegssure or pH.
Solubility is a quantitative term and is usually defined assnof solute per volume

of solvent (for example grams per Litre (g/L)) or mass of solute per mass of solvent
(for example grams per kilogram (g/kQ)).

A solution is saturated when the chemical potiag of the solute in solutiofusolution)

and the solidohase [isoid) are equal and therefore the potential change ¥ is zero

(Equationl). It means that no more solute can be dissolved in the sy$i&in

Equationl

A solution is supersaturated when the difference in the chemical potentials is positive
- the concentration of solute in solution exceedstitermodynamic solulity limit.
When the chemical potential difference is negative then the solution is
undersaturated16].

A typical solubility curve is shown Figure6. This curve can be divided into three
separated regions:

0 the undersaturated (stable) region, where crystatesent in the solutionill
dissolve due to lack of crystallisation driving force. Crystallisation fiaom
undersaturated solution (point A iRigure6) will happen if one of three main
pathways are followed (shown Figure6 as a, b and c): temperature change
(cooling crystallisation), solute concentration change (evaporation)leesb
composition chang (antisolvent crystallisation).

U the metastableregion iswhere nucleation will take place but only under
kinetic control and where crystals will grow. The metastable zone shows the
allowed level of supersaturation for the processdaasiways occurs between
the labile and undersaturated regiofiL7] [18]. The width of the metastable

zone is kinetically described and controlld®]. Boththe supersolubilityline
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position and he metastable zone width depenoh the rate of generating
supersaturation, the type and tensity of mixing, reactor type, sample
preparation and the presence of impurities. The product properties such as
crystal sie, crystal size distribution and polymorphic form strongly depend on
the metastable zone width (metastable zone width has a strong impact on
nucleation)[20].

U the supersaturated region(labile) region where crystals will nueate

spontaneoushand nucleation is not controlled.

SUPERSATURATED

(Lab"e) Supersolubility line

3]
c k:
2 T
©
£ _a Solubility Tine, C(T)
: Ve

~METASTABLE

/ Solubility line

UNDERSATURATED
(Stable)

Temperature, T

Figure6. Arbitrary solubility diagram depicting regions of solution stability in relation to the solubility line
(redline). Green doted solubility line represents a soltybidf a chosen compound in the antisolvent
mixture.Supersolubility line and metastable line are also shown in the figure using consequently grey line
and grey dash lin€rystallisation from an undersaturated solution (point A) will happen if one ef thre
main pathways are followed: a. temperature change (cooling crystallisation), b. solute concentration

change (evaporation) or c. solvent composition change (antisolvent crystalliizijon)

Chemical potential/m can be expressed in terms of standard potentra, and
standard activitya, as shown ifcquation2, whereRis the universal gas constant and

Tis the absolute tenperature
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Equatior2

C YYa € ©

If a is the standard activity of the solution phase arids the standard activity of the

crystalline phase-quationl can be transformed:

Equatior3

o012 ey

Y'Y o

where DOm is the difference in chemical potentials an8 is fundamental
supersaturation. This way of definitige supersaturation is not useful in real life,
because chemical potentials and standard activities are often not known. Assuming
that the solution is ideal (standard activities remain constant) it is possible to define

the supersaturation in terms of caentration as shown iEquatiord4.

Equatiord

0 & Yo & hence Y o=

WhereSis fundamental supersaturatioe,js actual solute concentration armdis the
equilibrium concentration. Supersaturation depends on temperature, therefore

needs to be stated with respect to a chosen temperatr@.
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2.4 Nucleation
2.4.1 Primary nucleation

2.4.1.1 Homogerous Nucleation

Supersaturated solutions are not at equilibrium, so they attain greater stability
through crystallisation. Nucleation is the first stage of crystallisation. When a new
solid phase is created from a homogeneous solution, without foreigrtispeor
crystals present, the process is called homogeneous nucleation. There is a similarity
between nucleation and chemical reaction in that they both have an activation
SYSNH& O0FNNASNI 42 208SNO2YS® ¢KS WiwNI yaail
tens of units (atoms, ions, molecules) held together by weak intramolecular forces.
The smallest amount of new solid phase that can exist in solution without complete
dissolution is called a crystal nuclgd$]. There is airhited number of techniques
that allow nucleation to be studied and consequently an accurate description of the
process has not been developg?].

Classical Nucleation Theory (CNT) is the simplest and most commonkhesgdto
describe the nucleation process. It uses the analogy of nucleation from
supersaturated solution or melt to the condensation of vapour to liquid. This makes
it possible to use the same principles in condensation theory, however it was
necessary tanake assumptions to simplify the CNT model. Unfortunatilgse
assumptions lead to restrictions in its applicati@z2].

The first thermodynamic description of crystallisation was developed by Gibbs, in the
19" century[22]. He described a saturated solution as a state where clusters of solute
molecules constantly aggregate and dissolve. In a supersaturated solution
aggregation becomes more favourable and hence thdgeensional nucleation is
possible. The creation of new surface has energy penalty associatedith it.

Formation ofa new threedimensional structure is shown kigure?.
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New surface

D Mucleus

Figure7. Formation of nucleus in solution, according to Classical Nucleation Theory

Not all new threedimensional clusters will become stable and continue to grow into
a crystalg this process is driven by the energy associated with its formediash
growth. The free energy changB®) required for cluster formation is the summation
of the surface excess free ener@ and the volume excess free ener@y (see

Equationb).

Equations

Yo 0 ©

The surface excess free energy and the volume excess free energy are defined as

follows Equation6 and Equation?):

Equation

Equation?

wherer is the radius of the nucleDmis the difference in chemical potentialgis the
molecular volume andg is the interfacial surface tensiorkigure 8 shows the
competing forces of the surface excess free energy and the volume excess free

energy.
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Figure8. A fee energydiagramfor nucleation(a) showing the elationship between critical free energy
(a summation of the surface free energya@d the volume excess free energy &d associated radius

of the nucleiandb) the diagram showing effect of supersaturation on the critical radius and critical free
enemy[22]

As can be seen frofeigure8a, increasing the radius of nuclei has the opposite effect
on surface excess energy and volume excess emgitgy/first one increases with the
increase of the radius of nuclei whilst the volume excess energy decreases. The total
free energy curve is showas the blue dashed line Figure8. The maximum of the

free energy curve defines the critical point, at which the radius of the nucleus is large
enough for nucleatiorto begin. Above the critical size of the nucleus;, growth
becomes energetically favourable, therefore crystallisation can de@jr

In order to calculate the critical free energy for a thv@ienensional nucleus, therfit

derivative of the free energy function needs to be set equal to z¢he critical point
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is the maximum of the function, so its first derivative at this point will equal zero
seeEquation8. Those mathematical operations will yield an equation for the critical
radius, rerit - Equation9 ¢ which when inserted intdequation8 will result in an

expression describing the critical free energy giveBdnation10.

Equatior8
y ™y T
ot
YO  1“i Y i
Qi ¥ v
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yl
Equationl0
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Equation10 can be expressed in terms of supersaturation by ugiggation3 to
replace Omwith supersaturation. The critical free energy of the critical nucleus as a

function of supersaturation is shown belovequationl11.

Equationll

por i
o QYa ey

As mentioned befor&is the fundamental supersaturatioii,is temperature andk is
the Boltzmannconstant (1.38x18 J/K). The universal gas constant (R) has been
replaced by Boltzmann constant, because the object of study changed from

molecules to particlef22].
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Equationl1shows that supersaturation plays a significant roldefiningthe critical

free energy of the nuclei. The higher the supersaturation, the lower the energy
barrier becomes and the critical radius decreases. The effect of supersatuom

the critical radius is depicted Figure8b. At high enough supersaturation nucleation
will become a spontaneous procd4$].

dassical nucleation theory determines the nucleation rate in the form of the

Arrhenius reaction rate equation shownkiguation12:

Equationl2

v 0

whereJis the nucleation rate equal to the number of nuclei formed per unit time per
unit volume,Kis the nucleation rate constantand OGit is the critical free energy.

For homogenous nucleation the nucleation rate originates from the frequency of
molecular collisions, however in reality its value is very difficult to deterngine

molecular mobility changes significantly with temperature and the nucleation rate is

stronglytemperature dependenf22] [23] [24].

2.4.1.2 Heterogeneous Nucleation

Homogenous nucleation in reality is almost impossible to achieve system
theoretically treated as howgenous under closer examination is found to be
heterogeneous; nucleation has been induced by foreign particles present in the
solution, e.g. dust. Filtration can reduce the number of unwanted species in the
solution, however it is very difficult to elimate all of them. Equipment surfaces are
impossible to eliminate and their surface behaviour is difficult to predict and control.
Heterogeneous nucleation can be defined as a surface catalysed or assisted process,
however it is classified as primary ne&lion since it is not induced deliberately by

crystals i.e. seedingrigure9 shows the classification of nucleation processes.
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Figure9. Classification of nucleation procesfEa]

The presence of foreign particles will allow the crystallising compound to absadrb

therefore lower the value of critical free energy as can be seen fmgurelO.

FigurelO. Free energy pathways for homogeneous and heterogeneous nuciiijon

2.4.2 Secondary Nucleation
Secondary nucleation is the dominamucleation mechanism in industrial
crystallisers.A supersaturated solutiorwill tend to nucleate more likelyin the
LINEaSyOS 27F ([KF[6 (24 dhé Re@adurgonidies an levidence of
a few secondary nucleation modes, such as:

U initial breeding,

U needle breeding,

U polycrystalline breeding,
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U shear nucleation and

U contact nucleatiori5].

In general, it can be said that the nuclei are formed from the solution layer adjacent
to the surface or originate from crystg6].

An adsorbed solute layendt yet in crystalline formlocated close to the crystal
surface can be displaced and therefore provide a source of the secondary rAuclei.
potential mechanism for this process is provided by the embryo coagulation
seonday nucleation (ECSN) theory. According tdhié seed crystals interact with

the solute clusters (embryos) present in the boundary layer through the van der
Waals forces. If the concertation of the solute clusters is high, the rapid coagulation
Is observe and therefore the nuclei reaches the size gegahan the critical size,
consequently leading to nucleatid6].

Contact nucleation is another mode of secondary nucleation, where the nuclei
originates from the solutiorThe secondary nuclei are then a result of a crystgstal
collision or crystahgitator collision. It has been reported that crystajitator
collision is possible only for crystals able to penetrate the fluid boundary layer around
the blade¢ the speedof the agitator and the relative hardness of tkkentacting
bodies are the parameters that will affect the effectiveness of the secondary
nucleation.¢ KS Wa dzNIDA @I f (1 K SEholliséh eftett shS8uRl alfoybe (G K S
mentioned here¢ microcrystals in @persaturated solutions will tend to dissolve
unlike microcrystals. According to this theory, any crystalline fragments srttzdier

1 pmwill not survivein the agitated crystallisg6] [26].

Thee are three mechanisms of generating secondary nuclei from the crystal: initial
breeding, needle breeding and attrition. Generating secondary nuclei from the crystal
is called seeding and it is a process widely used in industrial crystallisation, as an
approach allowing control over crystal size and distributibmitial breeding should

0S dzaSR 6KSy TFTAySa 2y GKS aSSR ONERadGlf Qa
However, this mode of seeding is not very efficiethe number of fines is finiteso

seeds will notwork as a continuous source of secondary nudieedles, at high
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supersaturation, grow over the crystal surface and afterwards detach from the main
crystal (due to mechanical forces) and growiradependent crystalsBecause, the
high supersturation is required, this kind of breeding is not widely used in industrial
crystallisers. The last mode of ginating secondary nuclei &trition. Attrition is a
process, where the collision of crystals with each other or other objects causes the
removal of fragments of the parent crystal (seetihose fragments can consequently
act as nuclei and relatively often this route is chosen for secondary nucleation in

industrial crystalliserfs] [26].

2.4.3 Classical Nucleation Theory

Classical Nucleation Theory (CNT) is the simplest and most commonly used theory to
describe the nucleation process. The theory states that nucleation is analogous to the
condensation of vapour in to liquid. This makes it jldesto use the same principles

as in condensation theory, however it was necessary to make major assumptions to
simplify the CNT model. Unfortunateljpose assumptions lead to restrictions in its
application[22]. Five mairassumptions connected with classical nucleation theory
are listed:

U Spherical droplet model of clusters is appl@edroplet density is constant and
does not depend on their size. Density of those included in clusters is the same
as the density of the bulkupersaturated solution. This assumption implies
that units (molecules, atoms) are adding one by one in order.

0 Surface tension of the nuclei is size and temperature independent.

U Clusters of molecules do not interact with other nuclei and it is assumegd th
crystals are at rest and do not undergo any type of motion.

0 System is assumed to be at steady stateicleation rate does not depend on
time.

U The clusters are incompressible and surrounded by an ideal gas of constant

pressuref22].
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2.4.3.1 Classical Nucleation Theory for Determining Nucleation Rates

24311bée gt Q& Yl a& oFaSR FLILINRIFIOK FyR Ydz2i
A study published by Mitchell and Frawl@y] looked at nucleation kinetics during

batch cooling crystlsation of paracetamekthanol solutions. The aim of this

research was to estimate the nucleation kinetics based on the metastable zone width
(MSZW). Authors employed two theoretical approacted &€ gf 1 Qa Yl aa o
I LILINB I OK | YR Y dzo 2nclud@sinurhbedidimd@ty. OK> g KA OK A

b & @ fmbdeldassumes that the nucleation rate at the beginning of nucleation
corresponds to the supersaturation rate only for a limited period of time, hence the
primary nucleation rate- J, can be expressed as a function of stgaguration S
(Equation13):

Equationl3

"Q is the nucleation rate constan§is the supersaturatiorand n is the nucleation
order. If cooling crystallisation is chosen as the crystallisation method, then
supersaturation can be described as a function of the cooling rag&®afionl4). In

the equation belowdS/dT is the slope of the solubility curve for a given temperature.
Equationl4
QY QY

Qo6 QY

The maximum supercoolin§,Tmax, and the maximum supersaturatiofyax at the

beginning of the nucleation are given as follows:

Equationl5
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Equationl6

As mentioned before the nucleation rate relates to the supersaturation ratdat t
beginning of nucleation only, so the mass of formed nuclei can be linked with the

number of nuclei formed as it has been showrtnuationl7 below:

Equationl7

Q0

where M is the mass of formed nucldg, is the mass nucleation rate constant,is

the volume shape factor antl is the density of the solute crystals. Combining
Equation14, Equation16 and Equationl17 results inEquationl18, which includes -

a conversion factor for the concentration change caused by the formation of

hydrates/solvates (the original applicationtofé @ theb)a

Equationl8

Conversion factor,, can be defined as:

Equationl9

Y
p WY p

In the equation abové&, is the ratio of the molecular masses of the hydratethat
of the anhydrate, whilec is the solution concentration represented by the mass of

anhydrate per unit mass of solvent. The authors were using paracetamol as their
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model compound, which does not form hydrates or solvates, sedrals 1 and
hence- equals 1 too. By rearrangirigguation18 and taking the logarithm of both
sides,Equation20 is obtained and can be fitted to a logarithmic plot of the cooling

rate, INR versus the metastable zone widih(k Tmax) for a given temperature.

Equation20

« . QY
a € QY a €YY aegm «a pdé"%TY

The result of this ploshould be a straight line, where the slope corresponds to the
apparentnucleation order, m, and thmtercept corresponds to the mass nucleation
rate constantc kn.

Kubota's model assumes that the metastable zone width correlates to the point at
which a ixed, but unknown value of the number density of grown nuclei is achieved.
If the solubility of tle studied compound is linear (d&T=constan), the
supersaturation § in Equationl3 can be replaced by the supercoolirkJ), defined

by Equation 16 and therefore the primary nucleatiomate can be evaluated as

follows:
Equation21

0 QYY

where E =E (d¢/dT)". Integration of the nucleation rate Jd(N/V)/dt) yields
Equation22 - based on which the numbelensityNm/V of grown primary nuclei over

time, tm can be calculated.

Equation22

LQO

gl e

0
w
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When the cooling rateR is constant (R=#{)/dt), Equation22 gives:

Equation23

0 0 QyyY

W Y

In theEquation23k T is the metastable zone width. At this supercooling the density
of primary grown nuclei reachesfixed, but unknown valug Nm/V. At a constant
mass nucleation rate constant, insertiequation20and integratingequation23, the

equation defining the MSZW can be written as follows:
Equation24

Y'Y — & P Y ¥

Taking the logarithm of both sides Bfjuation24, results in a new equation, which
can be fitted wih a straight line where (lik{Tm)) is plotted against the cooling rate,
InR, for a given concentration. The slope of this line corresponds to the nucleation
order, and the intercept of the trendline corresponds to the expressiorkiV/).

Y dzo 2 U | Q &edefii@dRtte finduction time, s, as the time required for the
number density of primary grown crystals.{N) to achieve a fixed value. If primary
nucleation is described as shown Eguation20, the number density of primary

grown crystals can be evaluated as follows:
Equation25
0VQO Q YY Qo

0
w

The athors used an isothermal way of conducting experimertience the

supercooling is constant ariejuation25 yieldsEquaton 26:
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Equaton 26

whichwhenrearranged again yields an expression describing the induction time as a

function of the degree of supercooling T ¢ Equation27.

Equation27

Both the expression (MknV) and the exponent n, are the same as thosEdnation
24 and Equation25, which proves that model the proposed by Kubota shows the

connection between the mestable zone width and the nucleation induction time.

2.4.3.1.2 Crystal Nucleation Rates from Probability Distributions of Induction Times
The Poisson distribution describes the probability of the formation of nuclei in a time
interval Pm). In the equation belowHguation28) N is the average number of nuclei

that form in the time intervalt() and volumeY) [28].

Equation28

C

5
—Qwno
aA N

Based onEquation28 it is possible to produce an equation that descdbine

probability that no nuclei will be formedequation29).

Equation29

0 Qwno
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The probability that at least oneucleus will be formed can be described as follows

(Equation30):

Equation30

0 p 0 p Qwno

The number of nuclei is related to the stationary nucleation radten(the following

way Equation3l):

Equation31

Combining all the equations above provides enough information to form the
equation that describes the probabilifj(ty) that at least one nucleus will be formed

in time intervalt; (Equation32).

Equation32

CA
@)

P Qwnu @

The induction time mbability P(t) to detect crystals at time t (time of detectiontt
t, wheretyA & 3IANER ¢ U K o) Usgived belowHguatiom3d). This equation is

used to fitto the experimental probability distribution.

Equation33

~

0o p AGPO@ o

The experimental probability distribution at constant conditiansupersaturation,

volume and temperatureis determined using the equatigiiquation34):
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Equation34

WhereM is the total number of experiments aM*(t) is the number of experiments
where crystalshave been detected. Combinatiarsf Equation33 and Equation34
allowsthe nucleation rate (J) and growth timeg[to be determined[28]. Figurell

shows an example of experimental data (left graph) and its fit to the model (right

graph).
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Figurell An example of 80 experimental data points of induction tiefi§ and probability distribution

of those induction timef28]

For the simplicity, the model described in this section is referred to as ter Horst model

throughout this thesis.
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2.4.4 Two-Step Nucleation Theory

Classical nuehtion theory (CNT), developed in theM&ntury, is the mathematical
model frequently used to describe the crystal nucleation process. Comparison of the
predicted and measured nucleation rates, based on CNT, shows differences reaching
several orders ofmagnitude. The main disagreement between theory and practise
lies in the assumption that the nucleation rate is independent of temperature. A good
example to illustrate this, is the nucleation of watetheory correctly predicts the
dependence of the nuehtion rate on supersaturation, however only at a
temperature of 259K does the experimental data agree with the predicted value. The
same disagreement has been observed with pertaol, where the nucleation rate
based on experimental data is four timeglher than the nucleation rate predicted

by the CNT mod¢P2] [29].

Another assumption of classical nucleation theory is that the system is at steady state
or in other words the size distribution ds not change over time. Drenth and Haas
[30] carried out lysozyme crystallisation in order to investigate the nucleation
induction time by recording the NMR spectra of the crystallising solution as a function
of time. They obsrved that there was a significant delay in induction time before the
first nuclei appear and that the induction time strongly depended on the
supersaturation of the solution. The fact that there was a delay in the induction time
for the first nuclei to apear proved that the system was not at steady state and
therefore refutes the classical nucleation assumption.

Disagreements between the predicted and measured values for a simple-single
component system showed that the reliability of this theory for ma@@mplex
systems is very questionable, due to the fact that this theory is oversimplified for this
type of systeni31].

Non-classical, twestep nucleation theory is another way to describe crystal
nucleation in solutionFigurel2 showsthe basic summary dhe two-step nucleation
model; the classical model is included in this figure for comparison. This theory
assumes density fluctuations, which cause the formatioa péw liquidlike phase

Figurel2(c).
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Figurel2. Classical Nucleation Model and 78tep Nucleation Model crystallisatipathways. (a) solute
molecules in supersaturated solution, (b) according to CNT critical nucleus is formed by adding one by
one of solute molecules, (c) loose ligliigk cluster of solute molecules, (d) ordered crystalline nuclei and

(e) final crystd30].

Formation of this new phasethe first step of a nucleation proceggdecreases the

free energy of the systemchanges in free energy are depictedrigurel3.
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Figurel3. Changes in free energccording to the twestep nucleation theorj21]

During the second step of crystallisation, crystals are formed through a series of
complicated process, such #iguid droplet coalescence, aggregation, surfdoe
volume nucleation and eventually crystal growthigurel2(d) and (e]30].

Ascan be seen frorfrigurel2the main difference between CNThctwo-step theory

is the formation of the intermediate product liquid-like droplets, secalled
nanodroplet species. Their real nature, shape and the way they are formed is not

known at present, howeverit is believed that if solute molecules present in
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supersaturated solution come within close proximity, they will create nanodroplets
of higher concentration than the bulk solution. When the cluster reaches a large
enough size the crystal nuclei for§@2]. Fully understandinghe creation of these
nanodroplets would improve the understanding of the nucleation process and as a

consequence develop better control over crystallisation.

2.4.4.1 TwoStep Nucleation Theory Literature Review

Due to the lack of tools for analysing the detdilbehaviour of solutions at the
molecular level computer simulations are implemented. The first computer
simulation was published by ten Wolde and Frer{l82l]. Authors used the Monte
Carlo method in order to deVap asimulation which allows the calculation of the
free energy barrier againgbrmation of a critical nucleus as a function of critical
nucleus size. The results showed that the critical point was achieved via the formation
of a liquidlike droplet. Formatiornof the droplet caused density fluctuations and
therefore affected the crystallisation pathway. When the system crystallised
involving these droplets, the free energy barrier was lowered and consequently the
nucleation rate was increased by a factor ot3[82][25].

In 2006 Marian Sedlak published a series of three papers where the phenomenon of
forming large-scale supramolecular structur@s solutions containing low molecular
mass compounsiwas studied. In his first pap§33] the main focus was on applying
static and dynamic light scattering to investigate the presence of prenucleation
clusters in liquid mixtures, low mass electrolytes and nonelectrolytes. avan
distribution of solute in the solution was observed with regions of low and high
concentration being detected. Where the higher solute concentration was used, the
density of those regions was higher than the density of the rest of the solution and
bada SR 2y RSGFAT SR tA3IKG A0FGUSNRARY Ito+ yIf &a
ALIKSNAOIf RAAONBGS R2YFAYyaQed ¢KS aAlT S RA
as broad, with an average size of around a few hundred nanometres. It was found
that the domains had higher solute concentration than the bulkuson and their

size increasewith decreased sample dilution.

36



The second paper published by Sedld4] focused on the kinetics of the cluster
formation and their longerm stability. It was possible to carry out rdahe
monitoring of liquid mixtures; if the monitored samples were solutions of solid
samples the realime monitoring was possible only if the structure formation was
notably slower than the dissolution pcess. It was found that the time scale required
for the cluster to form varied from minutes to a few weeks. Due to the growth of the
clusters, the scattering intensity was increasing over time. For all the solutions
studied it was found that the growth dhe clusters was generally accompanied by
an increase in diameter and broadening of the size distribution. The-teong
stability test revealed that the formed nanostructures remained stable for up to 15
months.

In his final pape[35] Sedlak investigated the solutesolvent interactions and their
potential responsibility for solute association. The main assumption made in the
paper was that submicresized domains form in the solution as an effect of
hydrogen bonds occumg between solute and solvent molecules. It was observed
that clustering was more likely to occur if the solvent had a tendency to create
networks. Comparison of methanol and water showed that clusters occurred only in
water but not in methanol. It is weknown that lydrogen bonding forms in liquid
water as the hydrogen atoms of one water molecule are attracted towards the
oxygen atom of a neighbouringater molecule, therefore an extensive solvent
networks are formed. It was observed that molecules hawangjpole were more
likely to cluster, which was confirmed while analysing several polar anebolam
molecules¢ only polar compounds demonstrated the clustering phenomenon.
Further investigation revealed that the polarity of the molecule was a necessary
condition, but not enough for the molecule to clustesome of the highly polarised
ddzoadl yoSa dzaSR RAR y24 OfdzaAaGSN®» {SRfl |
clustering phenomenon based on the fundamental interactions between molecules.
In a paper pulished by Jawor, Baczynska at €]36] the authors present a study
where an investigation into the potential formation of nanodroplet intermediate

species during the dissolution stage was carried out. According to thestsyo
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nucleation theory disordered molecular clusters present in the solution act as
nucleation precursors. Their presence in the solution after dissolving crystals would

prove the reversibility of the nanodroplet formation process.
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Figurel4. A scheme showing the formation of prenucleation clusters at the dissolutiorj3éhge

Glycine in water was chosen as the model system in this study and the following
techniques were used to analyse the resultaniusion: smalangle Xray scattering,
dynamic light scattering and nanoparticle tracking analysis. The presence of
nanodroplets was observed at the dissolution stage, with a mean diameter of roughly
250 nm when the glycine concentration was close to satd. The glycingich
nanoparticles persisted in the solution containing excess glycine crystals with an
equilibrium number concentration of 2@per ml. When nanofiltered (low population

of nanodroplets) and unfiltered (high population of nanodroplets)iegaent
supersaturated (SS=1.1) solutions were left without agitation, it took approximately
30 hours for only a single glycine crystal to form in both cases. The crystallisation time
was significantly reduced when a small stirrer bar was used in ordgaritly mix the
solution inside the viat thousands of microcrystals were formed after an incubation

time of 3 to 5 hoursKigurel5).
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Figurel5. Photograph of glycine crystals grown from a 270 mg/ml solution in a continuously inverted vial
containing a stirrer bar (incubation time 3 hours). Images were taken at time (a) 0 min, (b) 1 min, (C) 5
min and (d) 10 min aftehe initial crystal detectiofB6]

Explanations for thikehavioursuch ast being due tosecondary nucleation, glass
splinters, scratchesn the vial or bubble formation were elimated via control
experiments. Thewthorsanalysedthe glycine solution just prior to the appearance

of the microcrystals and detected a subpopulation of large nanodroplets with
diameters greater than 750 nm, which were not observed in the quiescent solution.
It was believed that these large nanaghets, formed prior to nucleation create a
new crystallisation pathway, whiatansuccessfully lead to nucleation but only if a
critical mass of glycine within the nanodroplets was achieved.

In the next papef37] JaworBaczyska et alstudiedtwo amino acids; glycine and
DL-alanine ¢ in supersaturated and undersaturated aqueous solutions ysing
Brownian Microscopy/Nanoparticle Tracking Analysis, Dynamic Light Scattering (DLS)
and Cryogenic Transmission Electron MicroscQuydTEM). It is generally assumed
that solutions of highly soluble compounds, such as small amino acids, are
homogenous systems with only a small degree of internal structure, such as
molecular clusters or hydration shells. According to previous studaspdroplets
were detected in supersaturated solutions of these two amino acide work
carried out by JaweBaczynska et al. revealed the presence of the mesospecies in
solution, where the solute concentration was well below the saturated
concentration Detected nanodroplets were found to have a diameter in the range of

100 to 300 nm and the size distribution broadened towards larger diameters with
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increasing concentration. It has been observed that mesospecies do not form a
separated phase and authorsSci ONA 6 SR (GKSY a4 WIKSNX2F
mesostructured liquids containing soluteeh domains dispersed within the bulk

az2f dzi S & 2-festditivreQyyeBM dndlySikrevealed the presence of colloidal

scale objects, which were not observed in idamater samples. For both systems,

glycine and Dhlanne solutions, thedetected species were 300 to 400 nm in
diameter. These results agree with the data obtained using DLS and NTA, so they are
likely to be the same species as those detected using ghe dicattering techniques.

Electron diffraction patterns obtained for undersaturated amino acid solutions
showed that the species were amorphous structures, which was confirmed by Cryo

TEM visualisatior={gurel6).

Figurel6. CryeTEM images of nanodroplets observed in undersaturated and unfiltered solutions of (a)
DL-alanine (150 mg/ml) and (b) glycine (200 mg[88]

Filtration of amino acid solutions using PTFE 100 nm syringe filters revealed
differences in the mesospecies propertiesglycine nanodroplets easily passed
through the filter and therefore it can be said they have more liikd properties

and a less dense structure thanalaninec this amino acid tended to bind with the
filter, in other words they had more soHike properties. Filtration successfully
removed the nanodroplets, howevgert was noted that agitation caused a
reappearance oftte mesospecies in the solution.

In the final paper published by JawBaczynska et a[38] authors present work

where the formation ofmesostructuredsolutions in Divalinewater-2-propanol
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mixtures was analysed as well as tmgstallisation of Divaline from those solutions.
Dynamic Light Scattering and Brownian microscopy were used in order to analyse
saturated and undersaturated solutions of-izdline; similar nanodroplets to those
observed in aqueous glycine and-&8anine solutions[37] were detected in the
optically clear solution. Prenucleation clusters of -\aline with a mean
hydrodynamic diameter of approximately 200 nm and a narrow size distribution were
formed during the slow cooling pcess. When solutions of the same composition
were prepared via rapid isothermal mixing of aqueousvBline solution with 2
propanol, it was found that the formed mesospecies were significantly larger in
diameter than those detected in the slow cooledwgans. The presence of larger
nanospecies decreased the nucleation time in comparison to solutions containing
smaller clusters. Nucleation times as well as the cluster sizes were strongly
dependent on the mixing conditions. Based on further investigatichose clusters,

the authors proposed that mesoscale clusters above a critical size could be the
location of productive nucleation events. Two types of clusters were detected-in DL
valine solutions using dynamic light scattering technique (RIb$)lecubr clusters
(diameters of 32 nm) and soluteich prenucleation clusters (diameters of hundreds

of nanometers). Rapid cooling caudea orders of magnitudelecrease in induction
time. Shorter induction time and larger prenucleation clusters in rapidiylecbo

solution can be coupled together to play a key role in the nucleation process.

2.4.5 Classical Nucleation Theamnyd Two Step Nucleation The@ymmary

The main shortcomings coming from the Classical Nucleation Theory were presented
in section2.4.4 This theory of nucleation can be also described as a direct pathway
of nucleation, whereghe molecules immediately group together in the right order to
form a crysta[39]. CNTprovides a platform to start with, however this model fails to
provide understanding of nucleation rates (the prediction is orders of magnitude
higher than the experimental value) or the role or stable and unstabkerial

phases present in the solutida0].
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The twostep nucleation theory assumes the formation tie intermediate
nanospecies during the nucleation process. Once the clusters of a sufficient size are
formed, in the secondtep the reorganisation of the clusters into ordered structure
is taking place. The second stage is defined asdatermining stepg it has been
observed that the nucleation takes longer for more complex molecules than for the
simple ones, as it becomasore difficult to arrange into an ordered structure
forming a crystal lattice (due to its conformational flexibili3].

Initially two step nucleation theory was studied only for proteins, however more and
more extensse studies proved that this theory may be true for other materials
organic, inorganic and colloid@5] [39] [40].

However, it has to be noted that nucleatios still not fully understood and further

workis needed in order to confirm the truth value of the theories described above.

2.5 Crystal Growth
Crystal growth is the second stage in the crystallisation process, which determines
the final crystal size. Grdtvcan be achieved when the flux of growth units surpasses
the equilibrium stage, so the number of growth units attaching to the surface is
greater than the number of units leaving. How quickly the surface will grow (growth
rate) depends on many factors @mill highly depend on the strength and number of
interactions between the surface and the growth ufii6].
The exact mechanism of crystal growth is not known and there are numerous
theories trying to explain this process.daneral, crystal growth can be described by
the following steps:
1) diffusion of the solute molecules to the liquid phase in order to approach the
crystal faceg mass transport of solute,
2) reorganisation of the growth units,
3) adsorption of the growth unitg molecules when adsorbed onto the crystal
face makes the molecule part of its solvation shape and therefore is added
into the lattice where it loses the rest of its shapkayerby-layer growth of

the crystal[6].
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The interactions at the surface depend on the underlying packing of the molecules in
the crystal lattice and it is observed that the crystal will grow in a fashion that
maximises the intramolecular interactions.

There are three types of crystal face: f(&), kinked (K) and stepped (S). All three
types are depicted ifigurel?.

Figurel7. Three types of crystal face: fle),(kinked (kK§nd stepped (§41]

The crystalwill be bounded only to the flat faces (f#hen the additional growth units

are adsorbed, however those faces are marked by low binding propectidse
molecular interactions will not be verstrong (only one interaction site) and the
growth units will tend to desorb. The other two crystal fagdsnked (K) and stepped

(S) have respectively three and two interaction sites, hence they are more favourable
for the growth unit to be attached to.

The more sites for interactions, the faster the surface will grow, which means that
different crystal faces will have different growth rates. The surface growing the
slowest determines the crystal habit, so the studies on the prediction of the crystal

shape focus on the mechanism of flat surface groyh

2.5.1 Crystal Nucleation and Growth in Presence of Impuritiéeory

The first classial model thatexplainghe impact ofimpurities on crystal growth &as
proposed by Cabreraand Vermilyea[42] in 1958. Thi& model suggested that
impurities are adsorbed onto steps or terraces of growing crystals and act as local
pinning points impurities immobilized on the terraces cannot be passed by a straight
growing step. Subsequently growing steps need to be squeezed through the
impurities pinning points, which results in decreasing the step growing velocity in

comparison to straight steps growing.
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Kubota and Mullin43] in 1995 publisheda paper describing a kinetic model for
crystal growth from aqueous solution in the presence of impurities. They based their

model on the following expression suggested by Davey and Mullin:

Equation35
w
) P

In the equation abové/is the step velocityyo is the step velocity in a pure system
and eqis the fractional coverage by adsorbed impurities on the surfecglation
35shows that in the presence of impurities the diffusion rate of growth units to the
steps is being reduced. The relative veloci¥/\f) is zero when the fractional
coverage is 1. However, Fdoverage does not have to be caused by the presence of
the impurities of interest- presence of macronolecules, organic compounds,
metallic ions etc. can increase the coverage of sites available for absorption and
decrease the value of the relative velty. How well the impurity will supress the
crystal growth depends on the impurity properties such as size, shape or orientation
of the impurity molecules (a stereochemical effect). To fully describe the effect that
an impurity has on crystal growth it lecessary to consider two parametegsan
absorptionfactor (e0 YR 'Y STTSQsedEdayoiBéa a FIl OGU2NJ 6

Equation36
> |
) &
The relation between the relative step velocity and the concentration of the impurity

in the solution X) can be expressed using the Langmuir isothé&tquétion37). In the

equation belowKis the Langmuir constant.
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Equation37

— 0dp V@

Combination ofEquation36 and Equation37 gives the equation that describes the

relative step velocity as a function of the iomity concentration Equation38).

Equation38

Go p | 0OBp U

Assuming that the relative step velocity is proportional to th&atige face growth

rate G/G the equation above can be written as follows:

Equation39

@0 p | Oip VO

Equation38provides a theoretical relationship between the relative step velocity and
0KS RAYSyarzyftSaa AYLAzZNAGE TRyedSSY dNI GA2Y

Relative step velocity V/Y

30

Dimensionless impurity concentration

Figurel8. Relationship between the relative step velocity and the dimensionless impurity concentration

for different values ofin effectiveness factoh ) - based on theorj43]
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In 1997 Kubota, Yokota and Mulljd4] described the rate of crystal growth in

solution in the presence of impurity as a function of supersaturation. The equations
presented were proposed for constant impurity content and constant temperature.

The relative velcity canbe definedusing two factorgl y | 0 & 2 NLJjhadd/ F I Of
'y STTFSO0A JSyHas Been HésOibied Nsfof@3] vEquUation36. The

authors defined the impurity effectiveness factor by the critical radius oftthe-
dimensionahucleus and the average spacing between two active sijess(shown

in Equation40.

Equatiord0

In the equation above is the edge free energg,is the size of a growth unik,is the
Boltzman constant and is the relative supersaturation. L depends on the adsorption
characteristics of the impurity. Using this definition of the effectiveness factor,

Equation38 and Equation39 become:

Equatior41

) V)
Y, lp LW

g e-

Equation42

0 FH 0
o P Qv o 0w

At constant temperature and constant impty concentration it is possible to convert
Equation42 and define the relative growth rate as a function of supersaturatjon

seeEquationd43 below.
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Equatior43
0 oy
0 p &V,

Sis the critical relative supersaturation (below which the face growth is zero) and is

defined byEquation44:

Equatiord4

V)
2.5.2 Crystal Nucleation and Growth in Presence of Impugtigerature Review
The section above shows the theoretical approach. The following exauhgdesibe
the literature discussing the effect of impurities on the crystallisation process.
The presence of impurities can affect nucleation kinetics and crystal growth. The
explanaton of this effect on nucleation kinetics is very difficult, due to poor
understanding of nucleation itself. It has been reported that the presence of foreign
particles increases the chances of a nucleation event occgriiogeign particles can
work as addional active nucleation centres or may reduce interfacial ten$4j.
Gahn and Mersmanf#6] have observed the opposite effect of the impurity presence
on nucleationg in their study impuritiescaused a reduction in nucleation rate, by
lowering the number of active growth sites.
Computational modelling of crystallisation processes provides an explanation for
changes in crystal shape, which is a result of impurities adsorbing onto specifi¢ crysta
facesc if the adsorption of the impurities is permanent, the foreign particles will be
built-in the crystal lattice and therefore will change crystal shape. Impurities will be
more likely to adsorb on surfaces where the free adsorption energy is axamm
[47].
Initial investigations of the effect of impurities on crystal growth during both batch

and continuous crystallisation did not provide a clear answer to this question. It has
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been observed that initial addition ahipurities lead to an increase in crystal growth,
however further increase of impurity concentration reversed the positive effect and
caused a decreadd8][49].

Studies of the influence of impuigts on crystallisation kinetics have been undertaken
for many different groups of compoundsnorganic compounds, drugs, sugars, etc.

- examples of which are presented below.

Belhamri and Mathlouth[50] studied the effect ofhydrophilic impurities, such as
oligosaccharides and polysaccharides on the crystal growth of sucrose. It has been
found that especially low molecular mass impuritiesoligosaccharides have a
negative effect on sucrose crystal growth. This is causedhdyigh affinity of the
oligosaccharides for specific active faces of sucrose crystals having the same
conformation as the oligosaccharides. In turn this blocks some of the faces of the
crystal that were before encouraged to grow and hence alters the argbipe.

The work published by Sultana and Jenget] is one of very few examples present

in literature, where the effect of impurities has been investigated during continuous
crystallisation. The authors used a continuous microfluidic system for seeded
crystallisation of glycine in the presence of glutameed and methioninea-glycine

was chosen as their model system, due to well established knowledge about the
modifications of its crystal habiEigurel9a shows thechanges in its crystal habit in

the presence of (§lutamic acid (top row) and (R;@ethionine (bottom row), while
Figurel9b shows twedimensional cross section$ ihe modified habits o&-glycine

crystals.
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Figurel9.1 I 6 A 0 S @ B)lfcimiove? tiine @HEN Wipyramidal seeds were grown in the presence of
1% (Splutamic acid (top row) and2 (R,Snethionine (bottom row)f'wo-dimensonal cross sections of
Y2RATASR KFoAGA 4K QWcindvetsd@ymidnhithe présenseSEiBso adidi(1),h
(RYamino acid (2), an(R,Samino acid (3) additivgs1].

It can be seen that ($)lutamic acidlecreased the growth rate of face (010), but also
had an effect on the growth rates of other faces. (Rp8jhionine had the same
effect on (010) faces, but in the presence of this impurity the crystals reoriented and
displayed their larger faces. The wgmlesented here is a good example of the effect

of impurities on crystal growth and shows the importance of understanding the
effects that impurities may have on crystal kinetics. This knowledge would be
extremely beneficial when designing a continuoustalfisation method; impurities
brought into the system at an early stage of crystallisation will be carried through the
entire process and influence the final product. Lack of necessary knowledge about
impurities may cause termination of the process ahérefore loss of time and

money.
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Shanmugham at al[52] studied the effect of soluble impurities (potassium
carbonate, potassium sulfate, potassium oxalate, sodium borate and potassium
chromate) on nucleation rates for potasan dihydrogen orthophosphate during
crystallisation experiments. Natural cooling was applied to achieve a desired
supersaturation. Authors defined the interfacial tension as a crucial parameter that
should be used in order to compare the nucleation thewith experimental results.
Equations well known from Classical Nucleation Theory were applied to calculate the
energy of formation and critical radius of the nuclei and the interfacial tension. The
transformation of the Arrhenius equatiorEquation12) the equation for the free
energy of formation of the nucleusgEquation10) and the assumption that the
frequency of formation of nuclei is inversely proportional to the induction period led

to the final equation used in this study:

Equatiord5

Coax PO F
AETO ==

f oY 'Ya Y

wherel is the interfacialénsion,t is the volume per molecule in solid phaBas the
universal gas constant,is the temperature andis the supersaturation.

The relationship between frand 1/ £VYis expected to be a straight line with a slope

(m) of:

Equationd6
pYr w0l
oYY

whereVis the molar volume of crystalaldiA & ! @2 3 RNR2 Qa Yy dzYo S NI
The interfacial tension was therefore calculated framquation47, whereas the

energy of formation of a critical nucleus was estimated u&ggation48.
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Equatiom7
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Experiments have shown that the presence of impurities that have a common ion
with the crystallising material, decrease the induction time. However same effect

was observed for all the divalent anionic impurities considered in this study. Sodium
borate increased the growth rate of potassium dihydrogen orthophosphate.
Calculationswere carried out to estimate the interfacial tension, the energy of
formation and the critical radius of the nucleus showed that the values of these listed
parameters decreased in the presence of the impurities.

A paper published by Rauls andworkers[53] described the influence of impurés

on the crystallisation kinetics of ammonium sulfate. The experiments were carried
out in an MSMPRn{ixedsuspension, mixe@groduct-remova) crystalliser and the
impurities that were added were aluminium sulfate and two azo dyesnaranth

and fuchsine.

The authors observed that the kinetic coefficients for crystal growth were redgced

at all of the impurity leve$ ¢ which can be explained by their adsorption on to the
crystal surfaces and hence suppressing nucleation. This effect can be compensated
at low impurity levels by increasing the supersaturation or metastable zone width,
which affects larger crystals pragein the system. The higher the impurity
concentration level, the higher the surface coverage of the crystals which causes a
high rise in supersaturation rate (compare to the metastable zone width increase)
and by increasing the nucleation rates, the gtiowf the smaller crystals is triggered.

It has also been reported that increasing the supersaturation caused an increase or

stabilisation of the crystal growth rates.
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Figure20 shows the relevant relationships between the crystallisation parameters.
The following conclusions can be drawn:
U the presence of impurities in the system casaevidening of the metastable
zone width;
U the nucleation rate is reduced due to qupession of secondary nucleati@n
adsorption sites blocked by impurities;
U supersaturation increases linearly with impurity concentration;
U crystal growth rate increasaup to a critical point, above which the positive

effect of the impurityis reversed

I
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@ f— -
% 2 .."'J ., -
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Figure 20. General relationships betweerthe relevant crystallisation parametersuch as

supersaturation, metastable zone width, crystal growth rate and nucleatiofte

Six structurally similaadditives of paracetamol are known to inhibit growth rates and
nucleation of paracetamol. These are namely acetaniliglacetooxyacetanilide
(PAA), orthocetamol, methylparabenp-acetoxybenzoic acid (PABA) and
metacetamol. The study of PAA on paracetammyistallisation has been the most
widely investigated of all of these.

Prasad et al[54] carried out work to examine the effect of the presence of
p-acetoxyacetanilide (PAA) on the crystallisation of paracetamol. PAA is one out of

the six structurally similar impurities of paracetamol and its effect on induction time
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and crystal habit of the paracetamol system has been studied in detail. During the
experiments it was found that the induction time, defined as the time period
between the time when a constant supersaturation is achieved and the time when
crystals are dedcted, increased with the increase of PAA concentration. Potential
crystal habit changes were investigated using scanning electron microscopy (SEM)
and the crystals changed from columnar for pure crystals (dominant (110)) to plate
like crystals (dominant0Q1)) at higher supersaturation levels. Addition of p
acetoxyacetanilide led to columnar crystal formation with an aspect ratio that varied
with impurity level and supersaturation. Authors report that in previous
investigations PAA worked as a nucleatiohilitor, mainly stopping the (110) faces.
This occurred because of the structural similarity of PAA to paracetamol and hence it
was simpler to adsorb at the growing interface. A significant change was observed in
the surface free energy valugsfrom 1.8mJ/m? for the pure system to 4.9 mJ/i

for the system containing 6.02 (%w/w) ofggetoxyacetanilide. Authors suggested
that this change could be related to an increase in the size of the critical nucleus and
a decrease in the nucleation rate.

Thomsonet al. [55] carried out work to study the influence that two structurally
similar additivesto paracetamol had on the crystal morphology. Atomic force
microscopy (AFM) and scanning electron microscopy (SEM) were used to dhalyse
al YL SaQ Y2NLXK2f238d ¢KS onnmo0 infditdDS 27F
investigations of additive effects on the morphology and growth rate of the steps.

The habit of crystals grown with 4 mol% of acetanilide, were shown via SEM to be
similar © that of pure paracetamol despite their size being much smaller in
comparison. When AFM was carried out on these samples, it was found that the
crystal surface had thin, branched terraces compared to the curved or straight edges
observed for pure paracetaol. It was proposed that this stepped nature of the
adzNF I OS O2dzZ R 6S FOGGNROGdzISR (2 GKS WLAYY.
When the paracetamol was exposed to 4 mol% of metacetamol during crystallisation,
SEM revealed that they exhibitedcolumnar habit unlike the tabular one for pure

paracetamol and paracetamol spiked with 4 mol% acetanilide. The aspect ratio of
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these crystals was more affected by this impugty.33 compared with 1.2 for pure
paracetamol. It was also found via AFM thia¢ presence of metacetamol greatly
increased the number of defects on the crystal surface compared to the acetanilide
impurity.

When metacetamol was added, the step growth rate was found to be from 19.0 to
37.8 nm/s.Therefore, AFM and SEM haween provedto give insight into the effect

that impurities have on the crystal surface, despite only focusing on the behaviour of
one crystal face.

In 2002 Jiban Podd¢b6] published a paper about the effect of impurities on the
growth and nucleation of potassium dihydrogen phosphate (KDP), whichvidla
recognisechon-linear optical material widely used in solid state laser source devices.
The author chose two impuritiesurea and potassium chloride (KGl)n order to
study theireffect on the growth and nucleation kinetics as well as the morphology
and mechanical, structural and optical properties. Slow cooling crystallisation was
used as the crystallisation method. A general observation was that urea had a
stronger effect on thecrystallisation kinetics and KPD crystal featuréshas been
observed, using Fourier transform infrared spectroscopy-IfgT that only urea
crystallised out with KDP, as an element of its crystal lattice. The presence of urea
had a strong positive eftt on the growth rate (KCI also increased the growth rate,
but to a lesser extent) as well as increasing the hardness of the crystals. The study
showed that using KCI as an impurity improved the optical quality of the crystals. To
conclude, crystals prosed in the presence of urea or potassium chloride
demonstrated better non-linear optical properties and thereforthis is an example
where impurities yield a positive effect.

The effect of potassium chloride (10mol%) on the crystallisation of potassiidn ac
phthalate (KAP) was studied by Rahman and Rahfs@h The athors applied
classical nucleation theoiy orderto determine the induction period, the interfacial
energy and the energy of formation of the critical nucleufRay Diffraction (XRD),
Fourier transform infrared spectroscopy {f) and UWIS spectroscopy were used

to investigate the structural and optical properties of the obtained crystals.
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The addition of KCl increased the metastable zone width, howevesitatthe only
positive effect. It was believed that the presence of KCI in solution reduced the
negative effect of trivalent ions, such as*CFée* and AP, on the crystal growth.
Figure21 shows the solubility and metastable zone width of KAP with and without

the addition of potassium chloride.
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Figure21. Solubility curve of potassium acid phthalate (KAP) with 10mol% additictasgium chloride

( ) and nucleation curve of KAP with)(and without’( ) the addition of potassium chlori@7]

Next, the effect ofKCladdition on the interfacial energy A) and the energy of
formation of critical nucleiYGerit) was investigated. The interfacial energy was

calculated from the induction period, based Bquation49 below:

Equationd9

oY Ya *

Y

whereRis the universal gas constaritjs the temperaturem s the slope evaluated
from the straight line fit for the natural logarithm of induction tim# ¢ In T against
1/(InS¥, whereSis the supersaturation, anlaA & ! @2 3 RNR Qa y dzY o SN

The energy of formation of the critical nuclei was calculated fEmnation50.
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There was no significant effect on the energy of formation of the critical nuclei, but
as can be seen iRigure22, the effect of KCI on the interfacial energy was significant

¢ energy notably increased.
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Figure22 A relationship between thaterfacial energy () andsupersaturation (S) of pure () and KCI

doped ( ) KAP solutiof57]

Based on XRD results it can be said that KCI was being incorporated into the KAP
crystal lattice. According to UV/VIS spectra analysis, spiking the solutibrKCl
improved the transmission capability of the KAP crystals.

Zhang et al[58] carried out work to study the influence of malic acid on the
crystallisation of zinc lactate. Authoobserved that addition of 5.8®6w/w) maic

acid caused an increase in the solubility of zinc lactate in comparison to the solubility
of the pure system. The positive effect of malic acid on the solubility of zinc lactate
can be explained by the pH change and the formation of rmaigdnic complges in

the solution. The nucleation dluction time was prolonged whemalic acid was

present in the solution.
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A study, published by Peng el f89], presented the effect of the chloride io® &

and the sulfate ion"Y0O  on the solubility, metastable zone width and nucleation
kinetics of borax decahydrate. Two methods were used with the intention of
determining these crystallisation parameters. For the solubility and metastable zone
width measurements, a polythermal atallisation was applied, while for the
induction time measurements an isothermal approach was used. It has been
observed that both studied anions increased the metastable zone width. Applying an
isothermal crystallisation lead to two different nucleatiomechanisms ¢
homogeneous nucleation for high supersaturation (S>1.3) and heterogeneous
nucleation for low supersaturation (S<1.25). The presence of chloride and sulfate ions
caused the prolonged induction time, which meant that addition of impurities
inhibited the nucleation. Interfacial energy values, calculated from the isothermal
method were lower than those calculated from the polythermal metlgawl this case

InS (where S is supersaturation) was calculated based on the solute concentration
instead of he activity.

Nucleation kinetic parametersnucleation order, interfacial energy, kinetic constant
and the nucleation constant were calculated using two approachesb & @likel Q
equation andhe Classical ThreBimensional Nucleation Theogpproach.

The two studied anions had no effect on the nucleation order. A positive effect on
the interfacial energy was observed higher concentration of impurity, hae
stronger effect. The nucleation rate constant increased with the increase in the
saturation tenperature, but the kinetic constant was independent of temperature.

Li et. a[60] studied the effect oft -amino acids on the nucleation and morphology of
glycine crystals. Authors carried out batch experiments, where a supeasad
solution was cooled down from around ®Dto room temperature and left unstirred

02 ONRBAUGIEEAASD ¢HSAYRT S @HNR2FS Glo Kk SRR RO 2 S5
studied: alanine, kvaline, Heucine, Ephenylalanine, iserine and thistidine. There

was no significant effect of most diese impurities, therefore the authors focused

on the effect of Heucine. When the crystal grotviwvas studied authors used thie

system, which is depicted Figure23.
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Figure23. Schematic diagram of the flow system applied for measuring the crystal {B6yth

An inverted microscope was used to monitor the increase of crystal size and UV
spectrophotomety and high pressure liquid chromatography were used for glycine
concentration measurements. It was observed from crystal growth experiments that
L-leucine had a tendency to adsorb onto theprt face of glycine crystals and
therefore reduced the growth ofhis face and changed the morphology of glycine
crystals. The addition ofleucine below the critical concentration (8 mg/ml) caused
the reduction of the growth of facempm and hence the morphology of glycine
crystals changed from bipyramidal to pyramidMore than 8mg/ml of L:leucine
added to glycine solution triggered the dimerization of glycine and thus the growth
of the (010), (001) andrt p faces increased. Potentially it could be explained by
multilayers adsorption of-leucine on glycinerptt face and in this way the oriented
nucleation and growth of glycine twin crystal template was providedanges in

3t 2O0OAYS ONRAaGlIftQa Y2NLK2f 238 -ldugine kdNBS a Sy O
depicted inFigure24.
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Figure24. Faces of glycine crystals grown from aqueus solutions: a. with no additive, b. doped with
L-leucine at concentration less than 8 mg/mLdaped withL-leucine at concentration greatéinan 8
mg/mL[60]

The induction time measurements can be used not only to determine the nucleation
rates during the primary nucleation experiments, but also can be applied to the
experimentwhere the secondary nucleation mechanism was obserViad.induction
time is then determined by the growth rate of the seeds only. In order to study these
two processes separatelg nucleation and growth two sets of induction time
experiments should be caed out¢ for seeded and unseeded systeiffhis type of
experiment allows studying the effect of additives on primary nucleation during
precipitation. Van der Leeden, Kashchiev and van Rosm@&jhpublished a study

on the efiect of the addition of a copolymer of maleic acid and vinyl sulfonic acid
(PMAPVS) on the nucleation and growth rates of barium sultatghors observed
that the induction time is supersaturation and seed number density dependent as
well as the present fothe additive dependedit was revealed that the presence of
PMAPVS copolymer caused a decrease in the growth rate of barium sulfate crystals,

however at the same time the nucleation rate increased.
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2.6 Chapter Summary

The main aspects of crystallisation theory, related to this project, were presented in
this chapter.It was shown, hiroughou this chapter that there aremany essential
key aspectghat have to be considered while designingaccessfutrystallisation
process such as: solubility, supersaturation, metastable zonethwidhucleation
characteristics andrystal growth characteristics

Presented literature review on two nucleation theorie€lassical Nucleation Theory
and Twestep Nucleabn Theory showed that at the moment, nucleation is not a fully
understood process and further investigation is required in orteexplain the
crystal formation mechanism.

The literature review on crystal nucleation and growth in presence of impurities
revealed thatthe main focus is on the effect of impurities on crystal growather
than nucleation rates, even so these two parameters are relaléeére is also a lack

of interest in investigating the effect of inorganic impurities on crystallisation of
organic materialsq the observed trend is to investigate the effect of organic
impurities (byproducts, intermediates, degradation products) on crystallisation

parameters.
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3 Investigation of the Effect of Temperature Control on
Crystallisation of-Glutamic Acid
3.1 ChapterOutline

This chapter outlines all experimental work and results carried out in the CoFlux
reactor. lkglutamic acid in aqueous solution was studied under different
concentrations and cooling rate conditions using two different reactor petlihe
reason behind choosingdlutamic acidfor this studywas that this compound is a
well-studied molecule antarge amount of data was available for comparison.
Crystals obtained from those experiments were analysed using different analytical
techniques:

1) X-Ray Powder Diffraction

2) Microscope Imaging

3) Laser diffraction

4) Ramanrspectrometry.

These techniques were used to compare the crystal features (polymorph, particle
size) to the results obtained fordlutamic acid using other reactor typesbatch
oscillatory baffled reactor (OBR) and stirred tank reactor (STR). It is believed that the
Coflux reactor provides a better temperature control, therefore a better control over
the entire crystallisation process could be achievedah cesult in eliminatn of
unwanted polymorphic forms and hence lead to production of pure product in terms
of polymorphs.

Another aimof this project was to assess if enthalpy measurement was an advantage
of the CoFlux reactor for monitoring the crystallisation -gflilitamicacidfrom water.

This chapter contains a section providing a theoretical background about
crystallisation platforms and analytical techniques used for this s{adgtions3.2
and3.3) followed by sectiomlescribing experimental conditiorfsection 3.4and3.5)

and sectiorpresenting resultseind discussion (sectidh6and3.7).
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3.2 Crystallisation Platforms
In this section three types of the reactors will descriled. There are more types
but only three of themwere used in this project and hence require further

description.

3.2.1 Stirred Tank Reactor

The batch reactor izidely usedn the fine chemical and pharmaceutical usdries,
where reactans are converted to products in a single batch cycle. This kind of reactor
can be used for a variety of process operations such as dissolution, distillation,
product mixing, chemical reactions, crystallisation, liquid/liquid extraction and
polymerisation.

Because the process parameters change over time the system does not achieve
steady state, so the process control is really tgaependent. Conventional batch
reactors are characterized by slow response to heat load changes. To achieve good
temperature contol in conventional jacketed reactgréwo factors have to be
consideredg the temperature control system has to be able to react to the bulk
temperature changes and keep the tperature at the desired value. Secondliget

wall temperature has to be seait the level which does not change the quuct
properties. Thejacket temperature is not a good indicator of the internal wall
temperature[62]. This lack of the uniformity within a reactor can cause changes in
the product properties including polymorphic compositi@3].

There is also a problem with the scaling up this technology from lab to industrial scale,

which is a result of theeomplexity of the parametersvolved[64].

3.2.2 Cofux Reactor

Changes caused by fluctuationms the temperature may significantly affect the
chemical and physical properties of theterialsproduced in the eactor. Ashe and
Morris from AM Technology designed a CoFlux reactor which allows users to have

better control over the jacket temperature and the heated surface area. The CoFlux
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has an innovative jacketonsistingof a system of coils and plates aroundjlass

vessel, which allows for dynantemperature controFigure25).

a.

Figure25. Photograph(a.) and a schematic diagram (b.) of CoFlux reatemperature probes (T),

temperature controller (TC) and valve controller (AC) are shown in a diagram.

3.2.2.1 Heat Balance Calorimetry
Although different calorimetric techniques can be used with constant duxtrol,
the preferred method is heat balance calorimetry. It is a fast, sensitive, accurate and
simple method to use with constant flux control. The measurements used are:
U Accumulation heat shifts due to changes in the system temperature,

U Heat balanceheat entering or leaving the system with the heat transfer fluid.

In addition to these, a number of other factors need to be takea account of such

as heat losses to the environment, agitator energy and enthalpy shifts in the vessel
jacket.

Enthalpyis the cumulative value of power and is measured in Joules. It is used to
monitor reaction efficiency, identify reaction endpoints or for timing of critical
process decisions. It also performs a valuable safety function for strong exotherms
since it can dect accumulation of unreacted material. Senenthalpy is measured

over longer time frames it can deliver very accurate df2a
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3.2.2.2 Processm@thalpy

Signals from the reactor are used to determine the power added or removed from
the process by the heat transfer fluid, which describes the equation bétopation

51 andEquation52).

Equations51

n a on Y Y
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where Thiiin IS temperature of heat transfer fluid entering the jacket in Kelviiagut

is temperature of heat transfer fluid leaving the jacket in Kelvimg,is mass flow of

heat transfer fluid in kilograms per second a@ph is specific heat of transfer fluid

in kilojoules per kilogram times Kelvin. The enthalpy can be measured from the power

readingss shown irEquation52:

Equation52
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wheregny is the power measured in the heat transfer fluid in Watts.

3.2.2.3 Cdrlux \lve

Unlike traditional jacketed reactors which control the process temperature by either
varyingthe flow rate or temperature of the heat transfer fluid; the CoFlux system
controls the process temperature by effectively varying the heat transfer area shown

in Figure26.
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Symbol| Description

TC Temperature controller

To Temperature of the
process material [K]

Thfin Temperature of heat
transfer fluid entering
the jacket

Thtfout Temperature of heat

transfer fluid leaving
the jacket

Mt Mass flowof heat
transfer fluid

Te Temperature of
ambient air

E Electrical power drawn st
ea

by agltator :Ir:ir::fer 1

Time

S Agitator speed

Agitator torque

4 Fraction of jacket in
service

Figure26. CoFlux reactor schematitagramwith description of main components

This is achieved byarying thenumber of cooling coile/hich arein operation at any
given time.This has a number of advantages over traditional techniques. The CoFlux
jacket distributes the heating/cooling energy much more evenly and gives faster,
more stable and much more accurate temperature control. The elimination of any
hot or cold spotsninimisesthe thermal degradatiomf the process fluid. As we have
seen from the results obtained in our experiments, thidgs many benefits for
crystallisation. In crystalkion processes localised cold spots can causgcleation

and crystalliation insmadl localised areas, resulting in lower yielgdue to fouling



alarge range of particle sizes and secondary nucleation. Two of the major advantages
of the Coflux design are much better distribution of the heating and cooéiaglting

in better control d the reactor wall temperature and ultimately greatly improved
process temperature control. The effects of this on the process can be seen in the
experimental results obtainelly Allan et al[65] [66]. The CoFlux reactor has many
advantages over conventional batch reactors and they are summarised here:

U improved yield through better temperature contreldue to the short
residence time of the heat nitum in the CoFluxjacket (less than 3
seconds), thelynamic control of the reactor is simple. The CoFlux reactor
responds faster to temperature changes. Control of temperature in a
5000 L CoFlux reactor is comparable to the control of 1 L lab reactor (STR);

U reduces energy consumptiorwith the CoFlux ractor flow is reduced by
about 90% and the pressure by > 90% while maintaining high rates of heat
transfer- this greatly improves energy efficiency;

U improved crystallisation control with direct measurement of the power of
the process (W), enthalpy (J) eth-value and temperature (K) of the wall
[65] [66] [67].

3.2.2.4 CoFlux setups used during the project
For the initial set of experiments, the heat transfer fluid (H7&3$transferred once
through the jacket before the fluid was returned to the heat transfer unit (HTU). The

diagram below illustrates this arrangemeiidure 25.
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KEY:

Jacket heater/cooler elements
Constant flux valve

Heat transfer fluid inlet header

Heattransfer fluid booster pump

o > 0N oE

Heater/chiller unit

Heater chiller unit (HTU) |

Figure27. CoFlux reactor, initial setup (setup A)

Although the CBux jacket is designed to provide good distribution of the
heating/cooling fluid across the heat transfer surface area, the actual temperature of
the HTF is under the control of the HTU. This can have disadvaritaga®cesses
such as crystallion. Fa processes requiringapid cooling rates this is normally
achieved by ramping down the HTU. This creates a differential temperature between
the jacket and the process, which consequently cools the process fluid at a similar
rate to the HTU. The problemwith this method is that a large differential
temperature is often present between the cooling jacket and the process and the
amount of energy available from the cooling jacket eaweed the desired amount

for some phases of the crystalitson process.This can cause a number of problems,
such as nucleation and crystaliiton in a small localised surface area, resulting in
lower vyields, large rangeof particle sizes and secondanucleation. In such
circumstances to prevent this from occurring the Hilust rapidly reduce the
amount of energy available in the jacket. In order to do this the HTU must change
the temperature of the entire contents of the jacket, the associated interconnecting
pipework and the HTU internal system. Even at the gbalewas workedat in the
current study this involvedhanging the temperature of several litres of heat transfer
fluid which can take several minutes. On larger systems this takes much longer. In
the time it takes to do this the available energy in the jactat have affected the

process in an adverse wayiowever, such scenarios can be virtually elimindtgd
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the introduction of a second control valve controlling the temperature of a temperate
loop.

During the second phase of experiments, a temperate temioeealoop was added

to the heat transfer pipework. The diagram below illustrates this arrangement
(Figure27).

KEY:

Jacket heater/cooler elements
Constant fluwalve

Heat transfer fluid inlet header

Heat transfer fluid temperate loop pump

Heater/chiller unit

Static mixer

N o g M w Dd P

Temperate loop control valve

Heater chiller unit (HTU)

Figure28. CoFlux reactor, second setup (setup B)

With this arrangement the temperate in the temperate loop is controlled by the
temperate loop control valve (7).The Cokix valve (2) continues to control the
process temperature. The temperature of the heat transfer fluid supplied by the HTU
(5) can be much hotter or colder than themdperate loop. By using a static mixer
the very hot or cold fluid introduced into the temperate loop is quickly mixed into the
fluid in the temperate loop and as a consequence a much less harsh heating or cooling
effect is generated and hot and cold spati® eliminated. Compared with the first
setup (vhere the HTF was transferred once through the jacket before being returned
to the HTU the inventory of heat transfer fluid in the temperate loop is very small
and consequently the temperature can be conlied very quickly and very precisely.
The experiments operated with the temperate loop during the cooling phase at a
constant differential temperature of 2C below the process set point. The HTU set

point was set at5°C. This gave a very strong cooliatg initially, but as the reactor
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approached the process set point the system stabilized and cooled the process at a
constant differential temperature of . Once the reactor was withirt@ of the
process set point, the temperate loop valve (7) wasringed to close fully. Thus

the only energy now available to the process is that contained within the temperate
loop. During this time the experimental data sththat crystalligition is t&king place.

The data also shothat the reactor wall temperatureeduces until it is at the same
temperature as the process (all the available energy has been used up). This method
of control is an ideal arrangement for ctghisation processes as it can quickly
moderate the available energy in the jacket and this neet also ensures that the

heat transfer fluid entering the jacket is well mixed and essentially all at the current
desired temperature. The major benefit of operating in this way is that it can prevent
localizedcrystallistion - encrustation and thusimprove yields and reduce patrticle

size distribution.

3.2.2.5 The accumulation or heat shift in the process fluid

During the second phase of experiments, an additional paramegsmeasuredq

gs- The g@parameter can be described as the accumulation or heat ishilie process

fluid and is driven by the rate of change of the process temperature. When this is
zero no energy is entering or leaving the system, via the jacket and no energy is being
generated or absorbed by the process. The equation describing hewarameter

is calculated is shown beloEquation53):

Equation53

where Ty is the temperature of the process fluid in Kelvinmgp is the mass of the
process fluid in kilogram§&p isthe specific heat othe process fluid in kilojoules per
kilogrlamtimes Kelvins ane-Hsthe time in seconds.

Constant values were providddr mp (3.4) and Cp(4080), hence the important

variable is the rate of change of temperatui@y/d g.
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3.2.3 Oscillatory Baffled Reactor

The oscillatory baffled reactor (OBR) is a recent development in technology, which
permits processes to run continuously under elds plug flow conditionsvherethe
material is being transported through the reactonder laminar flow.Figure29(a)
showsa typical design of the oscillatory bafflecrystalliser¢ a tube (16150 mm
internal diameter (D)) in which orifice plates are spaeegially The oscillation is

produced by a reciprocating pump or piston located at one end of the [68f

(a)

Q0000

—

T
Y T net flow T oscillatory motion
|I \ — material
NI input
|
|
|

i)
>

Figure29. (a) The reactor scheme afli) geometrical parameters the oscillatory baffled

crystalliser

Mixing in this type of the reactor is obtained by oscillating the fluid, leading to the

creation of eddies which are vortices generated when the flow and baffles interact

[69] ¢ seeFigure30. Each intebaffle zone carthen be treatedas a continuously
stirred tank reactor (CSTR), so the OBR can be described as a finite number of CSTRs

connected in series. Control of the mixing intengityhe OBR is possible by changing
the oscillating conditiong, frequency and amplitude, wdreasin a conventional

tubular reactor the mixing intensity is controlled by changing the flow [a83.
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Figure30. Vortex formatdn produced by oscillatory flow: (a) Back stroke(apdbrward stroke

This kind of oscillatory mixing is more efficient than internal mixing, which causes the
product obtained in a batch OBR to have better quality and bettesisbency in

terms of particle features than those obtained in a conventional stirred tank reactor
[70]1[71].

The oscillatory baffled reactor can work in a continuous setugontinuous
oscillatorybaffled reactor (COBR). This type of system contains several glass sections
(OBRs) all under different temperatures. The principle of operation of COBR is the

same as for OBRigure31shows a schematic diagram of COBR.
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Feed Tank
Peristaltic pump
Control Box
Linear motor

Bellows

Peek Collar
Thermocouple
Heater/Chiller

O
PND O

Figure31 A schematic diagram tife continuous oscillatory baffled reactor, showing the main elements
of the setug72]
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3.3 Analytical Techniques
3.3.1 Raman Spectroscopy

Raman spectroscopy has been known since 1928. In 1930, Sir Chandrasekhar Venkata
Raman was awarded the Nobel Prize for his work on the scattering of light and the
discovery of the phenomenonand hence it wasnamed after him. Raman
spectroscopy (as well asfrared absorption spectroscopy) is a technique used to
study vibrational spectra of materials and is a complementary technique to infrared
spectroscopy73] [74].
Raman spectroscopy focuses on tmattering of light from a particular molecule.
There are two types of light scattering:
U elastic ¢ where the scattered radiation is at the same frequency as the
incident radiation (Rayleigh scattering)
U inelasticg where the scattered radiation iat a different frequency, which
means that the energy was transferred between the light quanta and the

material (Stokes and ar8tokes scatterind¥5].

A Raman spectrum can be described as scattered intensity plotted against endrgy a
peaks observed in the spectrum correspond to an energy or Raman shift from the
incident radiation energy. The light source is normally a laser of visible or near
infrared monochromatic radiation. The scattered radiation collected by a
spectrometer giveshree different types of signal: Stokes, aBtiokes and Rayleigh
lines. Raman scattering is inelastic: the total photon plus molecular energy is
conserved but the vibrational energy changes and frequency shifts occur in the
scattered radiatior{76].

Figure32 below illustrates the types of bands observed in the Raman spectrum.
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Figure32 Jablonki diagram representing quantum energy transitions for Rayleigh and Raman scattering

As mentioned beforgn the Raman spectrum, the following bands are observed:

U Elasticscatteringis calledRayleigh scattering. Ithis type of scattering, a
scattered photon has exact the same wavelength as the incident beam.
Rayleigh scattering has the highest probability of occurring.

U  When the incident radiatioshiftsto a lower frequency (lower energy, higher
wavelength), the sattered light iscalled Stokes scattering. In thigpe of
scattering, energy is transferred to the vibrational mode of the molecule
which ends up in a higher vibrational energy state.

U  When the incident radiation shiftto a higher frequency (higher erggy, lower
wavelength), the scattered light called antiStokes scattering. linis type of
scattering, energy is transferred from the vibrationally excited mode of the

molecule finishingin a lower vibrational energy staf{&7].

I'd NR2Y GSYLISNI GdzNE Y2ald 2F (0KS Y2t SOdz S
GAUK | YdzOK f26SNJ LR LIz I A2y Ay (GKS FANAL
is a much higher probability the molecule is in the ground vibrational sfa¢eStokes

lines in the spectrum are much more intense than the -&tokeq77][78][79].
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Raman spectros@y has many advantagesase of preparation of samples, the
ability to perform measurements at higher temperatures and higher presstine
ability to analyse all states of material: solid, liquid and dg#swever.the sensitivity
of the Raman measurements for gasand iquids is not very high. The main
advantage of Raman tise ability to monitor processes, where water is the solvent
water gives a very weak signal during measuremémtsomparison with infraed
measurements Raman spectroscopy provides information on thealgative and
guantitative composition of the sample, in a ndestructive and nosinvasive way.
Raman is a flexible spectroscopic taplbecause of the wide range of laser
wavelengths it is possible to removéhe effects of fluorescenceduring
measuremens by using a near infreed laser In crystallization process Raman
spectroscopy helps identify andan provide quantitative information on the
composition of the polymorphic forms, while monitoring the formation or

transformation of one form into anothgi77].

3.3.2 Laser Diffraction

In industrial processes in order to characterize any solid materials produced, the
particle size must be obtained. In the pharmaceutical industry this property is key as
the dissolution rate of a drugan be altered if the particle size is not at the desired
specification.n extrene cases this can affect the bigailability of the drug limiting

the quantity of drug in solution in the intestine available for adsorption.

Particle size measurements can tepresented in different ways, with the difficulty

in describing this property increasing as the shape of the particles drifts further away
from the classic spherical shape. Depending omtleasurementechnique applied,

a different answer for particleize will be determined. This is due to the fact that
different instrumentationwill measure different intrinsic properties of the particles
and hence different sizes will be reported.

When carrying out particle size measurements, the mean, mode and mpdrénle

size are significant values. The mean valtleasaverage of all data that as®llected
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during the measurement and can be computed in several ways based on the

Ot OdzZ FiA2y 6KSNB (GKSNB IINBE o ALIKSNBa
Equation54
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The D[4,3] valueHguation54) is otherwise known as the volume or mass moment
mean. The D[3,2Hquation55) representation of thegparticle size can also be called

the surface area moment mean.

Equationb5
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If the median value is quet, this means that the data habeen split into two halves
and the median lays 50% abovestlowest value and 50% below the highest value. It
is however the mode that is value of the highest point in a frequency distribution

curve and this is the most popular method when describing particle size.

Normal/Gaussian Bimodal Distribution

Distribution
} Mean
Ned; Mean lod
ledian, lode Median
~ |/l\ Mode
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1
: 49% 51%
|
Distribution Distriburim\
1%

Figure33. Median,mean and mode in Gaussian and Bimodal distribufiqrarticle sizef80]

The figures shown abovEigure33) display how all of the values described previously

would be positioned in such distributions. In a normal distribution all would be in the
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same place, however if thehape ofdistribution vaies then the mode, median and
mean would lie in different areas of the curve.

In this project lasediffraction (LD) techniques wenesed for particle sizing. The
theory underpinning this technique is discussed below.

Laser diffraction has many benefits being used for particle size analysis in industry
as it is fairly cheapnd results are obtained quickly. This technique correlates the
diffraction angle to the particle size by stating that they are inversely proportional to
one another during the mesurement. When a laser beam with a fixed wavelength
comes into contact with a particle, a diffraction pattern is produced. It is from the
properties of this pattern (such as the intensity and distance between the diffraction
rings) that the particle sizean be determined. If particles are larger in size, then the
diffraction patterns will have a stronger and more distinctive appearance. This is due
to the scattering taking place at a smaller angle to the incident beam when compared
to the larger angles # arise from smaller particlef81]. Radial distanceoris

depending on the particle siZ82] (Figure34).

Figure34. Differences in diffractiongiterns between a larg@eft) and a small particle (rig§1] [82]

The data obtaineds plotted asan intensity distribution of light againghe radial

distance fromthe centre of focal plane of lengigure35) [83].
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Figure35. Intensity distribution of light against radial distance from centre of focal plane of lens for a

typical particle (left) and schematic of detector containing a series of photosensitive ring§8@ight)

Conversion of the obtained scattering patterns is possible using a combination of two
theories ¢ Mie and Fraunhofer. Both theories provide different conditions under
which scattering occurs, however both are based on the same assumptidn tha
measured particles are sphericdlhe optimum conditions for scattering occurring
are listed below:

U Frauntofer ¢ scattering occurs if the wavelength of incident light is 5 or 6

times smaller than particle size
U Mie ¢ scattering occurs if the ratio of pacte diameter to wavelength of

incident light is approximately [B1].

The assumption that all particles are spherical esusn error, because in realityis
almost impossible to produce spherical particles. The range of the error in
comparison to different methods such as microscopy has been explored and widely
reported in the literature[84] [85] [86].
The following requirements must be met to matke Fraunhofer theory valid:
U the diffracting particle has to be much largénan the wavelength othe
illuminating light
U the illuminating light corresponds taplanar waveront (laser light) and the
diffraction pattern is observed in the focal plane of the lens

U the intensity distribution of the illuminating light is homogeneous over the

particle
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U the refractive index of the particle differs sufficiently from the surrounding

medium[87].

Figure35 shows the dimensionless diameted) (calculated using Franhofer theory.

The actual equation is shown belofuation56).

Equations6

o ¢l
-0
In the equation above isthe particle radiussisthe radial distance in the detection
planemeasured from the optical axis,isthe wavelength of light andris the focal
length of the lens.
For a spherical particle illuminated with incident light the intensity of the scattering

ring pattern is given bgquation57:

Equations57
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where A is the area of projected spherex is the diameter and‘ is the scattering
angle.The equation abovenly worksfor a single particle. For a group jgérticles,
the diffraction patten becomes more complicated, whighcaused by the fact that
different particles scatter light at different angles. The total light enefigyribution

can be described ithe form of a matrix Equation58) [88].

Equations8

LG)=W(@)T(.j)
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L(j) is the total light energy falling on the ring/V(i) is the weight fraction of the
particles inthe size range iJ(i,j) representsthe scattering matrix for spherical
particles (matrix contains the coefficients to define the light energy distribution for

each patrticle size range). The weight distribution is knowrtgadtion59) [83]:

Equations59

qQl -

where N isthe number of particles andisthe particle radius.

To use Migheory, it is necessary to know the refractive indextod solution ancthe
particles and the coefficient of light absorptivity of the particles in the suspension.
Results obtained using Mie theory are a function of the refractive index and patrticle
size and theeflected, refracted and diffracted components of the light are included.
The simplified versionf Mie's theory developed in 1908 is given in the equation

below (Equation60) [81]:

Equation60
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where |l isthe scattered light intensityEis the flux of incident light per unit are&
and Kare constantsD is the diameter ofthe particles,Jlis the Bessel function—is

scattering angle and m tke complex refractive index.

3.3.3 Xray Powder Diffraction

X-rays are electromagnetic waves with wavelengths in the range of from 10 pm to 10
nm. X-ray powder diffraction (XRPD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions. It is now is a common technique for the study of crystal structures and

atomic spacing89] [90]. Inthe pharmaceutical industry XRPD is a widely used off
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line technique to determine the polymorphic form of an end product. Recent
publications show that XRPD can be potdhtiaised as an otine technique to
monitor the polymorphic transformation during the procd96][91].

As mentioned above the -Ray powder diffractioncan determinethe crystal
structure.Different polymorphic forms have different crystal structardat resultin
different diffraction patterns between the polymorphic forms.

X-ray diffraction can be described as tleastic interaction of radiation with matter.

The Xray beam can be scatted only if its wavelength is the saras theinteratomic
distance present in the sample. The scattered photons form a series of Debye cones

and are recorded by the detectoFigure36).
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Figure36. A schematic diagram showing Debgeesformedby two different crystallitepresented in
red and green92]

X-ray diffraction is based on constructive interference of monochromatiayX and
a crystalline sample.-bays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimatesh order to concentrate the raysand directed
toward the sample. The interaction of the incident rays with the sample produces
constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law.

N} 33Q4 RAFFNIOGAZY O2yRAUGEQustionlxr aK2gy A

Equation51
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where n is the positive integeris the wavelength of the incident wavd,is the
lattice spacing and—is theangle between thencident raysand the surface of the
crystal.

At certain distances between surfaces and for a given wavelength Bragg's law
determines the angle at which the wave must fall, that there will be constructive

interference Figure37).

Figure37. Diagram depicting thateraction of the incoming beam with the crystal lattités the lattice

spacing andP is the angle between the incident rays and the surface of the crystal.

This means that-Xays incident orthe crystal yield maxima of the diffracted radiation

only at certain angles of inciden{®9].
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3.4 Model CompoundUsed In the Current Study

L-glutamic acid (Glu, s8oNQy) is a noressential amino acid of molecular weight

147.13 g/mol and structure shown belowigure38).

HO OH
NH,

Figure38. L-glutamic acid structure

This compoundexistsin two polymorphic forms; metastablealpha (') and stable
beta { ). Both of them can be characterised with space grBR{2:21, but they have
different morphology. The stable form has neegéhdape morphology, whereas the

metastable form has prismatghape morphologyHigure39) [62].

Figure39. Scanning electron micrograptaken at 100x magnificatiaf a)the metastablealpha () and
b) the stablebeta(i ) form of LGA62]

The aim otthe work carried out by Srinivasan and-amrkers[64] was to separate
and controlthe nucleation of alpha and betéorms of L-glutamic acid(LGA) A
laboratory-scale swift cooling crystallisation process was chosen farghrpce.
Researchers founthat induction time for the alpha form wasignificantly shorter
than the beta form and less variation in the nucleation time occurs for alfdrm.

Based on this work it wagossible to say that the alpha form nucleates at lower
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temperatures (19°C), while the beta formucleates at higher temperature27-
34°C) Theobservations suggestl that nucleation of the alpha and betarms of L-
glutamic acid is mdominantly supersaturation dependent¢ at lower
supersaturation only the betdorm nucleates, whereas at higher supersaturation
only nucleation of the alphtorm is observed.

In the case of the downseam processing operations the alpHarm is more
preferable, beause is easier to work with.

A previous study carriedut by Borissva et al.[93] showedthat the formation of
one of the polymorphic forms waaso cooling rate dependentfaster cooling rate
favours the formation of thealphaform, when the slower cooling favoured the
formation of the betaform. It can be explained as the alpf@am nucleates first and
overtime crystals convert to the betrm by a solvent mediated phase transition.

Ni and colleaguef®4] carried out experiments aiming to crystallisglutamic acid in

a batch oscillatory baffled crystalliser (OBC). Inla@BC -glutamic acid solution
(concentration of 45 g/L) was heated up to 80°C and then cooled down to 15°C. The
main observations from their work werthat they were notable to obtain alpha
L-glutamic acid through elimination or reduction of the mixing intensitye alpha
form transformed tothe beta form through the solutiommediation during the
experiments; increasing of the cooling rate did not caiasmation ofthe alphaform

of L-glutamic acid; the only one way to produttes alpha form of kglutamic acid was

to use seeds to induce crystallisation.

Dharmayat et al[95] studied polymorphic transformation ofdlutamic aa using
on-line video microscopy and-fdy diffraction.The main purpose of their work was
to comparethese two techniques and assess their sensitivity. There is need of
studying the mechanism of polymorphic transformation of alpha form to beta form
of L-glutamic acid. As it has been mentioned before, the metastébldorm tends

to crystallise from the solution under rapid cooling conditiofise transformation of
the alpha form tathe stablebeta (i ) form takes place when the metastable crystals

areplOSR Ay (GKS &l GdzNy SR a2fdziazys 4 GKS
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the solventmediated, monotropic transformation occurs as an effect of a dynamic
process involving relevant dissolution of alpha form and growth of beta 86

During the experiments carried out by Dharmayat and collead@&$ authors
observed the solventediated phase transformation of metastale) form to the
stable () form using combined videgmaging and »Ray diffractionOntlive video
microscopy provided information based on the morphological changes of the two
forms, while online XRPD tracked the structural differences arising from the solution.
Cashell et al97] presented their work carried out in order to provide the evidence
of the secondary nucleation of the beta form eflutamic acid on the surface of the
metastable, alpha form. For thigurpose,two analytical techniques were used
Scanning Electron Microscopy (SEM) and Raman spectroSdupplphdorm of L
glutamic acid fromwas produced fronmlL-glutamic monosodim salt monohydrate
using 37% hydrochloric aciéifter preparation via this method, theystals were then
recrystallzed by heating to 80°C and cooling to 45°C. During the experiments, they
observed that slow cooling rate thimixing during cooling favouradicleation ofthe
alpha kglutamic acid form. Continuous agitatiorfluenced thecrystal size crystals

that wereobtained weresmaller in this case when compared to experiments without
mixing. Increasing the cooling rate or resignation of mixdogng cooling allows
production of thebeta form of kglutamic acid.SEM images obtained during the
crystallisation expements provided an evidence of the beta form growing out of the

surface of the alpha forn{gure40).

Glut 234 100X SEI

Figure40. SEM image taken at magnification of 100x of the beta form crystatgusfilnic acid growing
out of the surface of the alpha form crystfig]
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Liang at el[98] investigated the effect of the qersaturation on the polymorphic
outcome and transformation rate ofdlutamic acidAuthors used FTIR to study the
supersaturated solutiom order to predict the final solid form crystallising out. The
relationship between the supersaturation and polympbic transformation was also
analysed. Authors assumed that the polymorphic transformation is a result of the
solutionrmediated mechanism of transformation. It was proved that the
crystallisation of the stable beta form is favourable at low supersaturgi8$~0.3
0.7), while for high supersaturation (SS=3.0) only alpha form was formed, which
corresponds with what was reported ISrinivasaret al.[64].

In another paper, Liang at €]99] studied the solutionmediated polymorphic
transformation of Ekglutamic acid using experimental and simulation approach.
Experimental results revealed that theform predominantly nucleates out from
three surfaces of thé form with the corresponding probabilitgf (011) > (111) >
(001). The computational simulation confirmed the experimental results, based on
the adsorption energiesalues forthese three surfaceg molecules are adsorbed
most strongly on the (011) surface followed by (111) surface and the weakes
adsorption energy was observed for the (001) surfakdditionally, the molecular
simulation uncovers the fact, that all these surfaces have different ability to induce
the polymorphic transformatiorg it was especially visible for the (011) surface, at
which alpha lglutamic acid was always transformed into betgllitamic acid.

Guggiero at e[[100] investigated another theory proposed as the explanation of the
mechanism of alpha to beta polymorphic transmissioh-gfutamic acid; a thermal
solid-solid transformation Using solidstate density functional theorgoupled with a
low-temperature singlecrystal Xray diffraction data it was possible to define the
thermodynamic energetic parameters ruling the stabiliaatof the two polymorphs.

It was revealed that the alpha form is favourable at low temperatures (<222 K), while
the beta form becomes stable at ambient temperatures. In additibarahertz
Spectroscopyvas used to provide a data for quantification of poymphic mixtures

or crystal growth monitoring
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3.5 Materials and Methods
3.5.1 The CeFlux ReactoBetup

Experiments were carried out using two different reactor setupstup A worked
without the reactor temperature loopHigure41) and setup B worked with the
reactor temperature loopKigure4?2). The idea ofhe temperate loop controlvasto
stabilize the temperature in the jackeThe heat transfer fluid (HTF) wairculated
round the jacket and cold fluid wasixed in to change the jacket temperatur€éhis
gavea very even temperature distribution arourtke entire jacket.

The additional change made in setup vilas real time measurement of the

accumulationor heat shift in the process fluid trend measunents.
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Table3 showsthe experimental conditions which were used with ses#pand BThe
reactor consisted of a 4 L jacketed vessel fitted with a PTFE paddle ingmelligre
process temperature was conffed using a system of CoFlux valves. The
concentration of K3 € dzii I YA O | OA RAldrich),diempamituie rapge ol |
cooling and the agitator speed were changacross all othe experiments. The
volume of thereactor contentwas maintained constarg at 3.4 L. The cooling rate
was a major limitation of the CoFlux reactor used in the study andratdg ketween
0.3C°C/min and 0.98C/min could be sefcooling rates were strongly dependent on
theNB I OG2NDa 022t Ay Jit was-alnbsDidpdssible ltoyaghievie Ke§ NB F 2 1
cooling rate}. Thesevalues areclose to the rateof 0.5°C/min used with the other
reactors that have been investigated for crystallisation of LGA (see later comparison).
The labelling of the experiments is as follogv€ (CoFluxeactor). 1¢ setup A, 2¢

setup B. 112 (number of the experiment).
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Table3. Experimental conditiongfor crystallisation of LGA in a CoFlux reactor, setup A and B

Experiment Concentration Initial ¢ final0 Cooling_ rate Agitator
[g/L] temperature [°C] [°C/min] speed [rpm]

C.1.12 45 80-20 0.75 150
C.1.34 45 80-20 0.75 250
C.1.56 15 65-10 0.75 150
c.1.78 15 65-10 0.75 250
C.1.910 30 7515 0.75 150
C.1.1112 30 7515 0.75 250
c.21 45 80-20 0.35 250
C.22 45 80-25 0.41 250
c.23 45 80-25 0.51 250
C24 45 80-20 0.56 250
C.25 45 80-20 0.73 250
C.2.6 45 80-20 0.85 250
C.2.7 45 80-20 0.70 150
c.2.8 45 80-20 0.90 150

Measurements using ann-situ Raman probe were made duringelected
experiments. The probe was inserted through one of the ports in the lid of the
reactor. Due to the enclosed nature of the reactor (§@gure25) it was not possible

to make noninvasive Raman measurements as had been done by Laura Ha#ther
when monitoring crystallisation of LGA in other types of reactors. Details of the

Raman measuremestre given later on in thishapter.

3.5.2 Isolation and Characterisation of the Product
The poduct from the suspension was separated by filtration using a Buchner

filtration system (Whatman 3 filter paper) and dried in an oven overnight at 50°C.
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Crystals were analyseaff-line using XRD, laser diffraction (Malvern MasterSizer)

and a Motic digital microscope.

3.5.3 The Stirred Tank Reactor and Oscillatory Baffled ReachusSet

Complimentary crystallisationesults were provided by Laura Palniéd] for the
crystllisation of LGA in a stirred tank reactor (STR) and a batch oscillatory baffled
reactor (OBR). The STR consisted of a 1 L jacketed glass vessel fitted with a glass
paddle impeller, where the jacket temperature was controlled using a circulating
water bah. The concentration diglutamic acid, temperature range and the agitator
speed were the variables changed during the experiments. The summary of the

conditions usedn a stirred tank reactoare shown inTable4.

Tabled. Experimental conditionsstirred tank reactor

Experiment| Cooling rate | Concentration Final Agitator
[°C/min] [g/L] temperature [°C]| speed [rpm]
S1 0.5 45 40 200
S2 0.5 45 40 100
S3 0.5 15 10 200
S4 0.5 15 10 100

The oscillatory baffled reactor (OBR) consisted of a jacketed glass vessel holding a
total volume of 1 L, where the jacket temperature was controlled using a circulating
water bath. Mixing within the OBR waseated using a baffled string consisting of

two equally spaced PTFE orifice baffles supported by two 5 mm diameter steel rods.
The string was connected to an electrical motor which predidoscillation
frequencies of 1 and 3 Hz and amplitudes of 102Bwhm. The oscillation frequency,
amplitude, cooling rates, temperature ranges angllitamic acid concentration were

the variables changed during the experime(iable5) [14].
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Table5. Experimental conditionsOBR

Experiment Cooling_ rate | Concentration tem;anrzlture Frequency| Amplitude

[°C/min] [o/L] °C] [Hz] [mm]
O1 0.5 15 10 3 30
02 0.5 45 40 1 10
03 0.5 45 40 3 30
04 0.5 15 10 1 10
05 0.5 45 40 3 10
06 0.5 45 40 1 30
o7 0.5 45 40 2 10
08 0.5 15 10 2 10

3.5.4 Conditions for Analytical Measurements

3.5.4.1 Laser diffraction

Laser diffraction measurements were originally carried out using a Mastersizer 2000
(Malvern). Isopropanol was added tiee Hydro2000SM cell. Powder samples were
added to the celuntil the laser obscuration reachetd %. Isopropanol was used
because ot-glutamic acid has poor solubility in this solvelBecause of equipment

failure, measurements were repeated using a Malvern Mastersizer 3000. Isopropanol

gl & dzaSR F3IFAY Fa | RAALISNEFIYG T2 YSI &

Hydro3000MV. Measuremestwere also carried out in a dry urdgtAero S for
comparison.

The laser diffraction measurements provided patrticle size informagibaut the
volume distribution, the d(0,5), the d(4,3) and the span were used. D(0,5) is the size
of the particle at which 50% of the sample is smaller and 50% is larger than this size;
d(4,3) is the volume mean diameter; span is the measurement of the widtheof
distribution. The smaller thespan the narrower the distribution. The width is

calculated from the d(0,9) minus the d(pMalues divided by the d(0,5).

3.5.4.2 X-Ray diffraction
Powder samples were placed on a 28 well plate supported by kagton(7.5 pum

thickness). Data werecollected with a Bruker AXS D8Advance transmission
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Ko % a Braun 1D position sensitive detector (PSD) and an automatedpustion x-
y sample stage. Datwerecollected from 435°H ¢ 6 A (K1 ¢on BnlivSpLd a AT S |

step? count time.

3.5.4.3 Microscope images
Crystals were observed using a Motic Digital Microsappéth magnifications of 4x

and 10x.

3.5.4.4 Raman measurements

Raman measurements were carried outngsia Kaiser RXN1 spectrometer with an
immersion probe. The spectrometer us@ 785 nm class lllb laser with a power
setting of up to 350 mW and a charge coupled device (CCD) detector. The data
acquisition software was Hologram. An instrument calibrati@s warried out using
cyclohexane. The spectral data collected was processed in Matlab using a Savitsky
Golay first derivative filter whichseda width of 51 data points and a second order

polynomial.
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3.6 Results
3.6.1 Setup A

Table6 shows the results of the experiments carried out in the CoFlux reactor.
Crystals were only produced in experiments GAL.IThe conditions ches for

experiments C1482 did not yield crystallisation in the timeframe of the experiment.

Table6. Results of the analysis of the obtained product in the CoFlux reactor

Experiment| Polymorphg d(0,5) d(4.3) Span Yield
XRD [um] [um] [um] [%]

C.l.1 h ki 482 518 1.9 79.4
C.1.2 h ki 531 540 1.2 73.4
C.1.3 h ki oh 384 410 1.3 79.1
C.1.4 h ki oh 306 332 1.4 76.4

The yield was calculatddom the ratio of the amount of pure product recovered (Q)

to the amount of crude materialsed (g) Equation62).

Equation62

b ,,Q,Q‘bj;g)(bd EO0EMOIND £ QOO®E VM QQ
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From the table above it waclear that the stirrer speed daa significant impact on
the crystal size. The mean patrticle size was latvdne higher impeller speed. Thss
due toan increase of particle attiin. Figure43 shows the crystal size distribution
for crystals obtained during experiments no. C{41The plots were obtained based

on measurements made with the Mastersizer 2000.
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Figure43. Crystal size distribution forglutamic acid crystals obtained during experiments no. €.4,.1
Mastersizer 2000

As can be observed frigure43the particles obtained during experiments C-4.2
had a monemodal distribution. Thedrying time for the crystals obtained in the
experiment (C.1.1) was shorter than for the rest of the products, which could have
resulted in somedegree of aggregationwhich could explain the bmodal size
distribution (blue dashed plot) iRigure43.

As mentioned in the introductiarthe CoFlux reactor systewasable tomeasure the
enthalpy, process power and temperature trenéigure44 shows typical profiles for

each parameter obtained during the cooling crystallisation of LGA (experiment C.1.4).
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Figured4. Enthalpy(red line) measured in Watts [Wemperature(black line) measured in Celsitd [

and process power tren@lue line)measured in Watts [Wbr experiment no. C.1. 4
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The reactor setup allowed to record the wall temperature as well as reactor
temperature throughout the experiment. An example of thedationship between

wall and reactor temperature (for experiment C.1.3) is depicted beldwigare45.
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Figure45. An example of the reianship between wall and reactor temperature during crystallisation of

L-glutamic acid (experiment C.1.3.)

One aim of the study was to assess if enthalpy measurenmvesian advantage of

the CoFlux reactor for monitoring the crystallisation of LGA. Abeaeen irFigure

44, a significant change in the process powasobserved at around 4500 s (€5)

and this peak was suspid as being indicativeucleation However, based on the
solubility curve for iglutamic acid, this temperature was considered to be too high
for the beginning of the nucleation process. Based on information foufitdib] the

heat of crystallisation is the same as the heat of solution. According to the data in the
literature, the heat of solution for organic compounds is between 5 and 20 kJ/mol.
Based on this information the power of crystallisation feglitamic acid was
calculated (assuming the heat of crystallisation was 10 kJ/mol). The equations
(Equation63 and Equation64) used to calculatéhe heat of crystallisation are shown

below:
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Equation63
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Equation64
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WhereQisthe heat in klojoules nis the number of moleg,is time in seconds, and
n lis the heat of crystallisation ikilojoules permol. For the calculations it was
assumedthe yield of crystallisation was 75%, the time of the processsvas s the
time of the process was calculaas a time of cooling from 80°C to 2);the volume
of the process wa8.4L and concentration of LGA wés g/L. The calculations are

shown below(Equation 65):

Equation65
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Basedon this calculation it is possible to say that for LGA the heat of crystallisation
(power) is too low to be detected using calorimetry in the CoFlux system. To make
sure that hie broad peak a65°C wasot connected with the crystallisation process

an immersion Raman probe was deployed to obtain spectral measurements. The

measurements started while the LGA particles dispensed in #dator were
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dissolved as the temperature was increased t6@F-igure46 shows the Raman

spectra forthe alpha, beta and solute form ofdglutamic acid.

"
X
T =

sl Alpha characteristic peaks @ s Solute form |
' === Alpha form
Beta characteristic peaks @ 794mmm Beta form -

cnrtand 1126 cm

616 cmtand 1180 cm

Intensity

40 &0 0] 1000 1200 140

Raman shift [crr]
Figure46. The Raman spectra for alpha (green), beta(red) and solute(blue) forphuddutic acid

In Figure 47 reatime Raman data is showit can be observeat the start of
dissolution that thespectrawasthe beta form (red plot), the sp&étwm once all the
particles hadlissolvechadpeaks that overlapedthe particle spectra (blue plot), and

the spectrum fromthe actualcrystallisation phaseasmainly alpla.
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Figure47. Raman realime measured spectraf L-glutamic acidor dissolution stage (red plot), fully

dissolved stage (blue plot) and crystallisation stage (green plot) (exp. C.1.4)

As mentioned above, the solute form peaks oveplegthe particle spectra; for
example the characteristic peak for the beta form (at 797 &mwas slightly
overlapped by a solute peak at the same wavenumierhighlight the differences
betweenthe earlystages of dissolutiorthe fully dissolved state and the plateau of

crystallisation the ¥ derivative of Raman spectra are shown bel®ig(rre48).

Intensity

Raman shift [cr]

Figure48. Thel® derivative of Raman spectoh L-glutamic acidexp. C.1.4)
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Based on the Raman data(derivative) the dissolution and crystallisation prodile
were obtained forexperiment C.1.4. The characteristic peaks for the alpha form
(peak at 616 crmy) and beta form (peak at 797 chhwere plotted over timgFigure

49).A minus value for the beta form is the result of overlap by the solute form peak.

| . . . . .
m==mm Beta @ 795 crh
=== Alpha @ 616 crh |

I SFGAyYy3 [ 22t Ay3a R2

Intensity

_— Crystallisation

Time [secl

Figure 49. Dissolution and crystallisation profile (exp C.lo#f)L-glutamic acid based on peak
@ 616 crrt (blue)for alpha form and pea@ 795 crt (green)for beta formbased on the %derivative

of the Raman spectra

Figure50 shows the dissolution and crystallisation profile eflutamic acid for the
conditions listed inTable 3, experiment C.1.4, based dhe 1% derivative Raman

spectra. Irthis figure the solute peak was also included.
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Figure50. Dissolution and crystallisation profile eflutamic acid from experiment C.1.4 basedhal*
derivative spectra fothe alpha form a663 cm' (blue plo), for the beta form a#97 cm! (green plo}
andfor the solution aB72 cm' (red plot).

Fromthe Raman data iwvasclear that crystallisation was taking place around 7500 s
which corresponds to 3&. The implement#n of the Raman probe suggestduht

the enthalpy measurements wereot a viable optia to monitor or control the
crystallisation of LGA in the CoFlux reactor. The Raman probalsesnplemented

to confirm the polymorphic form of the obtained crystalsgure50 shows that the
raw material was pure beta form ofdlutamic acid while the obtained crystals were
a mixture ofboth the alpha and beta form, however the decrease of signal is more
significant forthe alpha form than for betaA dissolution of the beta form in the
Raman datddecreasing of the signal) dmt correspond clearly with the solute signal

¢ the solute signal does not increase when the beta form signal decreases,wasch
expected. It wasaused by overlapping of tHeaman spectra of the solute arige
beta formc if the solute peak was free from overlap then the intensityuldincrease
during dissolution, reach a maximum when all the L dissolved and then
decrease agai as the alpha form precipitatecHowevey for the conditions used
during these experiments it was impossible to find the solute pei#tkout overlap.
Analogous analysis was carried éort two different characteristic peaksthe peak

at 1180 cmt for the alpha form and peak at 1126 chfior the beta form.
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Figure 51 depicts the changes in the intensity ofhe alpha and kta form

characteristic peaksientioned above) over time.

- Time Time =

(beta form)

Intensity
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Figure51. Thels derivative othe Raman spectref L-glutamic acigshowing changes in the intensities

of thealpha and beta peakwer time

Figure 52 shows the dissolution and crystallisation profile based tba peaks

discussed.
1w T I .
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Figure52. Raman dissolution and crgliisation profile (exp C.1.4f L-glutamic acidbased on the

changes in the intensities of alpli@ 1180 cm') ¢ green plot and beta (at126 cnm) ¢ blue plot

characteristipeaks.



The most reasonable way to plot the intensity of tHeracteristic peaks over time
wasto choosethe peak at 1180 crifor the alpha form and peak at 1126 chfor the
beta form due tathe fact that theyare free from overlap at these wavenumbers.
Using invasive measuremeniss not idedas there was theisk that crystals may
grow on the probe and fouling witiccur. During experiments crystal growth was
observed on the probe, whicimeantthat the results obtaned were not credible.
There was danger that the plateau in the Raman signattservedn the figures with
trend plotswas due to material on the probe end and not truly indicative of the
process status.

Very similar conclusions can be reached after analysing-RayXpattern data of the
particles from experiment C.1.4ifure53). The XRay pattern shows that the
product obtained is a mixture of both polymorphic forms eglutamic a@ ¢ alpha
and beta. However, the intensities of the alpha form peakssageificantly higher
than for the beta form, which confirms observation based on the Raman plots that

the crystals obtained were mainly the alpha form.

Lin (Cps)

I T T S Y A A

2-Theta - Scale
Figure53. XRPD pattern for the raw material (red plot), crystallisation product (black plot)(gipia
plot) and betgblue plot) form of iglutamic acid (experiment no. C.1.4)
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The crystals obtained in the experimteno. C.1.4 werealso analysed usinthe
microscopeHgure 54 shows a microscope image for those crystals. The microscope

image also confirmed that the crystals obtathwere predominantly the alpha form.

FHgure 54. Microscope hage ofprismatic shape of the alpha crystalstained during the experiment

C.1.4¢ magnification 4x
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3.6.2 Setup B

Table 7shows the results of the experiments carried out in the CoFlux reactor, when
operated under slightly different conditionslamed here asetup B. In this e
particle sizing analysis waearried out using a Malvern Maassizer 3000,

Hydro3000MV unit.

Table 7. Results of the analysis of the obtained product in the CoFlux reactor, setup B

Experiment| Cooling rate | Polymorph- | d(0,5) | d(4.3) | Span | Yield
[°C/min] XRD [um] | [pm] | [um] | [%]

C.21 0.35 h 241 248 1.0 64.2
C.2.2 0.41 h ki 245 268 1.7 67.3
C.2.3 0.51 h ki 0 368 379 1.2 71.0
C.2.4 0.56 h ki 242 245 1.2 76.1
C.25 0.73 h 264 273 1.0 75.7
C.2.6 0.85 h 293 320 1.4 73.7
C.2.7 0.90 h 331 352 1.2 68.4
C.2.8 0.80 h 333 364 1.4 64.6

Based on the results shownTalde 7, it is possible to determine that the cooling rate
does not significantly affect the particle size. The higher cooling rates of 0.5
0.85°C/min gave a higherield of crystals than for 0.35°C/min and 0.41°C/min,
however the differences are not substantial. For the experiments C.2.7 and C.2.8,
where the cooling rate was 0.9°C/min and 0.8°C/min the yield was lower, however
these resultcan be explained by thenixing speed; for these two experiments the
mixing speed was loweay 150 rpm, than for the rest of the experiment250 rpm.

The main advantage of the applied temperature loop is, that using the slow cooling
rate (0.3%C/min)only produceghe alpha form ¢ L-glutamic acid; Figure55 shows

a XRPD pattern to confirm the microscope observatligure56). For the highe
cooling ratea mixture of alpha and betacrystalswas observed. Howeverthis
observationwould haveto be confirmed by repeatintipe experiment. To explain this

phenomenon, itvould benecessary to implement analytical tools, like Focused Beam
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Reflectame Measurement (FBRM), to detect the nucleation point and to describe the

metastable zone fothe system.

Lin {Cps)
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Figure55. XRPD pattern for crystallisation product (black plot), alpha (blue plot) and beta (red plot) form

of L-glutamicacid (experiment no..Z3)

Figureb6. Microscope image magnificatiori.Ox, exp. C.2.1

Table8 shows the results obtained during measurements of the particle size carried

out in the two different Malvern MasterSizer units.
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Table8. Compatrison of the results tatined during measurements of the patrticle size carried out in the

two different Malvern MasterSizer units

Dry Unit - Aero S Wet Unit¢ Hydro3000MV
Sample d(0,5) d(4.3) Span d(0,5) d(4.3) Span
[um] [um] [um] [um] [um] [um]
C.1.1 N/A N/A N/A 487 484 1.49
C.1.2 359 394 1.57 506 527 1.28
C.1.3 262 287 1.56 323 337 1.18
C.14 242 266 1.58 258 269 1.17
C.2.1 224 243 1.59 241 248 0.97
C.2.2 128 142 2.02 245 268 1.75
C.2.3 126 143 2.14 368 379 1.17

For every sample the size of particles is smaller when measured in the dry unit than
in the wet unit. This may be a result of the way the dry unit opergtige small ball
bearing, which is supposed to move the powder through the cell may cause breakage
of the particles. For the wet uné narrower size distribution (as indicated by the
span) is observed. A possible explanation is that the fine particles dissolve in the
dispersant and it affects the particle size distribution.

Figure 57 shows the crystal size distribution for crystals obtained during the
experiments no.C.2:€.2.8. The plots were obtained based on measurements made
with Mastersize 3000.
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Figure 57. Crystal size distribution for-dlutamic acid crystals obtained during experiments

no. C.2.6; 8, Mastersizer 3000



As mentioned in the description dhe experimental conditions, the new CoFlux
reactor system (@up B)wasable to measure the accumulation or heat shift in the
process fluid trend. The accumulation or heat shift in the process fluid trends
measurementsvere a more sensitive way to measure the process power changes.
The aim of implementing this kind of measuremevas to assess if calorimetry could

be a useful method for monitoring and controlling crystallisation.

[7e]
(=]

]
o
1

"Q'm L 200
o 707

=) &
"c—U‘ 60 ~

© =
() —
o 504

e

D 40 - -0

l_

w
o
L

N
o
|

10 F—r——r——— 7
2000 O 2000 4000 6000 8000 10000 12000 14000 16000

-200
Time (sec)

Figureb8. A real time accumulation or heat shift (gs) in the process flui@M§ plot)and temperature

[°C] trend(black plot)for dissolution and crystallisation ofglutamic acid, exp. C.2.2ooling rate
0.42°C/min

In Figure58 two substantial changes are observefirstly the increaseof the signal
during the dissolution stage and théme decreag of the signal during cooling. These
two changes may indicate whethe LGA was being dissolved and when the LGA
crystallisation started. To prove these observations, the accumulation or heat shift in

the process fluid measurements were carried out for water. A plot for this

investigation is showm Figure59.
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Figureb9. A real time accumulation or heat shift (gs) in the process flui@ofdk plotand temperature

trend forheating and cooling watéblue plot) cooling rate 0.75°C/min

Accumulation or heat shifgs) in the process fluid trend for heating and cooling water
had a very similar shape to thes@ the process fluid trend for the dissolution and
crystallisation 6 L-glutamic acid. Howeveia part of g in the process fluid trend
which correspondgo the cooling profilewas different for crystallisationc more
disturbanceswere observed, but this may be connected witfie different cooling
rates applied for experirent C.2.2 and the experiment with water.

Figure60 shows plots obtained durintipe six different experiments. It is possible to
say that all plots she the same tendency an increaseof the signal duringhe
dissolution stage and decreas®f the signal when cooling waapplied. IrFigure60

C, D andF ared circle indicates the pdsle signs of crystallisationplweverthe plots
do not seem to beeproducible. The slight plateau observedrigure60 C, D and-

is not observedn the remaining plots, which makes it almost impossibleécide if

these aremdicators of crystallisation.
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Figure60. A real time accumulation or heat shift in the process fiuil(blue plots)and tempeature

trend (black plots¥or dissolution and crystallisation efjlutamic acid, Aexp. C.2.1, Bexp. C.2.3, €

exp. C.2.5, bexp. C.2.6, Eexp. C.2.7, Fexp. C.2.8

Raman measurements were implemented during experiment C.2.3, where cooling

was applied at 6640 seconds. The samype of analysisvas carried out for this

experiment as for experiment C.1.4.

11C



B ] |
woha @ &2 cm
bta @ BEZ omed
2051 - —
Heating
i Cooling
E 90 -
|
Crystallisation
yl l 4
| |
i e e e ———— e ———————— ——re 4
. | |
b 200 e 8200 B0 10002 100 ]

Figure6lashows the dissolution and crystallisation profile based on the peak at 1181
cm! for the alpha form and the peak at 1126 ¢ifor the beta form.For comparison
Figure61b showshe dissolution and crystallisation profiles (expmentC.2.3) based

on the alpha peak at 622 chand the beta peak at 802 chare shown
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Figure61. a) Raman dissolution and cradlisation profile (exp C.2.8) L-glutamic acidbased orthe 2
derivative of theintensity changes of alpha characteristic peakl#1 cm' (blue plot) andbeta
characteristic peak @126 cni (green plot)and b)Raman dissolution and crgflisation profile (exp
C.2.3)of the same compoundased on the % derivative of the intensity changes of alpha characteristic

peak at622 cmt (blue plot)and betacharacteristic peak @02 cmt (green plot).

Figure62a andFigure62b show only the crystallisation profile for the experiment

C.2.3.
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Figure62. a)Zoomed irRaman crystallisation profile (e2.3based orthe 15 derivative othe intensity
changes of alpha characteristic peal 881 cm* (blue plot)andbeta characteristic peak 41126 cm'
(green plotiand b)Zoomed irRaman crysilisation profile (exp C.2.3) based on tHelérivativeof the
intensity changes of alpha characteristic pea22t cm' (blue plot)and betacharacteristic peak &02

cnt* (green plot).
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Again, as was observed during previous analyses, the peak at 11@0rctine alpha

form and the peak at 1126 cifor beta form are best for monitoring the
crystallisation of LGA in real time. The most significant changes observed for
these two peaks. However, comparison of the data obtainedefgreriment C.1.4

and C.2.3 showethat for setup A (C.1.4) the changesRaman intensity were more
significant. The yield of the crystals in C.1.4 was 76.42%, slightly higher than that of
experiment C.2.8 71.04%, however, the difference wast great enough to explain

the decrease in the Raman intensity of alpha LGA at 1484fiom 100 to 15. This
decrease in the peak intensity may have been caused by a reduction in the output
intensity of the laser radiation betweetihe two experiments or a change in the
position at which the measurements were made within the reactontents, which

may not be homogenous.

Based on Raman results the crystallisation was taking place at 10500 seconds
(Figure62b). Figure63 shows enthalpy, temperature and accumulation or heat shift
(gs) in the process fluid trend for experiment no. C,2¥here 10500 seconds
corresponds to 35°C. The accumulatiar heat shift (gs) in the process fluid pawe
trend did not show aly significant changes at 10500 seconds, which meiaat
calorimetry measurements were notseful formonitoring the crystallisation of LGA

in the CoFlux reactor.
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Figure63. Enthalpy (red plot), temperature (blue plot) and accumulation or heat sfifb(tpe process
fluid [W] (black plot) trend for experiment no. C.2.3
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The Raman measurements weagainusedfor experiment no. C.2.8. During this
experiment the cooling started at 6100 seconds. As shown bgfoecbest way to
monitor the crystallisation of LGA in real timeasto use the peak at 1180 chkfor
the alpha form and the peak at 1126 @rdor the beta form, and plot for experiment
C.2.8 is showm Figure64.
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Figure64. Raman dissolution and crgdiisation profile (exp C.2.8) basedthe 1% derivative of the
intensity changes of alpha characteristic peaklftl cni (blue plot)and beta characteristic peak at
1126 cnit (green plot).

Baged on the crystallisation profile for this (C.2.8) experimgfigure 65)
crystallisation took place at 10000 seconds. This time corresponds weéth

temperature of 21.8°C.
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Figure65. Zoomed in Ramaysallisation profile (exp C.2.8) basedtbe 1 derivative of thentensity
changes of alpha characteristic peal 881 cm' (blue plot)andbeta characteristic peak 41.26 cm'
(green plot).

In Figure66the real timeaccumulation or heat shift gyin the process fluidenthalpy
and temperature trends are shown. Tlecumulation or heat shifin the process
fluid trend steadily inceased to the point where it correspondedwvith the
information obtained fromthe Raman spectra where an unexpected increases
observed. It may indicate the crystallisation point (as itesponds with Raman data)
however, as was mentioned aboveggekinds of changesvere not observed during

the experiment.
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Possibleindication of the crystallisation
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Figure66. Enthalpy (blue plot), temperature (black plot) and accumulation or heat shift (qs) in the process

fluid (red plot) trend for experiment no. C.2.8

For experiments C.2.3 and C.2.8, the Raman profile at the dissolution stge
varied, which was not obserdefor experiment C.1.4, where the dissolution profile
of the beta particles was a smooth decrease. The ipts&xplanation of this was

that beta particles were growing on the probarface and obscured the results from

this analytical toal



3.7 Discussion

Table9 and Tablel0 summarisehe results obtained with the @-lux reactor and the

two other systems used bRr Laura Palmefl4]. The experiments ithe CoFlux
reactor were carried out using operating conditions similar to those of the stirred
tank reactor (STR) and oscillatory baffled reactor (OBR) to simplify the comparison of
the three platforms The method of temperature control in the CoFlux reactor
consistentlygavea good yield of crystallisatianaround 75%. Usindifferent stirring

rates causedh change in particle sizeusing a higher agitation rate gave smaller
d(0,5) values. However, it was believed that the lower particle size was achieved
through attrition, which is not necessarily a good method of generating small
particles. It was impossible to obtain crystals in the experiments when the lower
concentrations of LGA were used (15 g/L and 30g/L), which imbathconditions
within the reactordid not reach adequate levels of supersaturation in order for
crystals to form at these concentrations. With the relatively low supersaturation level
(S=2.1 (15 g/L)), crystals were formed only using the oscillatory baffled regotor

with very poor yeld. Results obtained with the CoFlux reactor (C.&)e more
comparable with results obtained in the OBR (experiments O3, O5, O6) than with the
STR. The sizes of crystals formed during experiments wiitly tise CoFlux reactor
were comparable with the iges of crystals formed during OBR experiments. The
major polymorphic form obtained during the experiments in the CoFlux reactor was
the alphaform. Even when the XRPD pattern suggested that the product was a
mixture of thealphaand thebeta form, it coutl be easily observed that thalpha

form was the main polymorph produced. The width of particle distribugdime span

in the MasterSizer datg was narrower in the case of the CoFlux crystals, which
meart that the crystal sizevasmore uniform than crystls obtained in the OBR or
STR.

ThesecondCoFlux stup (B)did not significantly affecthe crystals size or crystal size
distribution. Very slar cooling rate (experiment C.2.1) lookgutomising for
producingthe metastable alpha form ofglutamic acidyhich contradictecprevious

work reported by Borrisova et B3], where it was showthat slower cooling rate
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favouredthe formation of thebetaform. The explanatiowasbased on thdact that

the alphaform, nucleates firsand over the timecrystals are converted to thieeta
form. For the experiments, where the high cooling rate was applied@®7C/min)

the pure alpha form was produced, which confedwhat was reported by Borrisova

et al.[93]. The application of the temperature loop meant that for many experiments
the pure alpha form was thenly product of the crystallisation. The system without
the temperature loop always y@éd a mixture of alpha and beta form. The
temperature loop seemd to change the characteristics of the reactor, because in
CoFluxsetupB,there was no noticeable effect from the cooling rate or mixing speed
The same product properties were observed no matter what the experimental

conditions were.



Table9. Comparison of the results obtained dgrexperiments intéred tank reactor and oscillatory baffled reactor

. . . . Agitation [rpm] .

0| mpemnnrcr | Cramm | ST | et | eaymorn 0 48 Soar Yo
Amplitude[mm]

S1 80-40 0.5 45 200 ] 212 | 285 | 2.8 | 55.6
S2 80-40 0.5 45 100 j 285 | 338 | 24 | 41.4
S3 80-10 0.5 15 200 - - - - -
S4 80-10 0.5 15 100 - - - - -
01 80-10 0.5 15 3/30 h 83 89 1.2 | 17.9
02 80-40 0.5 45 1/10 h K i 457 | 559 | 2.2 | 54.6
03 80-40 0.5 45 3/30 h K i 312 | 382 | 2.3 | 61.7
04 80-10 0.5 15 1/10 h 46 106 | 2.8 | 0.2
05 80-40 0.5 45 3/10 h ki 351 | 385 | 1.3 | 55.8
06 80-40 0.5 45 1/30 h K i 365 | 388 | 1.1 | 55.0
o7 80-40 0.5 45 2/10 h K i 395 | 428 | 1.6 | 341
08 80-10 0.5 15 2/10 h K i 166 | 178 | 1.2 | 8.7
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Tablel0. Comparison of the results obtained dgriexperiments in CoFlux reactor

Exp Initial ¢ final Cooling rate Concentration Agitation Polymorph d(0,5)| d(4,3)| Span| Yield

' temperature [°C] [°C/min] [g/L] [rpm] [um] | [um] | [um] | [%]
C.1.1 80-20 0.74 45 150 h K i 482 | 519 | 1.9 | 87.4
C.l1.2 80-20 0.76 45 150 h ki 531 541 | 1.2 | 734
C.1.3 80-20 0.75 45 250 h ki o] 385 | 410 | 1.3 | 79.1
C.l4 80-20 0.74 45 250 h ki 0] 306 | 333 | 14 |76.4
C.2.1 80-20 0.35 45 250 h 241 | 248 | 1.0 | 64.2
C.2.2 80-25 0.41 45 250 h K i 245 | 268 | 1.7 | 67.3
C.2.3 80-25 0.51 45 250 h ki o] 368 | 379 | 1.2 | 71.0
C24 80-20 0.56 45 250 h K i 242 | 245 | 1.2 | 76.1
C.2.5 80-20 0.73 45 250 h 264 | 273 | 1.0 | 75.7
C.2.6 80-20 0.85 45 250 h 293 | 320 | 1.4 | 73.7
C.2.7 80-20 0.70 45 150 h 331 | 352 | 1.2 | 68.4
C.2.8 80-20 0.90 45 150 h 333 | 364 | 1.4 | 64.6
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3.8 Conclusions

The use of the CoFlux reactor in the crystallisation -glutamic acidbrought
satisfactory results. The cooling profile obtained during the experiments was almost
linear and during the procesdisturbances in the temperature profile were not
observed. Excknt temperature control permitteda significantly higher yield to be
achieved than in the other types of reactor.

The temperature control also affected the polymorplorm of L-glutamic acid
obtained during the experiments. Both for the slow cooling rate (contradiction to the
results reported by Borrisova et §93]) and for the fast cooling rate the predominant
polymorph was the metastablaphaform.

Twelve experiments were carried out in the reactor with cooling rates ranging from
0.350.9°C/min. Forsevenof these experiments the alpha form was either the
predominant form produced, or ifive caseghe only form producedlt is therefore
likely that the crystallisation ocess in this reactor type begdar beyond the
metastable zone (MSZ), and the coolipipfiles were tracing the alphasolubility
curve. This would account for the large number of experiments where the alpha form
dominates. The other four experimentgere equal mixtures of the alpha and the
beta form. The beta polymorph usually prefers tacteate on the alpha crystals
[102].

In a regular stirred tank reactor, the jacket heat transfer fluid is not uniformly mixed
as it is in the CoFlux reactor, meaning that there will be no cold spots on the CoFlux
reactor wall.Without cold spotscrystallisation can take longer to occur, as the cold
areas provide a temperature driving force to initiate nucleation earlier on in the
procesd.e. creating local areas of high supersaturati®his means, and was verified
through olservation, that the crystallisation takes place at lower temperatutes.
crystallisation takes place at a lower temperature and the initial supersaturation was
considerably high, the beta polymorph would be absent because of the available
supersaturatiordepleting very quicklyin turn the betacrystalsdid not haveenough

time to nucleate on the surface of the alphaystals (their preferred method of

nucleation).



The experiments carried out with the CoFlux reactor indicate sareas forfuture
work to improve the suitability of the reactor for crystallisation studies
U The applied cooling and heating ratasrelatively slowand it was impossible
to control the process temperature rate of change directlywould be
beneficial to change the software tmk the heater/chiller unit temperature
change with the required change of process temperature
U The Raman immersmoprobe was implemented during sonexperiments.
Crystal growth was obsezd on the probe, which createtikk that the results
obtained were not credible. To applyharrinvasiveprobe, a window into the
reactor was required - this problem cannot be resolved; reactor
reconstruction would be necessary
U During the experiments (especially during the coolingcpss) disturbances
in the process power trend line were observed (Begured4). It could hinder
the observaton of changes in the trenand consequently prevent the use of
the measurement of enthalpy to monitor and control crystallisatitinvas
clearthat enthalpy masurementdid not detect the nucleation poinbut the
changes in the accumulation or heat shift)(op the process fluid trend may
indicate crystallisation. Nevertheless, for control over the particle features

this kind of information is not really usdfu
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Tablell shows the final comparison of the results produced during the experiments
carried out in the two different CoFlux setupssetup A witlout the temperature

loop, setup B with the temperature loop.
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Tablell Final comparison of the results obtained using two different CoFlux setups (A and B)

Crystals properties| Setup A Setup B
Crystallisation _
35°C Varied- 35°C, 21°C
temperature
h ki
Polymorphic form , hY hkgki ohBi o
oh pi
Crystal size (150
o 500 pm 350 pm
rpm mixing speed)
Crystal size (250
o 350 pm 250 pm
rpm mixing speed)
Span value 15 1.0
Yield 75-80% 65-70%
\ Accumulation or heat shift gin the process
ot
Enthalpy . fluid trend did not indicate the nucleation poin
usefu
measurements ' however may be used as an indicator of
ata

crystallisation

The idea of the implementing the temperature loop was to stabilize the temperature,
which in turnshould stabilize the accumulation or heat shif§) (o the process fluid
trend baseline, and this was achieved. However, the applicatiadhe temperature
loop changedhe reactor characteristics anaffectedthe crystal properties. Using
the CoFlux systm with the temperature loop favaed the formation of thealpha
form of L-glutamic acid. Therystal sizavasnot significanty dependent on the mixing
speed andthe crystal size distribution is narrowerheyields wereslightly lower
(however the chang&vasnot significant) and using the accumulation or heat shift
(gs) in the process fluid trend measurement may be used as nidecator of the

crystallisation.
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4 Chromatographic Techniques for Impurity Determination and

Quantifiation During Crystallisation Processes

4.1 ChapterOutline

Metformin (dimethylbiguanide) hydrochlorideas chosen as a model compound for
this study due to is ionic form and potential foirming salts with different counter
ions present in the solutianMetformin hydrochlorides an oral anthyperglycemic
agent and the first line drug fdreating type Il diabetes. The physical and chemical
properties of this compound are presented in this chapter.

This chapter describes the development and the validationtlsd liquid -
chromatography mass spectrometry (MS) method for determination of five out of
six known, organic impurities of metformin. The theory behind the operations of both
¢ chromatography and mass spectrometry and the key parameters to be coadider
during the method validation are described here

One of the impuritieg; dimethylamine¢ could not be determined using the NS
method, therefore an ion chromatography (IC) method was developed and validated.
Both the experimental results and the tbey behind the principles of this technique
are covered in this chapter.

The application for both developed methods is presented, as wellsagbility test

resultsof metformin hydrochloride samples.
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4.2 Analytical Techniques
4.2.1 Liquid Chromatography

Liquid chromatography is a physicochemical separation technique widely used in
pharmaceutical analysis for the quantitation of drugs in formulations. The basic
principles are based otne separatbon of components of homogeneousixtures as

a result of variouslistributions between the mobal phase (liquid) and a stationary

phase (usually stainless steel tube filled with silica gel) in the chromatography system

Injected Sample Band (Appears “Black”) (Blue, Red, Yellow)

Time Zero

Mobile Phase > I >
- Ly
Analyte Bands
Time +10 Minutes l
Mobile Phase - -

Figure67. Diagram showing how therocess of thehromatographic sepatian [103]

The mobile phase is the transport method used to pass the analyte through the
stationary phase inhibits the migration of different component in the analyte. The
separation of the components between the two phasesws due to the difference

in their distribution coefficients (differences in mobility) when the analyte is
transported through the stationary phase. The greater the affinity of a compound to
the stationary phas the slower it will migratethrough the statonary phase,
separating it from the rest of the analyte. The efficacy of this process is dependent
on the affinity of the compound to the stationary phase. This allows the stationary
phase to be tailored to separate a desired component form the analythirwa
specific time.

Liquid chromatography has been utilis&d many different techniques such as:
normakphase liquid chromatography, reversetiase liquid chromatography, ien
exchange liquid chromatography, siegrclusion chromatography. However, with
equipment available in our lab only normathase and reversedhase liquid

chromatography modes are used.
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4.2.1.1 Normal Phase Liquid Chromatography

Normakphase liquid cromatography is also knowas adsorption chromatography.
The stationary phase is characteasby high polarity and is based on silica gel,
alumina orcarbon. Silica gel or carbon particles can be modified to change their
affinity to a desired/targeted compound (or separation) by possessing different
functional groups having varying polarity suah amino NH), cyano {CN), or
hydroxyl €OH) groups. The solvents used in the mobile phase can also dredzatib

suit a given process. Byoosing different solvents (or mixtures) the affinity of the
compound to the solventan be altered - the sepasation between the mobile and
stationary phasewill change and therefore thestention of the desired compound

will change too This system is composed of nonpolar organic solvents such as 2
propanol, acetonitrile, ethyl acetate or hexane.

Functional groups present in the solute molecules interact with the functional groups
in the mobile phase through polar interactions. The retention time for the individual
solute molecules will depend on its polarity. The retention time for more polar
molecules will be longer than the retention time for molecules characterised by low
polarity.

One of the variants of normal phasaromatography isiydrophilic interaction liquid
chromatography(HILIC), which offers a substitution for effective separation small
polar molecules on polar stationary phases. However, the separation mechanism
used in HILIC is more complicated than in normal phase liquid chromatography mode.
HILIC uses the conventidnpolar stationary phases, but the mobile phases are
analogous to those used in the reverse phase liquid chromatography. Using HILIC
mode it is also possible to analyse the charged moleculgbkjsshows the similarity

of this mode to ion chromatography.
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Figure68. Diagram showing the relationship betwewgndrophilic interaction liquid chromatography

(HILIGand other chromatographic techniqueseverse phase (REC), normal phase (M) and ion

chromatography (IC).

There are many advantages of HILIC column over conventional normal and reverse

phase chromatographic modes:

1)
2)

3)
4)

5)

Moleculesthat elute near the void in REC can be analyse using HILIC

Polar samples well soluble in aquetarganic mobile phase, which
overcomes the solubility issue in NIE

HILIC does not require expensive ion pair reagents

HILIC became a separation choice foghly hydrophilic and amphiphilic
compounds, that cannot be analkyd using RBC due to theihigh polarity

HILIC can be used as a variant of IC, if the analysed compounds have
insufficient charge for an effective separation using -é&change

chromatograhy [104].



4.2.1.2 ReversePhase Liquid Chromatography

Reverseephase liquid chromatography is based on the fact that the stationary phase
is less polar than the mobile phase. The most often used cojexking material is
octadecysilyl silica (OD818), in which silica is covalently modified hyHer alkyl
chain (&g) functional groups. Here the solutes partition between the surface coating
and the mobile phase can be described as a lidjqigid extraction. In this system the
mobile phase is more polar than the stationgshase so often the mobile phase
consistsof water and a wateimmiscible organic solvent, for example methanol,
acetonitrile and tetrahydrofuran (THF).

Figure 69 shows the structure differences between nornmdase and reversed

phase column packing material.

NP phases

M N H NN

RP phases
P99 9909 0900
Figure69. Differences between aonmalphase(NP)and reversee¢phase(RP)tructure

Figure70shows the most commonly used reversghlase stationary phases and the
relationship between the polarity of the stationary phase and the retentiore of

non-polar analytes
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Figure70. Commonly usedawversedphasestationary phaseand their polarity

4.2.1.3 Factors Determining Chromatographic Efficiency
There are several parameters that have to be considered while validating the method

¢ seeFigure71. Some of thenwill be further described in this section.

.- Column Capacity
Precision Accuracy efficiency P —
Peak Signal/Noise o
Robustness assymetry Ratio Selectivity
Resolution Linearity Limit of Limit od

Detection Quantification

Figure71 A typical mthod validation parameters

4.2.1.3.1 Accuracy
The accuracy of an analytical method is theseness of test results to the true value.

It can be evaluated by:



1) Analysing a reference material of known concentration and comparing the
measured value to the true value

2) Comparing the obtained test results to the wklown and validated method

3) Analysng blank matrix spiked with known amounts of impurities and
calculating the recovery

4) Analysing samples spiked with known amounts of impurities and calculating

the recovery

4.2.1.3.2 Precision
Precision is the degree of agreement among individual test results amamnalytical
method is used repeatedlyp analysea homogenous sample. It is expressed as the

percent relative standard deviation for a minimum of 6 samples.

4.2.1.3.3 Limit of Detection (LOD) and Limit of Quantification (LOQ)

The limit of detection (LOD) is dedd as the lowest amount of analyte that can be
detected above, typically, three times the noise level.

The limit of quantification (LOQ) is the lowest amount of analyte that can be
reproducibly quantified, usually above ten times the noise level.

Both paameters can be estimated based on visual evaluation or based on standard

deviation of response and slope as it is shown below:

Equation66

00 Oag,n

Equation67

000 p A
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where,, is standard deviation of the response based on either the standard deviation
of the blank, the residual standard deviation of the regression line, or the standard
deviation of yintercepts of the calibration line, and s is the slope of the calibration

curve.

4.2.1.3.4 Capacity factor K

The components of the sample are retained on the column for different length of the
time, depending on their properties. A parameter, which allowsdp®on of the
retention time of the individual component, is called the retention or capacity factor
(K§ . This factor is a measure of the degree to which that component is retained by

the column and can be describedfaiows

Equation68

where V; and t; are the retention volume and retention time of the component
respectively, while/o andto are the void volume of the column and the time for an
unretained molecule to pass through the column.

A schematic ihgram of chromatographic separation on the HPLC column is shown

belowin Figure72.

B A Unretained compound
—
Solvent flow ——— | I 1] [I ——— Solvent flow
B A
Injection
/\ A l
Time

Figure72. Schematic diagram of chromatographic separation on the ldélu@n: A and B are two

components, Vis the void time
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The higher Rvalue themoreretained the sample is on the column, what that means
is that the interaction between the analyte and the tt@ary phase is stronger,
OKFyYy3aAy3a AGa LISFH] LRaAGA2y Ay (GKS OKNRY!I

4.2.1.3.5 Column efficiency
Column efficiency can be evaluated using the width of the peakat its height

(W12) and its retention timet() using the equatioshown below

Equation69

E LVd

In the equation aboven is the number of theoretical plates. Usually thelumn
efficiency is described as a number of theoretical plates per meter (in the equation

belowLis the column length in cm)

Equation70

4.2.1.3.6 Peak asymmetry

Vely often chromatographic peak tails to a certain degeewl this leads to peak
asymmetry The exact definition of peak asymmetry says that a peak will berided

as asymmetrical when it deviates from the ideal symmetrical shape of a Gaussian

peak. An example is shown belokidure73).



10% height ——
5% height ——

Figure73. An example of asymmetric pedk the sheme above a and b are the framd back half

widths at 5% (or 10%) of peak heifft@5]

Asymmetry factor is defined as the ratio of the trailing half of the pégkd the
leading half of the peala] ¢ both measured at 10% of thgeak height

Sl S

Equation71
01 wa a QR wHeE O

The acceptable value of the asymmetry factor is between 0.9 and Q52
4.2.1.3.7 Separation factor/selectivity
The selectivity parameteh,, is a measure of the spacing between two peaks and is
definedas follows:

Equationr2

0 andu are the capacity factors for compound 1 and compound 2. Capacity factor

was defined irEquation68.
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4.2.1.3.8 Resolution

The resolution between two peaksAand B Figure74) can be calculated as follows:

Equation73

wheretriandtreare the retention time of peaks A drB respectively, an@vi and
W- are the widths of peaks A and B measured at baseline.
A resolution value of 1.2 and greater between two peaks will guarantee that the

sample components are separated completely.

A B In2

Wy f\hsl

W, |

1 2

Figure74. A schematic diagram showitige retention time (k.and &2 and the widths of peaks A and B
measured at baseline (W1 and W2) as well as the widths of peaks A and B measured at 50% of peak height

(Wosniand Wosh)). All these parameters are required tdotdate the peak resolution.

4.2.2 lon Chromatography

4.2.2.1 Salt formation

Salt formation is a very effective method of increasing bioakaliity and solubility of
drug molecules. pproximately 50% of all drugs on the market are developed in salt
forms by pairing a basic or acidloug molecule with a counteéon [106]. There has

to be anionisable functional group in themolecularstructure of the drug for this to

be possible, as it will therefore interact with the salt former through ionic interactions
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[106]. The choice of counter ion is dictated by the range of conditions that the salt is
expected to exist inThe type of formulation will play a significant role in salt former
selection ¢ for suspensions, fairly insoluble counter ions (embonate, estylate,
tosylate) are chosen, while for solid dosage forms, injectables and oral solutions,
highly soluble salts st as hydrochlorides and mesylates are suitable. The molecular
weight of the counter ion needs to be considered when the figke are designed
qitis preferable to pair lowpotency drugs with counter ions of a low molecular mass.

It is not important wherpotent drugs are designed. Large and fairly insoluble counter
ions are preferable when slow drug release is expected. The choice of the counter ion
is limited by the therapeutic indications of the drug, e.g. sodium intake should be
controlled in conditios such as hypertension and diabetes. Another critical
parameter to be considered during the salt selection is the degree of ionisation. The
difference between the pkof the counter ion and the pkof the drug should be at
least 2 pH units (lower for sdlbrms of basic drugs, higher for salt forms of acidic
drugs) to ensure that the proton transfer is energetically favour§bis].

In 1994, Morris et al[107], proposed a multstaged approach foeffective salt
screening.The crystallinity assessment was the first stage of this methodatogy
crystalline structure was thought to be more stable and therefore easier to handle,
store and use. In the next stage, the hygroscopic profile was assesdedt tthe
physicochemical stability of the product under different humidity conditions.
Afterwards, polymorphism of the salt form was studied and the following properties
of the accepted forms were then tested: corrosiveness, taste, wettability and
flowability. The final stage of the approach proposed by Morris at al. was the
pharmacological properties assessment for selected salt, including onset and the
duration of activity, drug release profile and safety studies.

Transformation of drugs into their sdtirms can significantly increase solubility and
dissolution rate as well as change other physicochemical properties, such as thermo
stability, photostability, organoleptic properties and compatibility.

Regardless of the many advantages of salt formatioere is a list of potential

undesirable effects that have to be faced during production. Counter ions are
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therapeutically inactive, therefore the produced capsules and tables might be bigger
and in consequence cause problems at administration. Productigalts increases

the risk of hydrate and polymorph formation, which can affdet drug stability.
Using hydrochlorides for example,may cause problems with corrosion of the
production machinery. Due to ionic properties of salts a reduced permeability o
drugs through biological membranes (limited partitioning into lipophilic phases) is
observed. It may cause a reduction in drug absorption and bioavailability.

Producing the correct salt form of APIs has become a significant problem for the
pharmaceutich industry ¢ the wrong salt puts the patient in a potential risk. In
relation to the crystallisation process the presence of impurities might have a
significant effect on primary and/or secondary nucleation, solubility, crystal shape
and morphology108], [109].

4.2.2.2 lon Chromatography Principles

It has been observed that organic impurities can appear during the synthesis of a
drug, during the purification steps or as the degradation product duringstbeage

of the API. Inorganic impurities can be introduced in to a product during the
manufacturing process, which makes necessary to assess the inorganic impurities
content in order to meet the pharmacopeia standards and toxicity levels.

lon chromatograpk is the most widely used technique to separate organic and
inorganic ions. Its a separation techniqyevhere the differences in the affinity of

ions and polar molecules to the ion exchanges are used. This process can significantly
change suboptimal physochemical and biopharmaceutical properties of APIs and
change the solubility, stability or bioavailability of the drug. Using this technique, it is
possible to identify and quantify a wide range of cations and anions. In this type of
chromatographythe column is packed with anion or cation exchange resypically
polymers with cationic or anionic groups attached to the surface, while the mobile
phase contains aqueous sodium hydroxgm anion exchange mode and aqueous

methane sulbnic acid in catioexchange mode.
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The basic process of chromatography using ion exchange can be nmejecse

following steps:

U eluent loadingg in this step the resin surface becomes saturated with the eluent
anion or cation;

U sample injection;

U separation of sample based on the fact that the strength of the interaction with
the surface will be different for different ions. The greater the charge of the ion
or the ionic radius the longer will be the elution time;

U elution ofindividual analytes.

Figure75 shows the process described above.

1.Initial stage 2. Adsorption 3. Starting of 4. End of 5. Regeneration
of target elution elution
A O A ® @ o ® ® @
O A O ® & o ® & @ ® & @
©) A @ @ @)
OO AD OD . ‘ OO
+@®
+ o+
O 0 a 7\ | () (©) ) @) 0
®@ @ @ A A A E B W ®@ & o
® @ @ A A A ®@ & @
Counterions in a . . . lons in the
@) the ikitial buffer A Different ions in the sample @ gradient

Figure75. Basic principlesf the ion chromatographic separatifii 0]

lon chromatography with suppressed conductivity detection plays an important role
in the salt selection process to establish correct molecular mass of the enthyg in
early stages of drug development. lon chromatography can also be used in quality
contral to verify identity, strength, and purity of ionic AHIaIe to its high sensitivity,
stability, efficiency and robustness, the suppressed conductivity detector is the main
choice for the separation of countésns in pharmaceuticals. The possibilitytod

use of the solvents with low conductivity, such as water or carbonic acid, increases



the sensitivity of the suppressed conductivity deteatdsy reductionof the baseline
it is possible to detect counteons at levels of low ppm.
In this project iorchromatography was used to determine the counter ions present

in metformin hydrochloride samples.

4.2.3 Gas Chromatography

This chromatographb technique uses the ability of a substance to vapozel
analysevolatile compounds without decomposition. If thermpound is notitself
volatile, it may through a chemical reaction form a suitable, thermally stable
derivative making it viable for gas chromatography (GC) analysthis system the
sample is transported through the column by the flow of an inert, gasemobile
phaseg usually helium.

Though the popularity ofthe GC has been declining for a number of years, due to
improvements in HPLC, it still crucial in pharmaceutical analgsisentlythe gas
chromatographyis mainly used for quantitative and qiitative analyses for drugs
that do not havea chromophore in their structure. However, what is often
overlookedis the fact thatcapillary GGcan provide better separation omany

compoundswvhen compared to methods such B&LC.

4.2.4 Mass Spectrometry

Mass pectroscopy(MS)is an analytical technique which provides information about
the molecular mass of the sample. Using a high vacuum region immediately prior to
a sample entering a high vacuum a mass spectrometer generates charged molecules
or molecular fragnents. By generation of the ions in the gas phase it is possible to
manipulate by the application of magnetic or electric field to the generated ions and

allow the determination of their molecular weights.

4.2.4.1 lon generation methods
There area number of iorgeneration methods such as electrospray ionisation (ESI),

electron impact ionisation (El), atmospheric pressure chemical ionisation (APCI) or
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matrix assisted laser desorption ionisation (MALDI). Due to the fact, that in this
project electrospray ionisatio has been used, only this ionisationethod will be
described31].

4.2.4.1.1 Electrospray ionisation

Electrospray ionisatiowaspopularised around 20 years ago and its main advantage

is the direct compatibility with higipressure liquid chromatographkigure76 shows

the electrospray ionisation procesghe transfer of ionic species from solution into

the gas phase can be described in three steps:

U production of highly charged droplets with the same polarity as the capillary
voltage¢ the eluent fromLC system passes through a stainless steel or quartz
silica capillary to which a high voltage (.9 kV) is applied

U solvent evaporation using a coaxial flow of nebulising gas (usually nitrogen) the
solvent evaporates and enhances a higher sample féde: r

U due to internal charge repulsion charged droplets break up to give gas phase ions,
which are transported to a heated capillary (to which an opposite charge is
applied) inlet to the mass spectrometer, which operates under high vacuum. The

ion injectian from the highly charged droplets is the last sf{8f, 32].

lonised
Liquid (+)

Nebuliser j? MaSS
%ﬂlor Aerosol Ga:A?':::;:on | S peCt ro m ete r
Inlet S lon
(LC SySte m ) Fused-Silica ** ) SO u rCe
Capillary ~+1.5 KV
Region

Figure76. Electrospray lonisation (ESI) and lon Source OvdBgkw



4.2.4.2 Mass analysers

Generated ions need to be analysed. Masmlysers separate the ions travelling
through a magnetic or electrical field, according to their m@ssharge ratio. There
are six general types of mass analysers that can be used for the separfiims in

a mass spectrometrfQuadrupole Mass Analgs Time of Flight Mass AnalyS8iOF),
Magnetic Sector Mass Analysétlectrostatic Sector Mass Analys@rbitrap, lon
Cyclotron Resonanc@CR). For the purposes of this work ofmlyne of Flight Mass
Analyser(TOF) will be described in detalil.

4.2.4.2.1 Timeof flight (TOF) mass analyser
Time of flight (TOF) mass analyser measures the sagssndent time it takes ions
of different masses to move from the ion source to the detector. laresgiven a

defined kinetic energ{Equation74) and allowed to drift through a fielffee region

Equationr74

av

The ion velocity () is defined by the length of &flight pathLand the flight time {)

as shown ireEquation75.

Equation75

Thetime at whichions arrive at the detector is measured and reldto the m/z ratio

and it can be calculated based on equation bel&guation76).
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Equation76

Linear theory assumes ionsrined at rest, at the same time, and all at the same
position in the source. In reality, ions are formed throughout the source at various
times, in various locations, with a range of initial kinetic energies. To compeiosate
these differences aew design of time of flight analysewas developed bplikhanov

in 1957[111]. The new design containedreflectron, which isn ion optic device in
which ions in a timef-fight mass spectrometer pass through a "mirror" or
"reflectron” and their flight is reversed. A lineheld reflectron allows ions with
greater kinetic energies to penetrate deeper into the reflectron thans with
smaller kinetic energies. The ions that penetrate deeper will take longer to return to
the detector. If a packet of ions of a given méssharge ratio contains ions with
varying kinetic energies, then the reflectron will decrease the spre#ukiion flight
times, and therefore improve the resolution of the tiroé-flight mass spectrometer.

A curvedfield reflectron ensures that the ideal detector position for the thmie
flight mass spectrometer does not vary with ma&sscharge ratio. This sb results in
improved resolution for timeof-flight mass spectrometers.

Due to its high specificity mass spectrometry is used for determination or
identification of produced active pharmaceutical ingredients or raw materials during
the manufacturing procgs. Coupling mass spectroscopy with liqud gas
chromatography makes tlse systems very reliable tools for detecting impurities in
drugs and formulation excipients due to their high sensitivity and specificity. For the
same reasons LC/MS and GC/MS systara widely used for determination of drugs
and their metabolites in biological samples.

The main limitation of mass spectrometry is the cost of the instrumentadiwch the

difficulty of maintenance
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4.3 Model Compound

4.3.1 Introduction to MetforminHydrochloride

Metformin (dimethylbiguanide) hydrochloride is an oral amyiperglycemic agent
and the first line drug for choice for ¢htreatment of type Il diabetesThe diemical
structure of metformin can be described as a biguanide derivative in wiwoh
hydrogen atoms at the N1 nitrogen have been substituted with methyl groups

Curently metformin is the onlpiguanide derivative used in the medicifiel 2].

NH NH

\N/\NH/\NH

2

Figure77. A chemical structure of etformin

The nolecular weight of metformin is 129.16 g/mol and its molecular formula is
GHi11Ns. The structure of this compound was shoahovein Figure77. At room
temperature metfomin hydrochloride exists asolourless and odourless crystals.
The nelting point has been reported as 22P20°C113].

Metformin hydrochloride is practically insdile in ether, chloroform, but highly
soluble in water and 95% alcohdl13]. It has been reported that when metformin
hydrochloride is heated to decomposition it emits toxic fumes of nitric oXiti&4].

The usual synthesis of metformin, which was originally described in [P
involves the reaction of dimethylamine hydrochloride andcyZnoguanidine

(dicyandiamide) with heatin@Figure 78).

NH
a
Vi HsC NH—
NH + N( —R> \N—< NH,
H3C/ \CHS >—NH2 / \
H,N H3C NH

Figure78. Metformin synthesis route



The actual procedure has been described Rmarmaceutical Manufacturing
Encyclopedig[116]. According to it, equimolar amounts of dimethylamine and
2-cyanoguanide are dissolved in toluene with cooling to make a concentrated
solution. Afterwards an equimolar amount of hydraatic acid is slowly added, and
this causes spamaneous boiling of the prepared solution. After coolimgetformin
hydrochloride crystallises with a 96% yidldie to the fact thatnetformin is a highly
hygroscopic compound it causes a lot of stability peats, and this consequently
affects the abilityto form tablets. As a resultit is necessary to use additional
excipients to change (improve) flow and compaction properties of the drug in
tableting mix[117]. It has been already reported, that addition of impuritiesica
change the crystal habit, whidh turn will change the tableting behawio of the
drug. Dramatic changes in crystal size and shape have been also observed, when in
the solution the polymeric additivesre included in the crystallising solutiitil 7].
Metformin hydrochloride exists in two polymorphic formg form A
(thermodynamically stale, needle shape) and form Bhétastable form, prismatic

shapg [117]. Both forms are shown in thEigure79.

Figure79. (A) Needle shape form A crystals of metformin hydrochloride growing with the loss of (B) form
B[117]

Childs et al. carried out work to isolate and characterise a metastable form of
metformin hydrochloride using capillary crystallisation and thermal microscopy
techniques[117]. Authors carried out a polymorph scre@ncapillary tubes for 28

solvents and 8 evaporation conditiommsfor most of conditions form A has been
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produced, however for about 45% of all experiments the XPRD pattern showed the
presence of form B. It also has been found that the higher temperdaweurs the
formation of form B, while crystallisation at room temperature favours the formation
of form A. Unfortunately, samples of form B were only stable when left unattended
- any actions, like grinding or removing the solids from the capillary rasult
transformation to form A. For Raman analysis the authors prepared samples of form
B metformin hydrochloride by evaporating to dryness at 60°C the mixture of
metformin hydrochloride in 3:1 acetone/water (concentration of 200 mg/mL) placed

in a 0.7 mm dimeter capillary tube.

4.3.2 Potential Impurities and their Determination

Six potential impurities have been reported in the literat{t&2] and they are listed
below (Tablel?2).

All impurities listedn Table12 (A-F) have been listed in British Pharmacopoeia (BP)
[118]. The mongraph for metformin hydrochloride provides an HPLC method for

determination all of the impuritiesHigure80).
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Tablel2 Potential impurities in metformimydrochloridesamples

Impurity IUPAC Name Structure
N
7
A Cyanoguanidine N
>\_
NH,
H,N
NH,
(4,6-diamino-1,3,5triazin )\
B N N~ N NH
2-yl)guanidine )|\ )\ L
=
H,N N NH TNH,
NH,
. N,N-dimethyt1,3,5 N)\N
triazine-2,4,6triamine )|\ /)\ _CHs
H,N N ITI
CHj
NH,
D Melamine N~ XN
)|\ /)\
H,N N NH,
NH NH
E 1-methylbiguanide
H,N NH NH
F Dimethylamine /NH\
HsC CHgy

13t



wporous silica gel with chemically bonded benzenosulfonic acid groups, 250x4.6 pmm| 10
wporous silica gel with chemically bonded benzenosulfonic acid groups, 110x4.7umm| 5

wammonium dihydogen phospate (pH=3.0)

wlnjection volume- 20 uL
wFlow rate- 1.0 mL/min
wRun time- twice the retention time for metformine

wUV/IVIS
w218 nm

Detection

Figure80. HPLC method for determination of metformin hydrochloride impuifiiés

Forthe cyanoguanidine BP provides a definite limitich is 1 pg/ml (0.02%/w) and

for the rest of the impurities the level is 5 pg/ml (0. W4v).

The iterature provides a few examples of chromatographic methods, which have
been used to determine impurities in metformin hydrochloride tablets. The most
common chromatographic method was high performance liquid chromaioigy

with UV detection. Eamples of the application of HRLY for determination
metformin hydrochloride and its impurities are presented below.

AlRimawi[119] developed a simple HPIL®/ method for the analysis of metformin
hydrochloride and Ziyanoguanidine. For this method Nekac silica column,
150mm x 3.9 mm, 4 pm column was used and the column was kept at room
temperature. Isocratic elution of a mixturef @mmonium dihydrogen phosate
buffer (0.01 M, pH=5.0) and methanol (21/79, v/v) has been used and the flow rate
was set at 1.0 ml/min. UV detection was performed at 232 nm and the run time was
5 minutes. The author provides a limit of detection fecyienoguanidine at 5 pg/mi

and a limit of quantification at 10 pg/ml. The full validation of the method was
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performed and the provided method can be described as precise, selective and
accurate.

YOI OT 126 |y R12]pybiighed SnsHPLOV method for determination
cyanoguanidine, melamine, (4¢daminol1,3,5triazin2-yl)guanidine and N,N
dimethyl1,3,5triazine-2,4,6triamine in medical products containing metformin
hydrochloride. Authors used 1.7% (w/v) ammonium dihydrogéiosphate water
solution (pH=3.1) with a flow rate set at 1.5 mL/min. The injection volume was 40 pL
and the column (PARTISPHERE SCX 250x4.6 mm) was kept at 40°C.
Spectrophotometric detection was performed at 218 nm. The methodclwiias
been published atwsdetection of cyanoguanidine at level of 0.01 pug/mL, melamine
at 0.04 pg/mL, (4@8iaminol,3,5triazin-2-yl)guanidine at 0.15 pg/mL and N,N
dimethy}t1,3,5triazine-2,4,6triamine at 0.50 pg/mL. Limits of quantification for all
compounds were approximaly three times limit of detection. This method was
successfully applied tahe analysis ofmedical products containing metformin
hydrochloride.

Anather paper, published bgliet al.[120], describeshe MixedMode HILIC metbd

for determination two the most common impurities in metformin hydrochloride
products ¢ cyanoguanidine and melamine. In this case the mobile phase was a
mixture of acetonitrile and phosphate buffer (84:16 v/v ratio). A hydrophilic
interaction liquid chrenatography (HILIC)as used, so the chosen column was
250x4.6 mm, 5 um, Atlantis HIEBC The flow rate was constant at 2 mL/min and the
run time was 13 minutes. All compounagere detected at 28 nm using a UV
detector. The athors carried outa full vaidation of the method to meet all the
requirements of the International Conference on Harmonisation (ICH) guidelines. The
limits of deection for cyanoguanidinenelamine ad metformin hydrochloridevere
defined at 5 ng/mL focyanoguaniding25 ng/mL formelamineand 100 ng/mL for
metformin hydrochloride The levels of quantification were not straight forward
calculations from the Ilimit of detection. For cyanoguanidine the limit of
quantification was defined at 25 ng/mL, for melamine at 75 ng/mL and fafammein

hydrochloride at 350 ng/mL. All statistical calculations to validate the metiere



done and all values fit well within egptable limits. This method coute successfully
applied tothe analysis ofhe commercially available products containimgtformin
hydrochloride.

Tache and Alb{l21] proposed an algorithm which demonstrates the specificity of
the analytical method for an analyte and alloWi® differentiation of ananalyte of
interest from its degradation products. As an example they used metformin
hydrochloride and five of itsnpurities(cyanoguanidine, [(4;8iamino-1,3,5triazine
2-yl)-guanidine], N,Ndimethy}1,3,5triazine2,4,6triamine, 1,3,5triazine2,4,6
triamine, methylbiguanide hydrochloride)Each of the impurities was a resolt
degradation in different environmental conditions (thermal degradation and
photolysis, photolytihydrolysis, acidi¢ akaline and neutraloxidation). For their
experimerts the authors used a mixture of 10 mM aqueous octarmilfonic acid
sodium salt (pH=3.0) and acetonitrile (80/20 v/v ras)a mobile phase, setting the
flow rate at 1.2 mL/min and run time of 30 minutes. The injection volume was 5 pL
and the column wa kept at 30°C. 218 nm was selected as the UV absorption
wavelength for all the compounds. All analysed compounds were well separa
from each other, which showetthe usefulness of the method for routine analysis.
There are not many methods for determinah of dimethylamine (DMA) reported in
the literature. Tsikas et al[122] developed thegas chromatography mass
spectrometrymethod for quantification ofdimethylamine (DMA) in human urine.
Authors used pentafluorobenzoyhloride as the derivatising agent in order to
transform dimethylamine toits pentafluorobenzamide derivativeThe method
developed was proved to be rapid, precise and accurate.

Chobanyan et a[123] used the same derivativef @MA to determine it in human
plasma and serum using @45 and G&andem MS. The proposed method allows to
determine DMA at the level of 100 nM with good accuracy (81%) and precision
(0.3%).

Thermo Scientific in one of their application not¢s24] presented an ion
chromatography method for determination of dimethylamine in metformin

hydrochloride samples. Five different DMA concentrations were tested within the
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range of 0.1¢ 2.0 mg/mL. Dionex lonPac CS10 Analytical Column (4x250 mm) was
chosen forthis study and the gradient elution was applied. The column was kept at
nne/ FyR GKS AyeS OSuppeessed@ehdudavity detédticn wasn K [
used during the study. Limit of detection for the method was 1.5 pg/L. Using this
method,it was possibléo separate dimethylamine and six common catiqhighium,

sodium, ammonium, potassiurmagnesium and calcium, that can be present in drug

products.



4.4 Materials and Methods

4.4.1 Liquid ChromatograpiyMass Spectrometry Method Development
Liquid Chromatograpy ¢ Mass Spectrometry was selected as an analytical technique
to determine and quantify organic impurities in metformin hydrochloride samples
due to its high sensitivity and robustness.
The LC/MS system used in this study was the Agilent 1290 Infiratg@ary system,
equipped with the 1290 Infinity Diode Array Detector, 1290 Infinity Autosampler,
1290 Infinity Quaternary Pump and the Agilent 6530 Acculdéss Quadrupole
Timeof-Flight Detector. The data werecquired using Agilent MassHunter
Workstaton Data Acquisition software and analysed using Agilent MassHunter
Qualitative Analysis B.07.00 software.
A Merck, ZIGILIC200A, 3.5 um, 4.6x50 mmolumnwas usedTwo different mobile
phase compositiong both used in gradient modewere tested:
1) Mobile phase A: 10 mM ammonium acetate in water with 5% methanol
Mobile phase B: 10 mM ammonium acetate in acetonitrile with 5% methanol
2) Mobile phase A: 0.1% formic acid in water

Mobile phase B: 0.1% formic acid in acetonitrile

Both of these mobile phase comsgitions were found to provide promising results,
however due to difficulties caused by ammonium acetate present in methad 1
blockage in the capillaries in theass spectrometer, method 2 waslected for this
work.

As mentioned before, the gradient pyoam wasselectedfor this work - Table13

shows detailed information about the mobile phase composition through the run.

14C



Tablel3. LC/MS method gradient program

Time [min] | A [%] | B[%] [FrLOL")’n:fﬁ]e
0 30 | 70
15 30 | 70
5 80 | 20
9 g0 | 20 | 04
9.1 30 | 70
12 30 | 70

¢KS Ft2¢ NIXrdsS gl a aSd G2 noén Y[ KYAY | yR
volume was 10 pL and twaetection wavelength were choserng 210 nm and 254

nm. Once the elution was optimised, several MS parameters were tested to achieve
the best possible detection. Those parameters were: drying gas temperature (DG),
drying gas flow (DF), fragmentor voltagead), VCap voltage (VCap) and the
nebuliser pressure (Neb)Yable 14 summarises all tested parameters and those,
highlighed in greenwere chosen as the final paranes for the developed method.

It was found that under those parameters the highest intensity and the best peak

shape was achieved for all investigated compounds.

Tablel4. MS detector optimisation parameters, with final valbighlighted in gren

DF | DG | Frag| VCap| Neb
[L/min] | [°Q | [V] | [V] | [psig]
4 150| 80 | 1000| 15

6 200| 100 | 2000| 35

8 250| 120 | 3000 | 45

10 300 | 140 | 4000 | 60

12 350 | 160 | 5000

180
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All compounds were detected using the positive ion polarity, the acquisition mass
range was set up as 3MO05 m/z, the acquisition rate was chosen to be 2 spectra per
second with the acquisition time of 5000 ms per spectrum.

Final retention times of all &ected impurities and metformin hydrochloride are

presented below imMablel5.

Tablel5. Retention times fametforminhydrochloride and itsnpurities

Material Retention time
Impurity IUPAC Name
supplier [min]
A Cyanoguanidine Sigma Aldrich 1.994
(4,6diamino1,3,5
B LGC Standard 4.930
triazin-2-yl)guanidine
N,N-dimethy}1,3,5
C LGC Standard 3.714
triazine-2,4,6triamine
D Melamine Sigma Aldrich 4.956
1-methylbiguanide | LGC Standard 5.828
Metformin _ .
_ Sigma Aldrich 4.749
hydrochloride

4.4.1.1 Ligquid ChromatographyMass Spectrometry Calibration Curves Preparation
Each ofdetermined compounds was weig out accurately(5 mg of each
compound and added to a 50 mL volumetric flask before being dissolved in the
mixture of water and acetonitrile (30/70 v/v). Chosen composition of solvents
matched the initial mobile phase composition usadhe chromatographic method.
Thestock solution had concentration of 100 pg/mL.

Standard solutions for the evaluation tdie metformin hydrochloride calibration
curve were preparedising a dilution by a required factayer a concentration range

of 15.05.0 pg/mL. Standard solutions fo the evaluation of cyanoguanidine
calibration curve were preparedusing a dilution by a required factogver a

concentration range of 550-80.0 ng/mL.Standard solutions for the evaluaticf



the melamine, Imethylbiguanide, (4&liaminol,3,5triazin-2-yl) guanidine and
N,N-dimethy}1,3,5triazine-2,4,6triamine calibration curve were preparedsing a

dilution by a required factomver a concentration range of 25100 ng/mL.

4.4.2 Gas Chromatograpt8ample Preparatioaind Measurement Conditions

Gas chrmatogaphy was the first choice analytical technique for determination of
dimethylamine (DMA) The initial measurements of dimethylamine as its
hydrochloride salt were unsuccessful and therefore it was necessary to derivatise
dimethylamine hydrochloride taimethylacetami@. Several trials were carried out

in order to find the best derivatisation route and they are described below:

1) 100 pg ofDMA was dissolved in 1 mL of 1% sodium orthophosp lamiid
monohydrate aqueous solution, then two payhs of 10uL D acetic
anhydridewere added andhe solution was extracted with 1 mL of ethyl
acetate. 200 plof organic layer was therefore transferr@ato a GC/MS vial
and analysed.

2) 500 pgof DMA was treated with 200 uL of a 1:1 (v/v) mixtofeyridine and
acetic amhydride¥ 2 NJ on YAydziSa |4 cne/ ® Ly (K
reagents weralown offusing nitrogerand the residue wadissolved in 1 mL
of ethyl acetate and analysed using GC/MS.

3) 500 pg of DMA was dissolved in 1 mL of water and then basifitdfew
drops of ammonia solutionAfterwards the solution was treated in the same
way as in trial 2.

4) 100 pg of DMA was dissolved in 1 mL of 5% sodium orthophosphcdc
monohydrate aqueous solution and subsequently treated as described for
trial 2.

A 2 s oA

1pLofSF OK LINB LI NBR al YL S g1 a AyaSOWMSR Ay
(Focus GDSQ2) system from Thermo Fisher Scientific (Bremen, Germany), equipped

with InertCap 1 MS (30m, 0.25 mm i.d. and 0.25 um film thickness) capillary column

(GL Sciences,pn). The temperature gradient was programmed as follows: initially

K2t RAYy3a 0 pne/ F2NI H YAYyI {RYSsNEEAWYIOY
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K2f RAY3 0 Hnne/ F2NJp YAydziSao ¢KS GSYL
25n ¢/ | YR ionkdtaga \Ray A0&V far-KIS in positive mode.

4.4.3 lon Chromatography Conditions

All measurements werearried outusing theReagert~ree Capilley HPIC systerof

an IC$000+ instrument (Thermo Fisher Scientifitemel Hempstead UKThe

system contain® methanesulfonic aciélectrolytic eluent generation module, an

cation capillaryeluentsuppressor EGC MSA an ASAP Autosampler anda
conductivity detectorAll eluents weregeneratedasmethanesulfonic solutiomising

a diluent of ultrapure water (ICW 3000) purification system with a resistivity of 18.2
amdOY 06L/2 onnn0X ADRdNExAdnPadES9, 8.4x26F AR = !
capillarycolumnwasusedin the separatiors.

The data wereollected and analysedsing Chromeleon 6.8 software (Thermo Fisher

Scientific).

4.4.3.1 lon Chromatography Calibration Curve for Dimethylamine Preparation
Dimethybmine(Sigma Aldrichivas weigled out accurately5 mg)and added to a 50

mL volumetric flask before being dissolved inotésed water. A stock solution had
concentration of 100 pg/mL. Standard solutions for the evaluation of dimethylamine

calibration curve were prepared over a concentration range of-2000ug/mL

4.4.3.2 Sample Preparation for lon Chromatography Analysis
Metformin hydrochloride (Molecula)was weigled out accurately50 mg)and added
to a 50 mL volumetric flask before being dissolved in deionised water. A final

concentration of metformin hydrochloride was 1 mg/mL.

4.4.4 Temperature Stability Tesb@itions
Temperaturestability test of metformin hydrochloride was carried out orderto
investigatewhether or not the chosen compound wasable underthe desired

temperature conditionsvhich might be used for crystallisation. was mentioned,
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this project was carried out to provide the required information for designing the
continuous crystallisation process of metformin hydrochloride.

A sample of metformin at0% w/w in 80:20 ethanol:watexas kept at 65C for 10
days. During this period samplegretakentwice a day. Thee samplesvere diluted
then run usingthe LC/MS to track the metformirhydrochloride and impurity
concentations over the time period of 1@ays.Figure81shows a schematic diagram

of the setup used during this test.

| |
. Hotplate

FigureB1 A schematic diagram of the setup used during the temperature stability test
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45 Results
4.5.1 Calibration Curves and Method Validation Results

4.5.1.1 Calibration curves
Each conentration of standard solutiowas injectedhree timesand the results are
shown inTablel6. An example of the extracted ion chromatogram for concentration

of 10 pg/mL is shown iRigure 129 (Appendix, Chapter).

Tablel6. Calibration curve results of metformin hydrochlorideludingegression coefficient and the

equation
Concentration| Average Peak Area | Peak Ared
[ug/mL] (n=3) RSO%]
15.0 232982069.1 1.04
12.5 210974952.8 0.22
10.0 188437251.9 0.18
7.5 164838591.8 0.55
5.0 132432287.3 0.43
Correlation coefficient R=0.9932
Regression liney-9889436.98x&7038660.76

For melamine eacboncentration of standard solutions was injected three times and
the results are shown ifablel?7. An example of the extracted ion chromatogram for

concentration of 10 ng/mL is shownkiigurel33 (Appendix, Chapter).

Tablel7. Calibration curve results of melamiigcluding regression coefficient and the equation

Concentration| Average Peak Arei Peak Ared

[ng/mL] (n=3) RSD [%]
25.0 621372.27 0.75
10.0 292552.83 1.36
5.0 160547.09 1.51
2.5 81567.21 0.60
1.0 44205.34 1.74

Correlation coefficient R=0.9%1
Regression liney=2394024x + 31768.82
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For Emethylbiguanide eaclsoncentration of standard solutions was injected three
times and the results are shown ifable 18. An example of the extracted ion
chromatogram for concentration of 10 pg/mL is shownFigure 134 (Appendix,
Chapter7).

Tablel8. Calibration curve results ofnethylbiguanideincluding regression coefficient and the

equation
Concentraton | Average Peak Are; Peak Ared
[Mg/mL] (n=3) RSD [%]
25.0 731757.40 1.13
10.0 238570.79 1.52
5.0 135792.29 0.89
2.5 29681.00 1.17
1.0 8252.22 1.36
Correlation coefficient R=0.9954
Regression liney=30326.80x 35032.42

For (4,6diamino1,3,5triazin-2-yl) guanidine ach concentration of standard
solutions was injected three times and the results are showirable19. An example
of the extracted ion chromatogram for concentration of 10 pg/mL is showFiguare

131 (Appendix, Chapter).

Table19. Calibration curve results of (4d&aminc1,3,5triazin-2-yl) guanidingincluding regression

coefficient and the equation

Concentration| Average Peak Arei; Peak Ared

[Mg/mL] (n=3) RSD [%]
25.0 2952957.35 1.43
10.0 1541588.79 1.04
5.0 913960.00 0.73
2.5 592905.22 1.23
1.0 348868.92 1.30

Correlation coefficient R=0.9925
Regression liney=106634.94x+324332.08




For N,Ndimethy}1,3,5triazine2,4,6triamine each concentration of standard
solutions was injected three times and the results are showirainie20. An example
of the extracted ion chromatogram for concentration of 10 pg/mL is shovfigare
132 (Appendix, Chapter).

Table20. Calibration curve results NfN-dimethytl,3,5triazine2,4,6triaming, including regression

coefficient and the equation

Concentration| Average Peak Arei Pe& Area
[Mg/mL] (n=3) RSD [%]
25.0 5199994.48 1.01
10.0 2938138.69 0.46
5.0 1939696.09 0.55
2.5 1383356.09 1.58
1.0 1015050.08 1.22
Correlation coefficient R=0.9919
Regression liney=171620.70x+1002146.99

For cyanoguanidineazh concentration of standardolutions was injected three
times and the results are shown ifable 21. An example of the extracted ion
chromatogram for concentration of 10 pg/mL is shownFigure 130 (Appendix,
Chapter7).

Table21. Calibration curve results of cyanoguanidineluding regression coefficient and the equation

Concentration| Average Peak Are; Peak Ared
[Lg/mL] (n=3) RSD [%]
550.0 364302.99 0.41
400.0 275032.08 0.36
250.0 171479.39 1.53
100.0 81157.15 1.14
50.0 39883.76 0.90
Correlation coefficient R=0.9990
Regression liney=64.0x+11950.64
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4.5.1.2 Precision studies

Theprecision of the method was determined bgpeat analysigintraday precision)

of standard solutions. Precision was determined in six replicates on the same day for
three differert concentrations. The resultsre@a expressed as %RSD of the
measurement for bth retention time and peak aredhe acceptable value of %RSD
isbelow 2%- in tables below green indicates that the results were below this value
and orange indicate that the results were just above the 2% .lirable22, Table23

and Table24 show the results obtained to demonstrate the precision of the LC/MS
method for metformin hydrochloride determination at three different

concentrationsg 15 pg/mL, 10 pg/mL and 5 pg/mL.

Table22. Demonstration of the precisioff thhe LC/MS method for metformin hydrochloride as shown

by the results on 6 replicate injections of one solution of 15 pg/mL concentration

Injection | ot iminj | Peak Area

number
1 4.734 | 228624063.15
2 4.714 | 230913932.71
3 4,732 | 230320522.99
4 4.722 | 233774040.75
5 4,733 | 229276898.39
6 4.711 | 232792541.28

Mean 4,724 | 230950333.21
RSD [%]| 0.22 0.87

Table23. Demonstration of the precision of the LC/MS method for metformin hydrochloride as shown

by the results on 6 replicaimjections of one solution of 1@y/mL concentration

Injection RT [min]| Peak Area

number
1 4,756 | 190768132.2(Q
2 4,740 | 191376092.05
3 4,730 | 191332134.39
4 4,753 | 192883076.76
5 4,749 | 191508568.28
6 4,750 | 193984388.41

Mean 4.746 | 191975398.68
RSD [%]| 0.19 0.63




Table24. Demonstration of the precision of the LC/MS method for metformin hydrochloride as shown

by the results on 6 replicaimjections of one solution & pg/mL concentration

Injection RT [min]| Peak Area

number
1 4,780 | 134116948.03
2 4,773 | 133338849.38
3 4.775 | 134250804.05
4 4,780 |131681181.45
5 4.775 | 133966661.58
6 4,771 | 134254678.56

Mean 4.776 | 133601520.51
RSD [%]| 0.08 0.75

Table 25, Table 26 and Table 27 show the results obtained to demonstrate the
precision of the LC/MS method fanelamine determinationat three different

concentrationsg 25ng/mL, 5 ng/mL and 1gimL.

Table25. Demonstration of the precision of the/MS method for melamine as shown by the results on

6 replicate injections of one solution of 25 ng/mL concentration

Injection RT [min] | Peak Area
number
1 4953 |628732.11
2 4946 |613842.26
3 4953 |611570.68
4 4951 |626615.15
5 4945 | 618047.13
6 4950 |619454.53
Mean 4950 |619710.31
RSD [%]| 0.06 1.10
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Table26. Demonstration of the precision of the LC/MS method for melamine as shown by the results on

6 replicate injections of one solution of 5 ng/mL concentration

Injection RT [min] | Peak Area
number
1 4959 | 163266.14
2 4964 | 161767.35
3 4955 | 161607.02
4 4.960 | 159148.77
5 4.955 | 159154.96
6 4952 | 164937.23
Mean 4958 | 161646.91
RSD [%]| 0.09 1.41

Table27. Demonstration of therecision of the LC/MS method for melamine as shown by the results on

6 replicate injections of one solution of 1 ng/mL concentration

Injection . Peak
n:meer RT [min] Area

1 4,964 | 43391.41

2 4,965 | 44924.82

3 4,947 | 44299.79

4 4,972 | 44635.95

5 4,980 | 43520.58

6 4,942 | 42175.41

Mean 4962 |43911.31
RSD [%]| 0.29 2.30

Table 28, Table 29 and Table 30 show the results obtained to demonstrate the
precision of the LC/MS method for-riethylbiguanide determination at three

different concentrations; 25 ng/mL, 5 ng/mL and 1 ng/mL.
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Table28. Demonstration of the predis of the LC/MS method forrhethylbiguanide as shown by the

results on 6 replicate injections of one solution of 25 ng/mL concentration

Injection RT [min] | Peak Area

number
1 5.856 | 747498.34
2 5.855 | 732062.D
3 5.859 | 743685.78
4 5.859 | 744658.47
5 5.856 | 748946.13
6 5.853 | 752447.68

Mean 5.856 | 744883.08
RSD [%]| 0.04 0.94

Table29. Demonstration of the precision of the LC/MS method fmethylbiguanide as shown by the

results on 6 replicate injections of one solutio® oig/mL concentration

INjection | o 1min] | Peak Area
number
1 5.880 | 134742.86
2 5.889 | 129483.96
3 5.882 | 134978.27
4 5.874 | 132007.62
5 5.873 | 132771.53
6 5.875 | 131952.83
Mean | 5879 | 132656.18
RSD [%]|  0.10 1.54

Table30. Demonstration of the precision of the LC/MS method forethylbiguanide as shown by the

results on 6 replicate injections of one solution of 1 ng/mL concentration

Injection . Peak
nijmber RT [min] Area

1 5.914 | 8126.36

2 5.907 | 8541.42

3 5.916 | 8692.88

4 5.900 | 8286.91

5 5.894 | 8707.07

6 5.895 | 83430

Mean 5.904 | 8449.67
RSD [%]| 0.16 2.78




Table 31, Table32 and Table 33 show the results obtained to demonstrate the
precision of the LC/MS method fo4,6-diaminol,3,5triazin-2-yl) guanidine

determination at three different concentrations25 ng/mL, 5 ng/mL and 1 ng/mL.

Table31. Demomstration of the precision of the LC/MS method for {@did@nino1,3,5triazin2-yl)

guanidine as shown by the results on 6 replicate injections of one solution of 25 ng/mL concentration

Injection | ot imin] | Peak Area
number
1 4.922 | 2979567.16
2 4917 | 2976767.16
3 4.921 | 2912205.48
4 4912 | 2910546.58
5 4.916 | 3010367.02
6 4.912 | 2947590.68
Mean | 4917 | 2956174.01
RSD [%]|  0.08 1.35

Table32. Demonstration of the precision of the LC/MS method fordqiainol,3,5triazin2-yl)

guanidine as shown by the results on 6 replicate injections of one solution of 5 hg/mL concentration

Injection | ot imin] | Peak Area
number
1 4939 | 901252.49
2 4933 | 915012.68
3 4928 | 921989.49
4 4.924 | 91628459
5 4927 | 921276.42
6 4923 | 91578881
Mean | 4.929 | 915267.41
RSD [%]|  0.12 0.82
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Table33. Demonstration of the precision of the LC/MS method fordiainel,3,5triazin2-yl)

guanidine as shown by the results on 6 replicate injections of one solution of 1aogfrehtration

Injection RT [min] | Peak Area

number
1 4949 | 354215.96
2 4.947 | 354500.%
3 4943 | 360626.52
4 4935 |347119.93
5 4942 | 359050.72
6 4942 | 363334.61

Mean 4.943 | 356474.67
RSD [%]| 0.10 1.62

Table 34, Table35 and Table 36 show the results obtained to demonstrate the
precision of the LC/MS method for Ndimethyll,3,5triazine-2,4,6triamine

determination at three different concentrations25 ng/mL, 5 ng/mL and 1 ng/mL.

Table34. Demongration of the precision of the LC/MS method fhN-dimethyt1,3,5triazine2,4,6

triamineas shown by the results on 6 replicate injections of one solution of 25 ng/mL concentration

Injection | ot imin] | Peak Area

number
1 3.694 | 5239365.58
2 3.694 |5252928.85
3 3.687 | 5238382.99
4 3.691 | 5269384.10
5 3.690 | 522079100
6 3.688 |5214820.D

Mean 3.691 | 5239278.87
RSD [%]| 0.07 0.38
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Table35. Demonstration of the precision of the LC/MS methodNfdkdimethyt1,3,5triazine2,4,6

triamineas shown by the results on 6 replicate injections of one solution of 5 ng/mL concentration

Injection RT [min] | Peak Area
number
1 3.714 | 1959070.71
2 3.713 | 1972926.03
3 3.713 | 1986161.82
4 3.703 | 1964175.42
5 3.716 | 1955578.29
6 3.708 | 1959541.96
Mean 3.711 | 1966242.37
RSD [%]| 0.13 0.58

Table36. Demonstration of the precision of the LC/MS methodNfdkdimethyt1,3,5triazine2,4,6

triamineas shown by the results on 6 replicate injections of one solution of 1 ng/mL concentration

Injection | ot imin] | Peak Area
number
1 3.740 | 1084512.73
2 3.740 | 1111027.05
3 3.746 | 1118880.67
4 3742 | 1137717.89
5 3.742 | 1110752.07
6 3.737 | 1139956.04
Mean | 3.741 | 1117141.08
RSD [%]|  0.08 1.83

Table 37, Table 38 and Table 39 show the results obtained to demonstrate the
precision of the LC/MS method for cyanoguanidine determination at three different

concentrations; 550 ng/mL, 250 ng/mL and 50 ng/mL.
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Table37. Demonstration of therecision of the LC/MS method for cyanoguanidine as shown by the

results on 6 replicate injections of one solution of 550 ng/mL concentration

Injection RT [min] | Peak Area
number
1 1.997 | 365376.59
2 1.994 | 362608.75
3 1.996 | 364923.62
4 1.988 | 363598.11
5 2.000 | 370022.71
6 1.987 | 363986.09
Mean 1.994 | 365085.98
RSD [%]| 0.24 0.71

Table38. Demonstration of the precision of the LC/MS method for cyanoguanidine as shown by the

results on 6 replicate injections of one solutio8® ng/mL concentration

INjection | o 1min] | Peak Area
number
1 1.998 | 177054.62
2 1.991 | 175208.11
3 1.995 | 178890.34
4 1.990 | 174524.15
5 1.992 | 178668.74
6 1.993 |177813.21
Mean 1.993 | 177026.53
RSD [%]| 0.15 1.02

Table39. Demonstration of the precision of the LC/MS method for cyanoguanidine as shown by the

results on 6 replicate injections of one solution of 50 ng/mL concentration

Injection . Peak
ntmber RT [min] Area

1 1.999 | 40277.94

2 1.996 | 39803.57

3 1.992 | 39569.78

4 1.993 | 39560.07

5 1.992 | 39729.66

6 1.999 | 39420.43

Mean 1.995 | 39726.91
RSD [%]| 0.17 0.76
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4.5.1.3 Accuracy studies
The accuracy of the method was demonstrated by preparing samples of three known
concentrations in six replicates. The results were expressedhasan value and the

error was expressed as %RSD.

Table40. Demonstration of the accuracy of the LC/MS method for metformin hydrochloride as shown

by the results on 6 replicate injemtis of three solutions of 15, 10 aiqig/mLconcentrations

respectively
Injection Calculate_d Expecteq
Number Concentration| Concentration| Accuracy [%]| RSD [%]
[ug/mL] [ug/mL]
1 14.32 95.45
2 14.55 96.99
3 14.49 15 96.59 1.39
4 14.84 98.92
5 14.38 95.89
6 14.74 98.26
Average: 97.01
10.49 104.89
10.55 105.50
9 10.55 10 105.46 115
10 10.70 107.03
11 10.56 105.64
12 10.81 108.14
Average: 106.11
13 4.76 95.21
14 4.68 93.64
15 4.77 5 95.48 915
16 451 90.28
17 4.75 94.91
18 4.77 95.49
Average: 94.17




Table4l Demonstration of the accuracy of the LC/MS method for melamine as shown by the results on

6 replicate injections of three solutions2¥, 5 and 1 ng/mL concentrations respectively

Injection Calculate_d Expecteql Accuracy
Number Concentration| Concentration (%] RSD [%]
[ng/mL] [ng/mL]
1 24.94 99.74
2 24.31 97.25
3 24.22 25 96.87 116
4 24.85 99.39
) 24.49 97.96
6 24.55 98.19
Average: 98.23
7 5.49 109.85
8 5.43 108.60
9 5.42 5 108.47 175
10 5.32 106.41
11 5.32 106.42
12 5.56 111.25
Average: 108.50
13 0.49 48.55
14 0.55 54.95
15 0.52 1 52.34 8.37
16 0.54 53.75
17 0.49 49.09
18 0.43 43.47
Average: 50.36
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Table42. Demonstration of the accuracy of the LC/MS method-faethylbiguanide as shown by the

results on 6 replicate injections of three solution@®H and 1 ng/mL concentrations respectively

Injection Calculateq Expectec_i Accuracy
Number Concentration| Concentration (%] RSD [%]
[ng/mL] [ng/mL]
1 25.80 103.21
2 25.29 101.18
3 25.68 o5 102.71 0.90
4 25.71 102.84
3) 25.85 103.40
6 25.97 103.87
Average: 102.87
7 5.60 111.96
8 5.42 108.50
9 5.61 5 112.12 121
10 551 110.16
11 5.53 110.66
12 551 110.12
Average: 110.59
13 1.42 142.31
14 1.44 143.68
15 1.44 1 144.18 0.54
16 1.43 142.84
17 1.44 144.23
18 1.43 143.03
Average: 143.38




Table43. Demonstration of the accuracy of the LC/MS metho@férdiamina1,3,5triazin-2-yl)

guanidineas shown by the results on 6 replicate injections of three soluti®is 5fand 1 ng/mL

concentrations respectively

Injection Calculateq Expecteo_l Accuracy
Number Concentration| Concentration [%] RSD [%]
[ng/mL] [ng/mL]
1 24.73 98.93
2 24.71 98.82
3 24.10 25 96.40 153
4 24.08 96.34
3) 25.02 100.08
6 24.43 97.73
Average: 98.05
7 5.24 104.83
8 5.37 107.41
9 5.44 5 108.72 1.30
10 5.38 107.65
11 5.43 108.58
12 5.38 107.56
Average: 107.46
13 0.11 11.14
14 0.11 11.41
15 0.17 1 17.16 40.92
16 0.04 4.49
17 0.16 15.68
18 0.20 19.70
Average: 13.26

16C



Table44. Demonstration of the accuracy of the LC/MS methodlifidimethyt1,3,5triazine2,4,6
triamineas shown by the results on 6 replicate injections of three solutk2 5 and 1 g/mL

concentrations respectively

Injection Calculate_d Expecteql Accuracy
Number Concentration| Concentration [%] RSD [%]
[ng/mL] [ng/mL]

1 24.69 98.76
2 24.77 99.07
3 24.68 25 98.73 0.48
4 24.86 99.46
5 24.58 08.32
6 24.55 98.19

Average: 98.76
7 5.58 111.52
8 5.66 113.13

5.73 114.67

10 5.61 > 112.11 1.19
11 5.56 111.11
12 5.58 111.57

Average: 112.35
13 0.48 47.99
14 0.63 63.44
15 0.68 68.02
6 0.79 1 28.99 17.78
17 0.63 63.28
18 0.80 80.30

Average: 67.00
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Table45. Demonstration of the accuracy of the LC/MS methodyfanoguanidinas shown by the

results on 6 replicate injections of three solutioh8§50, 250and50 ng/mL concentrations respectively

Injection Calculate_d Expecteql Accuracy
Number Concentration| Concentration (%] RSD [%]
[ng/mL] [ng/mL]
1 547.10 99.47
2 542.81 98.69
3 >40.49 550 99.35 0.74
4 544.35 98.97
5 554.29 100.78
6 544.95 99.08
Average: 99.39
255.58 102.23
252.72 101.09
o 25842 250 103.37 1.10
10 251.66 100.66
11 258.08 103.23
12 256.75 102.70
Average: 102.21
13 43.85 87.70
14 43.12 86.23
15 42.75 85.51
16 42.74 >0 85.48 1.09
17 43.00 86.00
18 42.52 85.05
Average: 85.99




4.5.1.4 ColumrEfficiency, Peak Asymmetry and Capacity Factor Studies
Toluenewas chosen as the nemretained compaind, since it has no affinity fahe
stationary phase and therefore elutes with the solvent front at timédiead time).
This parameter was calculated asaverage from the three injections and was found
to be 1.559 minute.

The @pacity factor was calculatebased onEquation 68 and the results are

presented inTable46.

Table46. Capacity factors follandividual compounds

Capacity Factor
Compound 6V 00
Metformin
hydrochloride 0.672
Melamine 0.685
Cyanoguanidine 0.218
1-methylbiguanide 0.732
(4,6diamino-1,3,5
triazin-2-yl) 0.684
guanidine
N,N-dimethyt1,3,5
triazine2,4,6 0.580
triamine

Equation69 and Equation 70 were used to calculate the columnffeciency and
Equation71 was used @ estimate the peak asymmetry. Thesults are summarised

in Table4?7.
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Table47. Summary dfwo validation parametergpeak asymmetrgnd column efficiency for all

analysed compounds

Peak
Compound Concentration] Asymmetry | Column Efficiency
[Mg/mL] Factor (AF) (n) [m] £%RSD
*+ %RSD
Metformin 15 1.81+3.85% 404210.66%
hydrochloride 10 1.6%5.62% 50718:0.88%
5 1.53:4.12% 66580:0.42%
Concentration Peak Column Efficiency
Compound [ng/mL] Asymmetry (") [m]
Factor (AF)
25 1.38t4.84% 150708:3.97%
Melamine 5 1.35+5.44% 17038%5.02%
1 1.01+5.05% 147338&4.75%
550 1.26+3.38% 8815%1.16%
Cyanoguanidine 250 1.26t4.30% 93922t1.22%
50 1.24+5.03% 98085-3.70%
25 1.74:1.76% 3377741.29%
1-methylbiguanide 5 1.4145.03% 31962%*2.12%
1 0.98:5.01% 13224544.28%
(4,6diamino-1,3,5 25 1.18+2.81% 1310451.43%
triazin-2-yl) 5 1.01+3.22% 1762333.39%
guanidine 1 0.87+3.22% 1983313.62%
N,N-dimethy}1,3,5 25 1.24+2.39% 69662-0.55%
triazine-2,4,6 5 1.25+3.01% 75574:0.58%
triamine 1 1.22+3.63% 783931.16%
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4.5.1.5 Limit of Detection and Limit of Quantification

Limit of Detection (LOD) and Limit of Quantification (LOD) for all individual
components were calculated based Bguation66 andEquation67 respectively. The
slope value was taken from the calibration curve equation staddard deviation of

the response was taken as the standard deviation of the lowest point in calibration

curve The results are shown belowTiable48.

Table48. Limit of Detection and Limit of Quantification for all individual compounds

- LOD
Compound Slope Sandard Deviation LO /mL
P P [ug/mL] Qlug/mL]
Metformin 9889436.98 570505.31 0.19 0.58
hydrochloride
_ LOD LOQ
Compound Slope Sandard Deviation [ng/mL] [ng/mL]
Melamine 23940.24 771.06 0.1 0.32
1-methylbiguanide 30326.® 112.60 0.01 0.04
cyanoguanidine 646.00 360.83 1.84 5.5
(4,6diamino-1,3,5
triazin-2-yl) 106634.94 4518.76 0.14 0.42
guanidine
N,N-dimethyt1,3,5
triazine-2,4,6 171620.D 12363.53 0.24 0.72
triamine
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4.5.2 Stability Test Results

Stability test results are presented below kigure82. It shows the concentration
change over 241 hourdhree samples were takeat each time pointand each
samplewas analysed three times, giving the total number of repetitions of .r/Asat

can be seen, the level remained constant at the level of approximately 10 pg/mL.

méﬁiﬁ ;{iii §§§

Metformin Concentration [ug/mL]
(ep]
o

0

0 25 50 75 100 125 150 175 200 225 250
Time [hours]

Figure82 Metformin hydrochloride stability test results, showihg changes in its concentration over
time

The concentration changes for all studied impurities are showRigure83. No
melamine was detected in the samples. Tkeels of imethylbiguanide, 4,6-
diamino-1,3,5triazin-2-yl) guanidne and cyanoguanidine were stable throughout
the stability test.N,N-dimethy}1,3,5triazine2,4,6triamine started forming at the
time of 163 hours and continue to increase until the emfdthe experiment.A
proposed mechanism of formation is shown Figure 84, however needs to be

further investigated.
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Figure83. Sability test reaults, showing the changes in the impuritiescentratiors over time greeng
(4,6diaminol,3,5triazin2-yl) guanidine, greyg melamine, yellow¢ cyanoguanidine, orange
1-methylbiguanide, blug N,N-dimethy}1,3,5triazine2,4,6triamine

Table49 shows relative impurity concentration (% w/w) in relation to metformin

hydrochloride in the initial solution (t=0 hr) and in the final solutits241 hr).



Table49. Relative impurity concentrations (Yow/w relative to metformin hydrochloride) in the initial

solution (t=0) and final solution (t=241 hr).

Relative mpurity Relative mpurity
Impurity concentration [Yow/w] concentration [%w/w]
t=0 [hr] t=241 [hr]
Cyanoguanidine 0 3.43
Melamine 0 0
1-methylbiguanide 0.01 0.02
4,6-diamino-1,3,5triazin-2-yl)
- 0.04 0.04
guanidine
N,N-dimethyl1,3,5triazine
0 0.05
2,4,6triamine
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4.5.3 Results for Dimethylamine Determination

4.5.3.1 GasChromatography Results

Unfortunately,none of the attempted methods for derivatisation of dimetlamine

to dimethylacetamide weresuccessful. The derivatisation involved many steps,
which resulted in many residual materials being left in the sample. Tressduals
had a negative effect on the GC/MS resulissolvent residuals overlapped

dimethylamine pealand therefore it was impossible to track DMAtle samples.

4.5.3.2 lon Chromatography Calibration Curve
Standard solutions for the evaluation of dimethylamimralibration curve were
prepared over a concentration rangé 20.01.0 ug/mL in triplicateand the results

are shown infable50.



Table50. Calibration curve results for dimethylamine

Concentration Injection Peak area Average Peak Area | RSD

(ug/ml) No. Ww>{ YAY W>{ YAY B | (%)
0.2420
0.2397 0.2409 0.68

0.6289
0.5990 0.6084 2.93
0.5972
1.2503
1.2238 1.2319 1.29
1.2217
1.9183
1.7581 1.8341 4.38
1.8260
2.5066
2.5406 2.5319 0.88
2.5485
3.7533
3.6951 3.7166 0.86
3.7013
4.8190
4.6889 4.7673 1.45
4.7941

Correlation coefficient BR=0.99867
Regression liney=0.2411x + 0.0318

2.5

7.5

10

15

20
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4.5.3.3 Application of the lon Chromatography Method for Dimethylamine

Due to equipment failure when the stability test was carried out, the levels of
dimethylamine were not quantified.

In order to test whether the dimethylamine can be detected in real samples, the raw
material of metformin hydrochloride was analysedrigure 84 shows that
dimethylamine can be detected in real samples. It demonstrates the advantage of an
impurity eluting before the studied API, in this case metformin hydrochlofidhe
concentration of dimethylamine in raw material metformin hydrochloride sample
calculated based onatibration curve was 1.26 pg/mlequivalent to 1260 ppm

relative tothe metformin hydrochloridesample
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Figure84. An example abn chromatogram, fodimethylaming5.827 min)present h metformin hydrochloride sample
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4.6 Discussion
The calibration curves given in this chapter all demonstrated good fits into the
regression model witthe R value being greater than 0.99. This shows the excellent
relationship between the peakrea values and theoncentration for all analysed
compounds.
The precision studies for the retention time and peak areastwmjections atthree
different corcentrations showed that for metfonin hydrochloride,(4,6-diamino
1,3,5triazin2-yl) guaniding  N,N-dimethy}1,3,5triazine2,4,6triamine  and
cynanoguanidine, th&SD values were less than 2% for both parameters. This was
true for all concentrations thatvere studied, showing that the method was highly
reproducible and reliable. Melamine andmiethylbiguanide had RSD values under
2% for theér retention times but over 2% for the peak area of the lowest
concentration. This means that the method is reprodieiand reliable for these
compounds, however the error increases as the concentration decreases and this
wasasexpected.
The accuracy of the LC/MS method wested at three different concentrabns and
for six injections. Metforminhydrochloride and cynoguanidine had accuracy
percentagesvhich differed by 40%from the expected values for all concentrations
and the RSD value was less than R#élamine, tmethylbiguanide, (4liamino
1,3,5triazin-2-yl)guanidine, N,Mlimethy}1,3,5triazine-2,4,6triamine had accuracy
percentages which differed by < 10% froine expected valugfor 25 and5 ng/mL.
There was a larger errdor the 1 ng/mL concentration which was close to the LOD
and therefore this was expected.
The capacity factor showed that the ordafrelution was (from first to elute to last):

1) Cyanoguanidine

2) N,Ndimethy}1,3,5triazine-2,4,6triamine

3) Metformin hydrochloride

4) 4,6-diamino-1,3,5triazin-2-yl) guanidine

5) Melamine

6) 1-methylguanide



The reasons for this order are dte two factors: the polaty of the molecule and

the number of sites available for hydrogen bonding interactidriee more polar the
molecule and the more sites for hydrogen bondthgn the longer the analyte will
spend in the column due to the increase in favourable interastidhe order of the
elution backs this up as the molecule with the lowest polarity and fewest sites is
cyanoguanidine and the molecule with the most sites and most defined polarity is 1
methylbiguanide.

When investigating the peak asymmetry, cyanoguamdiediamino-1,3,5triazin

2-yl) guanidine and Ndimethyt1,3,5triazine-2,4,6triamine had values within the
range of 0.& 1.2.Melamine and imethylbiguanide had good peak asymmetry for

1 ng/mL and the values for the other two concentrations of amine were just
above the accepted values. Foerethylbiguanide, the values were acceptable for 5
ng/mL but there was significant asymmetry for the 25 ng/mL concentration.
Metformin also had significant peak asymmetry, however the peaks were acceptable
asthe AF value was less than 2. The reasons behingahation inpeak asymmetry
could be that the injecbn volume was too large however with smaller injections the
sensitivity would have been compromised. The analyte could have been adsorbed
onto active sites within the column meaning that the molecules would spend more
time and not all elute simultaneouslye& asymmetry was calculated in the software

of the instrument and the algorithm used determined the start and end of the peak
and so there could be different points used for different injections and this would
generate an error contributing to the asymnmgt Potential solutions to this peak
tailing issue is that a more acidic mobile phase could be used with pH less than three
or to decrease the injection volume, whilst making sure that the sensitivity is
retained.

The column efficiency for all compoundsathwere analysed was larger than 2000.
The LOD and LOQ values were obtained via the calibration curves due to equipment
failure. All the calibration curve points were above the LOD and LOQ.

During the stability test, it was found th#te levels oimetformin hydrochloride and

the impurities were stable over the course of the experiment with the exception of
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N,N-dimethy}1,3,5triazine-2,4,6triamine which was being formed. It was proposed
that this impurity was formed via reaction between cyanoguaniding aretformin
hydrochloride during the stability test experiment. The possible reaction route is

given below irFigure85.

N
N// ch\ NH //
\

e LN

HsC NH |

Figure85. Potential route oformation ofN,N-dimethy}1,3,5triazine2,4,6triamine

The relative impurity concentration (% w/w in relation to metformin hydrochloride)
was calculated in the initial and final solutions used for the stability dstamine,
1-methybiguanide and 44&liamino1,3,5triazin-2-yl were belowthe reporting
threshold suggested by ICH (s€ablel in Chapter 1)Relative concentration of
N,N-dimethyl-1,3,5triazine-2,4,6triamine in the final solutionwas 0.05% which
means thathis impurity should be reportedCyanoguanidine was an impurity, which
relative concentration was well above the qualification threshpBl43%. It means
that this impuity should always be quantified as well as its toxicity should be
assessed in details.

While the experiment was being run there were two observations in that a strong
smell developed over time, kky due to the formation of dimethgimine and this was
accompanied by a colour change from colourless to pale yellow as can be seen in the

photograph inFigure86.
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Figure86. Photograptshowingthe colourdifference between & freshly made sample of metformin

hydrochloride and 3 sample collected at the end of the stability test

Application of gas chromatography for determination of dimethyilaen was
impossible due to high residuals of solvents that were used during the derivatisation
process. Therefore, ion chromatography was chosen as the analytical method for the
determination of DMA.

The calibration curve obtained for dimethylamine using @ahromatograhy had a

very high regression coefficient of 0.99867, which shows the calibration model is
suitable for this compound.The application of this method was presented for the
raw metformin hydrochloride material, which contained dimethylaminbis proved

that detection of dimethylamine was possible using this method, despite not being

used during the stability test, as a result of equipment failure.
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4.7 Conclusions

Calibration curves obtained in this project were successfully fitted with high
regression coefficients for the relationship between the peak area and the
concentration. The precision of the developed LC/MS method, for the majority of
injections had %RSD less than 2% for the retention time and the peak area. This
shows that the methodleveloped was highly reliable and reproducible. In general,
the accuracy of the method was within acceptable values, but performed best for
metformin hydrochloride and cyanoguanidin®eak asymmetry was within the
accepted range, however metformin hydrochbe exhibited higher asymmetry
factor, probably due to the too large injection volume. The column efficiency was
much larger than the accepted value in literature, showing that the separation of
analytes was highly satisfactorfhe calibration curves were used to calculate the
LOD and LOQ values, which were reasonable and the lowest point in the calibration
curves was above these parameters.

Metformin hydrochloride was found to be stable over time during heating, however
N,N-dimethyl-1,3,5triazine-2,4,6triamine was generated aftet63 hours. This was
proposed that this couldhappen via a reaction between cyanoguanidine and
metformin hydrochloride.

The method outlined for dimethgmine could be used in future work for
determination of this compaind in real samples.

In conclusion the work carried out in this chapter would allow the concentrations of
metformin hydrochloride and its associated impurities to be determinedlio&

using LC/MS and IC during the continuous crystttisa
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5 Determination ofthe Effectof Ammonium Sulfateon the

Nucleation Rate of Metformin Hydrochloride

5.1 Chapter Outline
This chapter details the procedure and results for all experiments that were carried
out in order to determine the effect of ammoniusulfate on the nucleation rate of
metformin hydrochloride. The experimental wonkas carried out in orderct asses:
1) The impurity content in raw metformin hydrochlorideletermination of the
number of impurities and identification of those impurities.
2) The effect of impurity on metformin hydrochloride induction time. This was
carried out in two parts:
a. Induction time experiments were conducted in the Crystalline reactor
and therefore the data obtained wefféted into two models:the ter
Horst modelg basedon probability distributions of induction times
andthe classical nucleation theory model in order to determine the
crystal nucleation rates
b. Dynamic light scattering measurements were carried out using the
Malvern Zetasizeto examinethe effect of thesulfate anions orhe
nucleation rae of metformin hydrochloride. The rpsence of
different sizes of the prenucleation clustevgs investigated as a
potential reasonfor the different behaviour of samples containing

impuritiescompared withpure metforminhydrochloride samples.



5.2 Materials Used in the Study

Metformin hydrochloride was used as the model compound and ammonium sulfate
was chosen as the source of sulfate anions. Sulfate was found to be an existing
impurity in metformin hydrochloride samples lkowing analysis by anion

chromatographyresultsshown in section 5.2.2).

5.2.1 Metformin Hydrochloride
The detailed information about metformin hydrochloride and why it was used is

given insection4.3.

5.2.2 Ammonium Sulfate
Ammonium sulfate has molecular mass 132.14 g/mol and the molecular structure

given below Figure87).

o, 0
S

N H4+ o0

2

Figure87. Molecular structure of ammonium sulfate

The decision behind using ammonium sulfate as the model impurity for studying
impurity effects on metformin hydrochloride is illustrated here. Initial expents
involved recrystallisation of metformin hydrochloride from ethanol:water mixture
of 80:20 w/w% in several crystallisation platforms and under different stirring speeds
and cooling rates. In order to identify which inorganic impurities were present
significant amounts, ion chromatography was carried out.

Due to ionic nature of metformin, it is possible for this compound to form s&s.
forms of drugs have a largdfect on the drugs' quality, safety, and performance. The
properties of saHforming species (i.e., counterions) significantly affect the
pharmaceutical properties of a drugike solublity or physicochemical stability).

Commercially available metformin exists as hydrochloride salt. To determine if
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metformin forms different salts ding the crystallisation process is one of the project

aims.

It was appropriate whilst doing this to compare the results of several crystallisation
platforms and their capabilities to test whether or not these parameters had an
influence on the impuritiepresent and the properties of the crystals themselves.

All measurements werearried outusing theReagent~ree Capillary HPIC systeim

an IC$000+ instrument (Thermo Fisher Scientifitemel Hempstead UKThe
system contains potassium hydroxide electrolytic eluent generation module, an
anion capillaneluentsuppressor ACE} an ASAP Autosampler and conductivity
detector. All eluents weregeneratedas potassium hydroxidesing a diluent of

dzf G NJ LJHzNBE 41 GSNJ 6L/ 2

onnnvo

LIAZNR FAOF GA2Y

3000), Millipore, Watford, UK)A Donex lonPacAS11HC 4> Y (250 0.4mm)

capillarycolumnwasusedin the separatiors. The gradient program was used in order

to separate the iong seeTable51.

Table51 Gradient program and measuremenhditions for lon Chromatography

. KOH Flow Injection Back Column
Time .
[min] Concentration ratg volume pressure Temperature
(mM) [uL/min] (] [psi] [°C]
1 0 1
2 10 1¢30
3 30 30¢ 40 10 1 3200 15
4 40 60
5 50 60

Analysing the samples obtained during the experiments describdalie52 with

lon Chromatography provided an overview on the ion in the sampéesFigured8.

The results are qualitative at this preliminary stage.

~
P
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http://www.dionex.com/en-us/products/ion-chromatography/ic-rfic-systems/ics-5000/lp-72594.html
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Table52. Sample description and experimental conditions

Coolingrate | Mixing speed

Sample namg  Reactor -

[°C/min] [rpm]

1 350
0.5

2 . 700

Crystalline
3 350
5

4 700

5 350
0.5

6 700

EasyMax
7 350
5

8 700

9 350
0.5

10 _ 700

OptiMax
11 . 350
12 700
13 Raw materia - -
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Figure88. Asummary of the results obtained for samples of metformin hydrochloride crystallised in three
different reactors- Crystalline, OptiMax and EasyMax (sample description and experimental conditions
are provided baw ¢ Table 55).

Metformin is commonly usedsaits hydrochloride salt, which explains the very high
content of the chloride. After rerystallisation of the raw material it was observed
that the content of two iong; bromide and sulfate increased. A high content of the
nitrate ions was also detected even after recrystallisation. On this basis, these
three ions were selected for further investigation of the effect of the ion content on
induction time and crystal morphology.

The results obtainedcan be used toaillustrate the use of crystallidion asa
purification technique Despite the increase in concentrations of the three ithat
were mentioned earlierg nitrate, bromide and sulfatethe general purityof the
product after recrystalli@tion is muchhigher than the raw material. Th@ntent of
chloride ions for most of the obtained crystals oscillabetween 95 and 97%, while
raw material contained only 91% of these ioffis is consistent with an effective
purification from the crystallisation. Ammonium sulfate was chosen as the source of
suffate (YO ) ions. Due to time limitations, the other ions (nitrate and bromide)

were unable to be investigated.
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5.2.3 Solvent Choice

The solvat system used was an 80:20 %wimwixture of ethanol and water
respectively. Metformin hydrochloride has a high solubility in water therefore vast
amounts of material would be needed to generate a successful crystallisation process

and so ethanol yielded a more practical working solupilit

5.3 Equipment and Techniques Used in the Study
5.3.1 Cirystallisation Platforms
Two types ofreactorsthat were used while conducting this studyll be described

below.

5.3.1.1 Crystalline
Crystalline(Technobis SE9hown inFigure 89 is a multiplereactor station that

functionsas a parallel crystalliser onn8L volume scale.

Figure89. Crystallineequipment Photograph

It combines turbiditymeasurements with independent real time particle visualization
(PV).Each reactor is independent, which means that the crystallisation can be
monitored independently in each vial usinget high quality digital visualisation
probesand theturbidity measurenents andhe temperature profile can be different

for each independent ractor. The Crystalline can hold/als each with 8 mL volume

A unit consists of 8 independently heated reactor blocks and these blocks are



temperature controlled by anicroprocessor controlling a heat and Peltier element
(temperature range 0f25 to 145€Cwith heat/cool rate of 0 to 20C/min). The Peltier
element is cooled by heat transfer with cooling liquid fram external cryostat set
at 18T. Crystalline providesianlet for a dry purge gas (typically nitrogen) to prevent

condensation on the reactor blocks and electronics.

5.3.1.2 Optimax and Easymax
OptiMax(Figure90) is a powerfusynthesis workstation designed by Met Toledo.

-
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Figure90. OptiMax reactor photograph

The unique design gives tipessibility of working with temperatuserangingrom -

40 to180°C without oil or ice baths. It has an intedavhich is easy to learn ahds

no training requirements. All of thimmakes OptiMax a perfect tool for process
development experiments. The reactor works in a way that offers high traceability
and reproducibility of the results. The OptiMalatform congsts of athermostat
system, screen control panel, stirrer motor, temperature probe, 1000 mLpieoce
glass reactor, pitched blade stirrer, Allo\2Z Bar type baffleA number of portsin

the reactor lid allowsnany PAT tools tbe used to fully monitothe process.

Easymax is the equivalent of the Optimax but at 100 mL scale.
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5.3.2 Analytical Techniques

5.3.2.1 Scanning Electron Microscope

Scanning Electron Microscope (SEM) is a type of microscope that uses a focused
beam of highenergy electrons instead of light to form an imagehen the electrons

in the beam interact with the sample, various signals are being produced and
therefore trangormed into an imageFigure91 shows a schematic diagram of SEM
microscope. An electron gun located at the top of the instrument produces a beam
of electrons, which follows a vertical path through the anode and magnetsx|the
microscope is held within a vacuum. Electromagnetic fields and lenses present in the
microscope concentrate the beam beforaliitminatesthe sample. Electrons and X

rays are ejected from the sample when the focused electron begonsthe contact

with the sample.

Electron Gun

G

‘ ‘ “‘ Magnetic

Al | —— Lens

Anode
-

ToTV
Scanner

Secondary
Electron
Detector

Specimen

Figure9l A schematic diagram afscanning electromicroscopg125]

Detectors, located further down inthe SEM, collect secondary electrons,
backscattered electrons andrAys (sed-igure92) and convert them into a signal and

produce the final image.
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Figure92. Types of electrons ejected from the sample, wiherfocused electron beam hits the sample
[126]

Using this technique information such as: sample morphology, chemical composition,
crystalline structure and orientation of materials forming the sample can be revealed.
SEM isnainly used to:

U generate highresolution images of shapes of objects,

0 discriminate phaes based on mean atomic number using bsckiter
detector,

U identify phases based on qualitative chemical analyand/or crystalline
structure ¢ when energyc dispersie Xray microanalysis (EDX) is coupled
with SEM,

0 precise measurements of very small objects

U examine microfabric and crystallographic orientation in many mateals

SEMs equipped wittliffracted backscattered electron detectors

As with all analytical échniqgues SEM hasstrengths and limitationsSEM is well
known for its very broad application in characterisatiand imagingof solid
materials Ingruments are easy to operate and quite often the sample preparation
procedure is very simple and the daaquisition is relatively rapidb(minutes per
image. SEM limitations are associated with a sample nattequired for the

measurements. Theample needs to be solid, containing no solvéntust bestable
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under vacuum conditions andbe relatively small Instruments using energy
dispersive XRay Spectroscopy detectoase unable to detect elements with atomic

numbers less than 11 (NH)27].

5.3.2.2 Timeof-Flight Secondary lon Mass Spectrometry

Timeof-Flight Secondary lon Mass Spectrometry is a very sensitive surface analytical
technique, that provides elemental, chemical state and molecular information from
surfaces of solid material. A solid surface is bombarded by primaryvitmslefined

keV energy. This energy is used to target atoms via atomic collisions and to generate
a socalled Wollision cascadg128]. Part of the energy is transported back to the
surface and therefore surface atoms and molecules aretabd®ercome the surface
binding energyand are ejectedThe energy of the collision cascade is low enough to
allow molecules with masses up to 10000 u to escape without or with minimal
fragmentation. Most of the emitted particles do not have any chargg, those
negatively or positively charged will be subsequently transferred in to the-time
flight analyser and thdataobtained provides detailed information on the elemental
and molecular composition of the surface. The principles of TOF mass spetfrome
were described in detail irSection 4.2.4 SIMS penetrates only one or two
monolayers, which explains why this technique is widely used for surface analysis.
There are several applications of FTOIMS:

U Surface spectrometrg used for investigation of the original, nenodified
surface composition. The output of this analysis is a mass spectrum.

U Surface imaging provides a mass resolved secondary image oftiréace.

U Depth Profilingg using two ion beamsg one for sputtering a crater and one
for analysing the crater bottom it is possible to analyse more layers than the
top two, which are being analysed during the standard measurement.

i 3D analysix; can be obained by combining spectral, imaging and depth
information. This type of analysis is suitable for the investigation of complex

and unknown structures or defects.
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The TOFSIMS is a very sensitive technique, that provides very detailed information
about the elemental and chemical composition of the surface with a veglg mass
resolution, allowing distinction betweespecies of similar nominal mass. Along with
many advantages there are also a few limitations of this technique, such as:
U quantitative analyss are not possible
U limited optical capabilities
U an image shift between positive and negative ion data collection mpde
almost impossible to obtain both modes ion data on exactly the same spot
[128].

Hence here the interess to investjate its potential application focrystal surface

analysis.

5.3.2.3 Differential Scanning Calorimetry

Differential Scanningalbrimetry (DSC) moniteheatchangesssociated with phase
transitions(melts, glass transition, phase changasghemial reactions as a function

of temperature.This technique provides qualitative and quantitative information on
exothermic (heat evolution) and endothermic (heat absorption) procefs23).

This technique cabe used as an ahdical tool for the determination of the purity

of organic compoundghrough determination of a melting point. DSC purity
determination is established on the fact that eutectic impurities lower the melting
point of a eutectic system, what can be descrile@ GKS =+l y Qi |1 27FF

Equation77) or its simplified version (selequation78):

Equation77




Equation78

whereTtis the melting temperature]o is the melting point of the pure substande,
is the gas constankH is the molar heat of fusion (based on the peak areay,is

the concentration (mole fraction of the impuritylusis the clear melting point of the
impure substancef-is the fraction melted and/F is the reciprocal of the fraction

melted and can bexg@ressed as:

Equation79

p 0 &
O O W

where Awt is the total area of the pealkyart is the partial area of the peak and c is the
linearization factor.

Non-eutectic impurities also affect the melting point asdmetimes may cause its
increas€130].

5.3.2.4 Dynamic Light Scattering

There are two potential effects of contact between light and particles/molecules
Firstly, dsorption of the energy, when the wavelength of incident light esponds

to an energy transmission within the molecule or atorBgcondly,ight scattering,
when the wavelength of incident light does not correspond to an energy transmission
within the molecule or atoms. Sample homogeneity is an essential conditioig/ior |
scattering to happen. In aqueous solutions the scattered light is a result of a
difference in optical properties in the solution, such as the refractive index difference
between detected particles and the bulk solutifiB1]. Figure93 shows the setup

for dynamic light scattering experiments.
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Figure93. Dynamic light scattering diagram

The position of thescattering vector, q(m), and the scattering angleare shown in

the Figure93. In order to calculate the scattering vector, it is necessary to assume
that g has tle same magnitude as the vector associated with the incident beam.

Therefore, the scattering vector can be expressed as the difference between the

incident and the scattered wave vectors as is givelagonation80.

Equatior80

In the equation abovais the refractive index of the solution ands the wavelength

of the laser beanfl131]. Theresults obtained during the lab scattering experiments
are based on intensity (I), which is a function of the scattering anglar(d the
observation time (t): (I(, t)). During the dynamic light scattering measuremettts,
speed at which the particleare diffusing due to Bromian motionis measured by
recording the rate at which the intensity tiie scattered light fluctuates smaller
particles cause the intensity to fluctuate more rapidly than large partidiethe
diffusion coefficient of the mowg particles is known, then it is possible to estimate
a patrticle sizg131]. The @inction obtained from intensity fluctuations in the light

scattered by the sample is called an autocorrelation function.



5.3.2.4.1 Autocorrelation Funatn
A graphical representation of the scattered intensity over time is called the

autocorrelation function and can be expressed as it is shoviguaton 81.

Equaton 81

Ot 08w 1O

where I(t) is the average intensity recorded at timeand 00 1 is the intensity
recorded after a timelelay,t. The autocorrelation function is a decaying function of
time delay when Brownian motion in a solution is studi#81]. The general trend is
being observed, the larger are the decay times, the larger particles are present in
the solution. The decay raig(s?') of the autocorrelation function can be related to
the diffusion coefficienD (m?s?) of the particles in solutioand thescattering vector

g(m) and can be defined as:

Equation82

5.3.2.4.2 Decay Rate

The decay rate can be obtained from the autocorrelation function by fitting a third
order polynomial to the plot of the natural log of2@) vs. the lag time, which
operation is called cumulant analysis. When the sample is monodispersed the
cumuant analysis would yield a linear plot of Ia(g}) vs. lag time. However, the
polydispersity of the samples is often observed and then several decay rates may be
present in one autocorrelation function.

The decay rate is equal to the coefficient on thiet order term in the equation.
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5.3.2.4.3 Hydrodynamic Diameter
A theoretical diameter of a hard sphere, which diffuses in the same manner as the
particles in the sample is called the hydrodynamic diamete) @hd it can be

estimated based on Stokdsinstein eqation given inEquation83:;

Equation83

’Q ’?’Q uY
o -0

wherekg is the Boltzman constant with value 1.385%80/K;Tis the temperature in
Kelvin,— is the sample viscosity in Pa.s andislin metersand D isthe diffusion
coefficientD (m?s?). The hydrodynamic diameter is an approximate value, due to
assumption that the particles present in the sample are rsideres. This technique
allows to determine the polydispersity of the sample and the hydrodynamic diameter
for a wide range of particle sizes-1000 nm) without a complicated sample
preparation procedure. However, when the DLS measurement is carriecdooat f
highly polydispersed samples there is a chance of providing a false infomadutout

the sample content. fie intensity of scattered light is directly proportional to the
diameter of the species in the sample raised to tfifep@wer (1" df) and therdore

the presence of small particles can be masked by the large particles.

5.3.2.5 Data Analysis of Autocorrelation Functions

Samples studied during this project were characterised by high polydispersity and
therefore the autocorrelation functions consisted ofveeal exponential decays, so

in some cases 2 or 3 exponential decay had to be fitted to one function. It was

possible to do using Matlalbisingthe formula shown irequation84:

Equation84
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where Q1, @z and Qs are coefficients which indicate the contributions of each decay
as part of the whole function and/Q2, -1/Q4 and-1/Qe are the decay rates referring

to each individual decayAn interactive curve fitting tool[132] allowed the
calculationall the parameters described above automatically from the obtained data.
An example of the interface is defed in Figure94.

The tool was designed in a way that the initial guess values to fit the experimental
data to Equation84 were used and then the interactive cursors represented in red,
green and blue ifrigure94 could be moved on the graph to change the guess values.
The best possible fit was achieved when the lowest error was observed. For the
filtered data only two decays had to be fitted to the model, so the Matlab script was

modified accordingly.

RMS:0.040
Y=An"exp(-1/Bn)+... : A1=0.307, B1=3.322, A2=0.063, B2=11627.956, A3=0.049, B3=171038.004

02—

Ry,

10° 10’ 10? 10° 10* 10° 10°

Figure94. Screenshot of the interactive curve fitting tool created by Dr. Jerzy Dziewierz. Interactive
cursors are indicated in reccorresponding with thesidecay, greem the 2 decay and bluethe 3¢

decay.



5.4 Methods Used in th&tudy
5.4.1 Methods for Induction Time Effects

5.4.1.1 Induction Time Experimental Conditions

Several conditions, including different supersaturations and filtration treatment,
were explored during these experiments including supersaturation (which was
altered by chaging the final temperature in the reactor)able 52summarises all
conditions which were used.

The same mass of metformin hydrochloride (6.3225 g) was weighed each time to
create each solution. These supersaturations were determined based on the
solubiity curve given irFigure95. The supersaturations chosen were conditions that
had been selected for the practical design of a continuous crystallisation of
metformin hydrochloride to provide relevants. The purpose of this work was
therefore to investigate these conditions further foee the continuous campaign
would be carried out.

Different %w/w of ammonium sulfate were chosen to study the effect of impurity
concentrations on the induction time for primary nucleation. The mass of ammonium
sulfate (based on %w/w of the mass of metformin hydrochloride) was added to the
solution in the Crystalline as unfiltered or filtered (with polyethersulfone (PES)
syringe filters with pore diameters of 0.22 um). The stock solution of metformin
hydrochloride and the desired mass of ammonium sulfate was prepared in 75 ml of
the ethanol:water mixture ad left to stir in a water bath until completely dissolved.
Once dissolved, 5 ml of the solution was pipetted into 8 Crystalline vials which were
closed and placed inside the Crystalline chambers at which point the experiment was

started.
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Table53. Experimental Conditions for InductidimeExperiments

Final Ammonium
. Sulfate No. of Filtration
Supersaturation| Temperature : .
, . Concentration | repetitions | Treatment
0ec/ 0
(W/w9%)
0.0
0.1 !
1.38 38 16 Unfiltered
0.5
1.0
0.0
0.01 .
01 Unfiltered +
1.55 34 0.25 40 Filtration
with 0.22 pm
0.5 PES
0.75
1.0
0.0 16 Unfiltered +
0.1 (unfiltered) Filtration
1.64 32 0.5 8 with 0.22 pm
1.0 (filtered) PES
0.0 16 Unfiltered +
0.1 (unfiltered) Filtration
1.73 30 0.5 8 with 0.22 um
1.0 (filtered) PES

Each experiment experienced the same temperature profile during the induction

GAYS &dddzRéed LyAdGAFfte (GKS az2fdziazy o1 & K
all solutes were completely dissolved, which was confirmed via imaging. The
temperature was then reduced to the final temperature which to achieve the desired
adzLISNRF GdzNF GA2y 4G F NIXGS 2F p e/ LISNI YAy

the Crystalle platform). The solution was then held at the final temperature for 24
hours. The stirring rate for all experiments was 700 rpm and this was created by

magnetic stirrer bar.
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5.4.1.2 SEM Measurement Conditions
The images were captured using an SEM Keysight B93&0ere 1000 volts was
applied.

5.4.1.3 ToFSIMS Sample Preparation and Measurement Conditions

Samples crystallised during the induction time experiments were collected, filtered

and washed twice using 1 mL of diethyl ether each time. Then samples were dried
overnight in the oven. Prior the analysis they were ground using pestle and mortar to
homogenise the sample.

The ToFSIMS experiments were performed withTeFSIMS V mass spectrometer
(IONTOF GmbH, lhster, Germany) based at Wolfson Foundationh K I N I O S dzii A C
{ dzNF I OSa [F02NF d2NEBE g A U KduigpedivitiSaBidmuth A 2 y I €
Liquid Metal lon Gun (LMIG¥pectra were acquired in positiaad negativeion

mode over the mass range 855 u,usingBP*asprimaryion source, witha 30 kV

applied voltage, ®.6 pA aperture current, an@ minutes acquisition time. A low

electron energy flood gun was used to prevent sample surface charging. Images were
collected over @00 um x 100 pnarea with a delivered primary ion dose density

(PIDD of approximately 7.0x28 (primary ions/cr).

5.4.1.4 DSC Sample Preparation and Measurement Conditions

Samples were ground and well dispersed prior to measurements. The solid material

was weighed out in an aluminium sample pan. Then the pan containing sample was
placed in the sample press. Aluminium lid was then pierced with a pin to allow
venting of lost slvent during the heating stage and any gas that could be produced

during the sample decomposition. All the measurements were carried out using a
aStlift SN ¢2f SR2 5{/umn® {IYLISa ¢6SNB KSI I
and then cooled down to room tengpature using two coolingratesmn e / K YAY | Y F
Me/ KYAY ®
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5.4.1.5 DLS Sample Preparation and Measurement Conditions

When unfiltered solutions were analysed using DLS, two supersaturations were
chosencSS=09at26/ | yR {{Tmdpp I & onbywsghing f dzi A 2
out the desired amount of powder into a 100 mL glass bottle and dissolving it in 75

mL of ethanol:water mixture. It was left to stir in the water bath for an hour then the
solution was transferred into a quartz cuvette with path length 1 cmamalysed in

the Malvern Zetasizer in backscattering mode.

hyte &dzZJSNEIFGdzNF §SR az2fdziaAzya o6{{ImMdPppo
filters and measuredsing DLS. The reason behind this tas$ only supersaturated
solutions were studied during éhinduction time experiments, therefore it was

crucial to investigate the effect of the prenucleation cluster formation on nucleation
induction time.Undersaturated solutions were therefore not studied here.

Dynamic light scattering (backscattering angfel73°) was used on the Malvern

Zetasizer. The experimental conditions are listedable54:

Table54. DLS experimental conditiossmmary

Ammonium Refractive
. sulfate . . Temperature | Viscosity X
Supersaturation Filtration o index
content [°C] [Pa.s] [133]
(W/w9%)
0
0.01
0.9 01 Unfiltered 20 0.001186| , 57
[134]
0.5
1.0
0
0.01
1.55 0.1 Unfiltered 34 0.000983 1.576
[135]
0.5
1.0
0
0.1
1.55 05 PES 34 0.000983 1.576
1.0
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The viscosity used for the measurements was taken to be that of ethanol since it
made up 80% w/w of the solvent mixture and therefore had the strongest influence.

The water contribution to the viscosity value was therefore ignored.

5.4.1.6 lon Chromatography Saue Preparation and Measurement Conditions

Prior the analysis approximately 5 mg of the sample was dissolved in 50 mL of the
deionized water and diluted afterwards 5 times. Prepared in this was sample was
then subjected to analysis. For the filtrate sanglé mL of the filtrate was diluted

with 4 mL of deionized water and then measured.

Two anions of interest chloride and sulfate, were measured in the media using a
883 Basic IC Plus (Metrohm, UK), equipped with a peristaltic pump, an 863 Compact
Autosanpler, a Metrohm A sup 5 250/4.0mm column, and a 850 Professional IC
conductivity Detector. The eluent was 31V sodium carbonate and 1 mM sodium
bicarbonate per L of deionized water (¢B). AMSM Suppressor, operated at 10 MPa
was used to suppress the elot, using 0.1 M k5Q, 0.1 M oxalic acid, and 5% (v/v)
acetone per L of d¥D as the regenerant. Blanks and internal standards were
analysed periodically to ensure that the IC was performing adequately.

Due to equipment failure samples were analysed i@ Environmental Engineering
Institute for Infrastructure and Environmeat University of Edinburgh.would like

to express my special gratitude and thankaMichael Ross and Andrea Semiao for

their help with running and analysing samples.

5.4.1.7 pH Investigabn Experimental Conditions

The OptiMax reactor mentioned previously was used as the platform to test whether

or not pH was an important factor in the change in induction time. The pH probe
could be inserted into this reactor and that is why it was usiedpite it being a much

larger volume than the Crystalline vials. The conditions chosen for this experiment
set were analogous to those used for Crystalline experiments but scaled up to 1 L.

84.3 g of metformin hydrochloride was added to 1 L of the ethavaier solvent
YAEGdZNE Ff2y3 gAGK GKS NBIldzANBR Yl aa 27



water bath until dissolved. The solution was then transferred to the OptiMax vessel
GKSNBE (GKS az2ftdziazy sl a F3aFrAy KSFG®HBR ol O
SyadaNBE Ittt YFIGSNAIFE 61 & RAaA&a2t OSR® ¢KS a:
the final temperatures stated previously. In total 5 experiments were carried out with

pure metformin, 0.01, 0.1, 0.5 and 1.0 ammonium sulfate %w/w addition. Thagtirr

was carried out with an overhead polytetrafluoroethane (PTFE) agitator at speed 350

rpm. 700 rpm could not be achieved here due to equipment limitations. The pH probe

was inserted during the experiment as was a temperature probe which recorded data
throughout. The final temperature was held until the solution crystallised.

Experiments were not held for longer than 4 hours.

5.4.1.8 The Effect of Impurity Concentration on Solubility of Metformin Hydrochloride
¢ Experimental Conditions

The solubility of metformin hydrochloride containing different amounts of

ammonium sulfate in the 80:20 solvent mixture of ethanol:water was determined in

the Crystalline platform.

Eight different concentrations of metformin hydrochloride were chosen wddba

solubility curve, which are summarisedliable55. Five different ammonium sulfate

concentrations were used during the stud.0, 0.01, 0.1, 0.5 and 1.0 (%w/

Tables5. Concentrations used in solubility study of metformin hydrochloride

Sample| Concentration [mg/mL]
1 31.51

42.55

49.75

56.88

74.3

94.71

118.25

144.81

O|INOOT B |WIN

During each experiment the same temperature profile was used. Initially the solution

gl a KSIFIGSR (2 cpe/ YR KStR FT2N on YAy dz
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dissolved. The temperature was then reduced to the final temperature sewvan ¢ /
ataradlS 2F nope/ LISNI YAYydziSd® ¢KS az2fdziazy ¢
an hour and the cycle was repeated 3 times. The stirring rate for all experiments was

700 rpm and this was created by magnetic stirrer bars.



5.5 Resultsand Discussion

5.5.1 Determiring Solubility of Metformin Hydrochloride in Solvent Systesults
Prior tothe nucleation studythe solubility of metformin hydrochloride in the 80:20
solvent mixture of ethanol:water was determined in teystalline platform.This
provided the equibrium solubility to enable control of the driving force for

nucleation Equationl3).

160
140 4

120 oo
100 ’
80
60
40 L

Concentration [mg/mL]

20

0 20 40 60 80
¢ SYLISNI G§dzZNB we/ 8

Figure95. Solubility curve for pure metformirydrochloride

5.5.2 Induction Time Experiments

5.5.2.1 Results from Induction Time Experiments

Figure96 shows the summary ahe induction times for metformin hydrochloride
samples containing 0.0, 0.01,100.25, 0.5, 0.75 and 1.0 %owdizammonium sulfate

at supersaturation 1.55. The resudtee sortedto showthe increase in the induction

time depending on the amount of ammonium sulfate added to the solution.
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Figure96. The summary dfie induction times for metformin hydrochloridamples containing different concentratioof ammonium sulfate at SS=1.5
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Figure97 andFigure98depictthe summary of all induction times obtained during all
experiments for filtered and unfiltered solution. As it was expected, the higeer
supersaturation, the shortethe induction times,both for filtered and unfiltered
solutions. However, filtration caused significant €ngthening of nucleation times,

due to the reduction in heterogeneous nucleatiates.
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Figure97. Summary of all induction times obtained during all experiments carried out with unfiltered

solution [ ] represents pure metformin hydrochloride samples, ][ represents metformin
hydrochloride samples doped with 0.10 %w/w of ammonium sulfat¢, 0[50 %w/w of ammonium

sulfate and’[ ] 1.00 %w/w of ammonium sulfate.



80000
'3’ 70000
]
£, 60000
(]
£ 50000
[
S 40000
S 30000
©
£ 20000
10000
0
nunwm nuwm nunnm nunnm
PRP PPR T hoe
[l [ e PP
G G GRa aa

Pure ©0.10% © 0.50% © 1.00%

Figure98. Summary of all induction times obtained during all experiments carried out with filtered

solution [ ] represents pure metformin hydrochloride samples, ] [represents metformin
hydrochloride samples ged with 0.10 %w/w of ammonium sulfate, ] 0.50 %w/w of ammonium

sulfate and'[ ] 1.00 %w/w of ammonium sulfate

5.5.2.1.1 ModelBased Analysis
In order to analyse the results obtained from the induction time experiments, model
analysis was carried out using botretmodel based on the cumulative probability

distribution of induction times and a model based on classical nucleation theory.

5.5.2.1.1.1 Crystal Nucleation Rates from Probability Distributions of Induction Times
As described in sectior2.4.3.1.2 through using the cumulative probability
distribution of induction times, the growth time and the nucleation rate under the
conditions used can be determined. The cumulative plolitg distribution is given

in Figure99 and Figure100with logarithmic timescale.

20

1)



probability

Figure99. Cumulative probability distributions of induction tiniesmetformin hydrochloride samples

[ 1 pure metformin hydrochloride, [+] metformin hydrochloride doped with 0.01 %w/w ammonium

sulfate, [ ]10.1 %w/Mmammonium sulfate ] ] 0.25 %w/w ammonium sulfatey [] 0.5 %w/w ammonium

sulfate,[€ ]0.75 %w/w ammoniuraulfate and ] 1.0 %w/w ammonium sulfate.

probability
o
a
T

02+

time [sec]
Figure100. Cumulative probability distributions of induction timesrfaatformin hydrochloride samples
with logarithmic time scai¢ ] pure metformin hydrochloride, [+] metformin hydrochloride doped with

0.01 %w/w ammonium sulfate, [] 0.1 %w/w ammonium sulfate] [] 0.25 %w/w ammonium sulfate, [
0 ] 0.5 %w/w ammonium sulfatdé 10.75 %w/w ammonium sulfate and | 1.0 %w/w ammonium

sulfate.
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The results are presented kigurel101 and show the growth time in seconds and

nucleation rate ifm=3s? for each experimental set.

3.00E+02 400

2 50E+02| * . T . D | 200
= P01 0o
€ 2.00E+02 | Pure * 0.75% -
o T =
(&) =
S 1.50E+02 0.01% 0.25% 1.0% _40()% J
S -600 g
© 1.00E+02 ' . . @
g ; T 0.5% -800
Z 5.00E+01

5.00E+0 | . 1000

=
0.00E+00 -1200

Ammonium sulfate content [% w/w]

Figure101l Summary of resultgh=40)from fitting the ter Horst model to the cumulative probability
distributions of all induction time experimerksr all unfiltered conditionsin the graph blue

represents nucleation rateJ and orangé& represents growth time tg.

The analysis vyielded negative growth time results, whiekre physically
meaningless The potential reason behindhis isthat the model was being over
fitted. The nucleation rate decreasddr samples containing up to 0.%ow/w
ammonium sulfate andthen increased again with the increaseamount of
ammonium sulfate addition. However, due to negative growth time values, the

obtained physical means of the nucleation rate is questionable.
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5.5.2.1.1.2Classical Nucleation Theory
The Classical Nucleation Theory model wascribed in sectior2.4.3.1and the
results obtained for the nucleation rate in-¥s' are presented inFigure 102 for

unfiltered samples and iRigurel03for filtered samples.

2.00E+08
1.80E+08
1.60E+08
1.40E+08
1.20E+08
1.00E+08
8.00E+07
6.00E+07
4.00E+07
2.00E+07
0.00E+00

1.3 1.4 1.5 1.6 1.7 1.8

Supersaturation

Nucleation rate[#/sm?]

Pure m 0.1% ammonium sulfate. 0.5% ammonium sulfate: 1% ammonium sulfat

Figure102 Summary of results from fitting the Classical Nucleation Theory model to the cumulative
probability distributions of all induction time experiments for all unfiltered conditjonk represents

pure metformin hydrochloride samples; [ represents metfornm hydrochloride samples doped with
0.10 %w/w of ammonium sulfate))]] 0.50 %w/w of ammonium sulfate ang J 1.00 %w/w of

ammonium sulfate

ChaaAOolf bdzOf SIFIGA2Y ¢KS2NE [2V]2rdsd8té shawed 4 SR 2
an ircrease in nucleation rate with supersaturation. The nucleation rates for all

doped samples are lower than for pure metformin hydrochloride. The nucleation rate

(J)for 1 %av/w ammonium sulfate(e.g. SS=1.55, J= 5.86E+07 [#]¥iB in general

larger than for 0.1%w/w (e.g. SS=1.55, J= 5.22E+07 [#[snThe biggest effect

though was observed for samples containing @s/w ammonium sulfate, where

this produced the lowest nucleation rate.g. SS=1.55, 4:05=+07 [#/sm]) and did

not fit the general trend.

20¢



1.60E+08

1.40E+08
1.20E+08
1.00E+08
8.00E+07
6.00E+07
4.00E+07

Nucleation rate [#/sn¥]

2.00E+07

0.00E+00
15 1.55 1.6 1.65 17 1.75
Supersaturation

Pure m 0.1% ammonium sulfatesa 0.5% ammonium sulfate< 1% ammonium sulfate

Figure103 Summary of results from fitting the Classical Nucleation Theory model to the cumulative
probability distributions of all induction time experiments for all filtered conditjonkrepresents pure
metformin hydrochloride samples || represents metformin hydrochloride samples doped with 0.10
%w/w of ammonium sulfate{)[] 0.50 %w/w of ammonium sulfate and ] 1.00 %w/w of ammonium

sulfate

For filtered samples a similar trend was obsentealyeverrates with addition othe
0.1 and 1.0%w/w ammonium sulfate for 1.74 are larger than expected from the

unfiltered experiments.

5.5.2.2 Induction Time Experiments Discussion

Using the Crystalline platform, induction time experiments were carried out for
metformin hydrochloride samples containing different amounts of ammonium
sulfate to investigate its effect on nucleation time. The concentrations of ammonium
sulfate added tohie metformin hydrochloride samples were 0.0, 0.01, 0.1, 0.25, 0.5,
0.75 and 1.0 %w/w. Addition of 1.0 %w/w was chosen as a maximum due to the low
solubility of ammonium sulfate in the ethanol:water mixture. Based on the raw data
(8-40 experiments per eactondition), the addition of ammonium sulfate up to 0.5
%w/w caused an increase of the induction time and a broadening of the distribution

of induction times, while addition of 1.0 % w/w of ammonium sulfate lost its effect



and induction times were comparabto the pure system. These points were true for

all supersaturations of metformin hydrochloride that were used (1.38, 1.55, 1.64,
1.73).

The results from the ter Horst model showed a decrease in nucleation rate, when up
to 0.5 %w/w ammonium sulfate wasdded to metformin hydrochloride solution,
which agrees with the raw data. However, the negative growth time obtained brings
the validity of the model into question in this case. When a smaller number of points
were put into the model, the results were morealistic, indicating that the model
was being ovefitted. However, the loss of physical meaning meant that this model
was not suitable for this set of experiments.

The Classical Nucleation Theory model yielded a fit to the described data that was
more promising and showed the trends that were observed in the raw data for the
nucleation rate. On this basis, the classical nucleation theory model was explored
further. The pure system demonstrated the highest nucleation rates across all four
supersaturatios and the 0.5 %w/w ammonium sulfate had the lowest nucleation
rates. Out of all of the samples containing impurities, the 1.0 %w/w ammonium
sulfate had the shortest induction times. This again backs up the raw data, showing
that this model is suitable fahis systemPFiltration with 0.22 pm PES syringe filters
was employed for the induction time experiments to see if ammonium sulfate effects
became clearer after the solution was purified. In general, induction times were much
longer and the distribution wa wider. This was due to the solutions being more
homogenous i.e. less dust contaminants were present, reducing the nucleation sites
and prolonging observed nucleation time. Several samples did not crystallise over a
period of 24 hours, therefore some caitidns had a smaller number of repetitions.

The filtered samples, despite having longer induction periods, agree with the
unfiltered sample data. The supersaturation 1.73 was the only exception, where the
pure system did not follow the trend and had lowrcleation rate than expected. It
could be due to sample aging, increasing the amount of impurity already in the
sample. The classical nucleation model explains the variation in terms of interfacial

energy, which is discussed in sect®h.3
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The comparison of the nucleation rate values obtained from botbdels for

experiments, where supersaturation of 1.55 was chosesmownbelow inTable56.

Table56. The comparison of the nucleation rate values obtained from the two studied models

Classical Nucleation Theory and ter Horst Model, for the expesmehere supersaturation of 1.55

was chosen.
Impurity content [%]| CNT | ter Horst
0.0 9.51E07| 2.64E02
0.1 5.22E07| 2.32E01
0.5 4.05E07| 3.17E01
1.0 5.86E07| 8.93E01

The much higher values observed from the Classical Nucleation Theory are caused by
the assumption made by Mitchell et §27] about the number of derived particles
taken into account during the calculations of the nucleatiater¢ 100000000000
(10E11) was assumedfor a detectable number densityHowever, a general

agreement between the two models is observed.

There were several areas of further investigation that were carried out in order to
explain why the addition of 0.5Whw had the biggest effect on nucleation rate and
why samples containing 1.0 %w/w were behaving similarly to pure metformin

hydrochloride samples.



5.5.3 Investigation of Impurity Concentration Effect on Induction Time
The results from the induction time experents revealed that the 0.5 %w/w
concentration of ammonium sulfate had the greatest influence over the induction
time of metformin hydrochloride. In order to probe this effect, it was thought that
several reasons could be responsible for this:
1) A pH changen the solution because of the presence of two salts in the
solution
2) The solubility of metformin hydrochloride was being altered by the presence
of the ammonium sulfate in solution
3) The interfadal energy of metformin hydrochloride nucleias being altered

by the presence of ammonium sulfate

5.5.3.1 Resultsand Discussidinom pH Investigation

The graph given iRigure104 shows the change in pH with decreasing temperature
for all experimentsThe pH ranged from 5.4 to&for the initial conditions and.2

to 6.7 for the crystallisation point. The erraf the pH probe, when using a

non-aqueous solvent can be as hight@sb pH[136].
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Figurel04. pH investigation results showing changes with decreasing temperature in the Optichax rea
during crystallisation of metformin hydrochloridé&sreen represents pure metformin hydrochloride
samples, orange represents metformin hydrochloride samples doped with 0.01 %w/w of ammonium
sulfate, grey samples doped with 0.10 %w/w of ammonium suifatilew samples doped with 0.50% of

ammonium sulfate anHlue samples doped with 1.00 %w/w of ammonium sulfate.

The initial pH of the solution containing ammonium sulfate and metformin
hydrochloride dissolved in the ethanol:water mixture showed a chetationship
between the amount of ammonium sulfate added and the pH of the solutitme

pH decreased as the concentration of ammonium sulfateeased The measured

pH values were as follows: pure metformin hydrochlorgd& 73, sample containing
0.01 %w/w ammonium sulfate6.51, 0.1 %w/w ammonium sulfate6.49, 0.5 %w/w
ammonium sulfateg 6.25, 1.0 %w/w ammonium sulfate 6.16. The ammonium
sulfate isan acidic salt and this was increasing the content of protons in the mixture
The final pH of the solution after crystallisation took place followed the same trend,
therefore showing that the pH was not the reason for changing the nucleation
behaviour of amples containing 0.5 %w/w ammonium sulfate. However, it needs to
be noted, that in alcoholic solution the pH measurement is not fully reliable. This
means that comparing the plots is not possible and only the general trend of each

individual plot can betated [137].
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5.5.3.2 Resultsaand Discussidinom Solubility Investigation

The next stage of the investigation was to test the solubility of metformin
hydrochloride under each concentration of ammonium sulfaSalubility curves
obtained are given ifrigurel05along with the exponential fitSThe pure metformin

hydrochloride solubility curve is plotted for comparison.
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Figurel05 Solubility curvesbtained in the Crystalline platform for alifiltered experiments with pure
metformin (blue) and metformin doped with different ammonium sulfate concentratich®1 %w/w
(purple), 0.1 %w/w (grey), 0.5 %w/w(green) and 1.084ved).

Solubility curves obtained were comparable to one another, showing that
ammonium sulfate did not significantly affect the solubility, and hence the
interactions between metformin and the solvent molecules. Solubility was then ruled

out as a cause of theffirence of induction time between conditions.



5.5.3.3 Resultsand Discussidinom thelnterfacial Energy Calculations

The interfacial energy values in m3/mere calculated using classical nucleation
theory described in sectior2.5.1 Equation85 (shown previously a&quation8)
presents the relationship between the interfaci@hergy () andthe free energy

change(Y"Q for nucleation.

Equation85

Qi I

The interfacial energy was calculatamltry and answer why the 0.5% ammonium
sulfate concentration had the biggest effect on the nucleation parameters.

The plot inFigure106 shows the results of the interfacial energy calculations for all
experimental conditions. As it can be seen the highest value was obtained for
samples containing 0%w/w of metformin hydrochlorideThe errors included in the
graph were calcul&d based on the regression model in the Matlab curve fitting tool

for the slope and yntercept parameters.
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Figurel06. Graph showing results obtained for the interfacial energy determinatigrufemetformin
hydrochloride (hie)and metforminhydrochloridedoped with 0.1%w/w(orange) 0.5%wi/w(grey)and
1.0(yellow) %/w ammonium sulfate

The interfacial energy calculations showed that the highest value was achieved for
0.5 %w/w ammonium sulfate samples with a valueld8.16° mJ/n¥. All other
conditions had values lower than this. From the free energy relationship, given in
Equation 8, kG required for nucleation becomes less niga and hence less
favourable. The results from the pure metformin hydrochloride samples and from
the 1.0 %w/w ammonium sulfate samples were 1.4%.10J/n? and 1.472.16
mJ/n¥ respectively. This reinforced the fact, that the induction times for those
conditions were similar, suggesting that the effect disappears at the 1.0% ammonium
sulfate concentration.

The difficulties in comparing the results calculated based on CNT result from the
assumption made by Morris at §.07], about the number of derived particles taken
into account during the calculations of the nucleation rate and consequently the
interfacial energy. However, the general trends observed during this study can be
compared with general trends already publishedhe literature. Shanmugham et al.
[52] investigated the effect of soluble impurities (potassium carbonate, potassium

sulfate, potassium oxalate, potassium chromate and sodium borate) on nucleation
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rates and interfacial energyf potassium dihydrogen orthophosphate. They
concluded that the presence of the impurities caused a decrease of the interfacial
energy, which contradicts the results obtained during the investigation of the
ammonium sulfate effect on metformin hydrochldd nucleation kinetics. Peng et al.
[59] observed that the presence @f aand"Y0 caused an increase of interfacial
energy, when the crystallisation of borax dehydrate was studied. Similar results were
reported by Rahmafb7] who investigated the effect of potassium chloride (KCI) on
the interfacial energy of potassium acid phthalate (KAP). Almost a twofold increase
in the interfacial energy value was reported, however, further investigagwealed

that in this case KCI was incorporated into the KAP crystal lattice, which was not

observed for ammonium sulfate and metformin hydrochloride.

5.5.3.4 Resultsand Discussidinom SEM Analysis
The bllowing images inFigure 107 show the SEM results for 4@ystallised
metformin hydrochloride, the raw material and metformin hydrochloride doped with

0.1, 0.5, 1.0 %w/vammonium sulfate respectively.
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Figure 107. SEM image taken afa) 1119x magnification of recrystallised metformim) 205x

magnification of the metformin raw material @®6x magnification of metformin crystals produced in
the presence of 0.%w/w ammonium sulfate (d)110x magnification of metformin crystals produced in
the presence of 0.%aw/w ammonium sulfate (€)119x magnification of metformin crystals produced in

the presence of 1.0av/w ammonium sulfate
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The SEM images @lved that the morphology was the same for allamystallised
samples and that the raw material has larger crystals size than tloeystallised
material. The ammonium sulfate does not alter the crystal shape and the smaller
crystal size was expected afteecrystallization. Therefore, the results suggest that
impurities were not present in final washed crystals and the effect observed from
ammonium sulfate seems to be a solverhiister interaction rather than a crystal
structure alteration. This is backegb by the interfacial energy calculations, as they

describe the solutesolvent interactions prior to nucleation and growth.

5.5.3.5 Resultsaind Discussioinom ToFSIMS Analysis
Figure108 shows the differences in the peak intensity between sampta#aining

0.1, 0.5 and 1.0 %w/wf ammonium sulfate.
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Figurel08. Results obtained from TEHMS sbwingthe increase in the peak area corresponding to
ammonium sulfate in the crystals produced when the doping concentration was incedsigatighted

in red

Figurel09below presents the peak area of the peaks highlighteigure108.
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Figurel09. Peak area results from TGRVS for the ammonium sulfate standard and the metformin

crystals doped with 0.1, 0.5 and ¥@/w ammonium sulfate in the solution

TOFSIMS results suggested that the sulfate ion concentration increased, as the
ammonium sulfa¢ added to the solution was increased. There could be three
possible explanations for this:
1) Some residual crystallisation solution could still remain on the crystal surface,
even after washing.
2) The sulfate anions could be incorporated into the crystalctire, without
altering the morphology.

3) The sulfate picked up was the inherent sulfate from the raw material.

Point number two seems unlikely, as it would be expected that the solubility would
drastically change the solubility of metformin hydrochlarjidbut this was not found

from the solubility investigation (see sectiérb.3.2.
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5.5.3.6 Resultsaand Discussidinom DSC Analysis

Thermal traces foall analysedsamples wheramn e / K YAY 022t Ay 3 NI

are shown irFigurel10.
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of ammonium sulfate (greeB) mne/ K YAY O22f Ay3 NrGSo

Thermal traces for all analysed sampie& S NB

shown inFigurelll

M

s/ KYAYy O22fAy3

NJ



(@)
_. 4
(@]
£
S 3
E
82
o

' \
0 .
5 125 175 2 ’

Temperature [C]

——Raw material DSC ——Pure 0.1% ammonium sulfate

0.5% ammonium sulfate— 1% ammonium sulfate

(b)

DSC [mW/mg]

o SN
L % \.’——239-——\340v :

Temperature [C]

—— Raw material DSC ——Pure 0.1% ammonium sulfate

0.5% ammonium sulfate— 1% ammonium sulfate

Figure111 Thermal traces for metformin hydrochloride ravaterial (blue), pure material (red), sample
containing 0.24v/w of ammonium sulfate (grey), 04v/w of ammonium sulfate (yellow) and)®av/w
2F FYY2YyAdzy &dzZ FI G§S 43 ubpdofilaaiid bMadmediipyofiled2 2 f Ay 3 NI G S

The Differential Smning Calorimetry results revealed that the raw material had the

lowest melting point and therefore was the most impure sample. For the remaining
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samples, it was observed that the melting point increased as the addition of
ammonium sulfate decreased, whics consistent with the theoretical assumption of

DSC application for impurity determination.

5.5.3.7 ResultsandDiscussiofrom lon Chromatography Analysis

Figure 112 shows the summary of the results obtained during the ion
chromatography measurementsr the re-dissolved crystaldt can be seen that both
blanksc for deionized wate(dHO)and the solvent mixtureontained trace amounts

of sulfate ions. Obtained resultgvealed that the concentration of sulfate in all
samples was at the level of about 0.5 pg/mL. Slightly higher concentration of sulfate
ions is observed for samples contiaig 0.5 %w/wof ammonium sulfate, however the

difference is not significant.
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Figurell2 Results from ion chromatography showing the concentration of chigriel@and sulfate
(yellow)in the metformin hydrochloride crystals produced under different doping concentrations of

ammonium sulfateq.01, 0.1, 0.3, 0.5, 0.75, 1.0av/w) as well as blank distilled water and blank solvent
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Figure 113 shows the summary of the results obtained during the ion
chromatography measurenmés for the filtrates. Obtained results show a good
correlation between the concentration of ammonium sulfate added to the
crystallising solution and the concentration calculated based on ion chromatography
results. As it can be se¢he ammonium sulfateeoncentration increases with the

concentration obtained from the ion chromatography results.
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Figure113 Results from ion chromatography showing the concentration of chi(rid@and sulfate
(blue) in the metformin hydrochldde filtrate produced under different doping concentrations of
ammonium sulfate (0.01, 0.1, 0.25, 0.5, 0.75%40w)

The lon Chromatography investigation showed that the crystals produced during the
0.5 %w/w ammonium sulfate experiments had the largestcentration of sulfate
anions at 0.41 ppm. The lowest concentration of the sulfate anions came from the
1.0 %w/w ammonium sulfate experiment samples with the concentration of 0.26
ppm. The blank distilled water contained 0.33 ppm of sulfate ions. Fromthe

sulfate added in the doping stage was not incorporated into the crystal. The trace



amounts of sulfate could be attributed to the solvent residuals from the washing
process or from the inherent sulfate in the raw material, which contained 0.28 ppm.
The analysis carried out for the liguor samples revealed an increasing amount of the
sulfate ions as the addition of ammonium sulfate increased. This indicated that all
the sulfate was left in the solution, which confirms that ammonium sulfate alters

solwent-solute interactions in the solution.

5.5.3.8 Resultsand Discussion froBynamic Light Scattering Experiments

Dynamic Light Scattering was used to probe the solution properties prior to
nucleation, under the conditions used during the induction time experiments.

Undersaturated solutions were also analysed to investigate the clustering ability of
the systemln this section the graphs obtained from the DLS results are given in the
form unprocessed autocorrelation functions, mean count rates and calculated

hydrodynamic diameters.

5.5.3.8.1 Autocorrelation Functions

The autocorrelation functions for metformin hydrochloridesaipersaturation 0.9 for
unfiltered solution and the repetition of this condition are giverFigurell4. Each
graph has the result for the pure metformin hydrochttiplus the results for when

the crystallising solution was doped with various concentrations of ammonium
sulfate. The concentrations were the same as were used during the induction time

experiments mentioned pngously: 0.01, 0.1, 0.5 and 1%&v/w ammonium sulfate.
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Figure114 Autocorrelation functions from dynamic light scattering measurements (angle fb¥3°)

undersaturated solution of metformin hydrochloride (SS09)a) and second experimental run (b)

The graph below irFigure 115 depicts the mean count rate results with each

experimentalcondition It can be seen thiathe first experimental run hadower

count rates.

224



300

0’
O
=,
@ 250
o]
@
= 200
=]
S
< 150
]
=
o 100
(@]
o
2 50
<

0

pure 0.01% amm 0.1% amm 0.5% amm 1.0% amm
sulf sulf sulf sulf
Metformin, SS=0.9_1 Metformin, SS=0.9_2

Figurel15Mean count rate recorded in kilo counts per second for each impurity concentration during
the dynamic light scattering measurenterior undersaturated solutionf metformin hydrochloride

(SS=0.9) for repetition(blue) and repetition 2 (orange).

Figure116 shows the autocorrelation functions for the unfiltered supersaturated
condition of 1.55 for the first and second experim@ run. The supersaturated
solution shows different trends in that it is not always the pure system with the

largest intensity. The intensities for the second run are lower than the first.
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experimental run (b)
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The mean count rates for the higher supersaturatiomfoth experimental runs, are
shown below irFigurel17. The second experimental rundhaigher mean count rate

values than the first run.
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Figurell7. Mean count rate recorded in kilo counts per second for each impurity concentration during
the dynamic light scattering measuremeffits supersaturated solutionf metformin hydrochloride
(SS%£.55 for repetition 1 (blue) and repetition 2 (ogs).

The autocorrelation functions for filtered metformin hydrochloride doped with
different ammonium sulfate concentrations are givenkigure118 The filtered
samples have much lower intensity and no clearly visible decays present in the
autocorrelation functions for both experimental runs.

The baselines in the second experimental are slightly irregular compared to the

first run and is emphasized in the zoom section in the figure.
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5.5.3.8.2 Hydrodynamic Diameter

Figure 120, Figure 121 and Figure 122 are plots showing all the calculated
hydrodynamic diameters from all DLS experiments using the SiBkesein
equation. All conditions show that there are species in the solution present with

diameters ranging from 10 to 6000 nm.
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Figure12Q Average Diameter (nm) froBnd Decay vs. Impurity Concentration for undersaturated
solution of metformin hydrochloride (SS=0@)re metformin hydrochloride (light blue), samples doped
with 0.01 %w/w of ammonium sulfate (orange), 0.1 %wi/w (grey), 0.5 %w/w (yellow) and 1.0 %kv/w (da
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The largest average diameters of the prenucleation clusters are always present in a
doped sample. For the undersaturated unfiltered solutions it was G&U/w
ammonium sulfate, for the supersaturated unfiltered solutions it was%dw and

for the filtered supersaturated samples it was the 96a/w.
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5.5.3.8.3 Discussion from Dynamic Light Scattering Experiments

When analysing the autmrrelation function for SS=01e pure sample had the
highest intensity compared to all other conditions with ammonignifate being
added. This showethat the presenceof ammonium sulfate does have an effect on
the solution structure, even at thiewest concentration of 0.01 Wéw. All functions

for SS=0.9 and SS=1H#ve decays present showing that the pure system and doped
systems all have internal structure in thelon.

The mean count rates were lower for the first experimental run. This could have been
due to the solvent mixture in this case having fewer impurities. The mean count rates
were higher in the second run of SS=1.55. Thay explainwhy the second
experimental run autocorrelation for the pure sample does not reflect the first. If the
metformin hydrochloride used in this case had higher initial impurities due to being
kept for too long in the laboratory, then it would have a higher concentration tidini
impurities. After doping with ammonium chloride, the impurity effect would be
increased even further, causing the large difference between the first and second run
of supersaturation 1.55.

In the second experimental run of the filtered SS=1.55 expnis) the baselines of

the autocorrelation functions were irregular. This resulted in the mean count rates
for the second experimental run being higher than the first as can be seerHigure

119 Not only this, the zoomed section also shows that the solution still has a decay
present, at very low intensity. This is the same for the first and second run. The
hydrodynamic diameters iRigurel22show that there are still species present in the
sample that are largethan the pore diameter (0.22m) of the syringe filter. This
backs up the presence @renucleation clusters being a fundamental property of
solution. The filter only reduces their concentration but does not eliminate their
presence.

The count rates for the conditions that were filtered with the PES syringe filter are
more consistent acrss all the different ammonium sulfateoncentrations If the
filtration step changes or even partly removes the effect that the ammonium sulfate

has on the nucleation of metformin hydrochloride, then this would give a reason



behind the longer induction peyd for these samples. However, the pure samples
were also found to have longer induction periods so the filtration is also affecting the
pure metformin hydrochloride before it nucleates. This could suggest that the longer
induction time was not purely dowto removing dust and other foreign substances
from solution, but perhaps the nucleation mechanism was being altered by the
filtration step by reducing the number and/or size of the prenucleation clusters.
Considering the hydrodynamic diameter values aobéd, there were always
diameters of significant value. From the results it was clear that the presence of
impurity altered the diameter of the prenucleation clusters when compared to the
pure system. The 1.0% w/w ammonium sulfate experiments always peztu
prenucleation clusters with the lowest diameter out of all the doped experiments.
This backed up data obtained from the induction time experiments where these
samples had induction times which were more comparable to the pure system.
Prenucleation clusrs of similar diameters would be assumed to create crystal nuclei

at the same rate and hence have similar induction times.
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5.6 Conclusions

Metformin hydrochloride was found to have many inherent inorganic impurities,
which were deteted in the preliminay stage. Thenorganicimpurity effect on
crystallisationwas not altered by mixing rate, scale of reactor or cooling rate. The
presence of ammonium sulfate affected the induction period of metformin
hydrochloride, but was dependent on the concentration ahmonium sulfate.
Induction times were longer in the presence of ammonium sulfate than when pure
apart fromfor 1.0 %v/w ammonium sulfate, which was similar to pure system. The
ter Horst model was not suitable for this system, but the Classical Nucleation Theory
model yieldedsensiblevalues for the nucleation rates under each experimental
condition. pH was not a contrnifting factor to the changes in induction time and
neither was the solubility. Interfacial energy was higher for @&w ammonium
sulfate and pure system and 1.0% w/w ammonium sulia&Fe similar, indicating
that an interfacial energyeffect was responsie. SEM showed no morphology
change, but TOBIMS showedn increase in sulfate on crystal surfaceith
increasing ammonium sulfate concentration. However, with no change in solubility
this was deemed to be residual solvemhe effect of ammonium sulfaten melting
point was as expectedthe bigger addition of the impurity the lower melting point

of metformin hydrochloride.

The IC results revealed that sulfate was not a significanmiponentin the crystal
structure, but was retained in the filtrate tafr crystal collection. Filtering the solution
prior to crystallisation resulted in longer induction times, due to removing dust
particles in the solution. DLS showed that solutions had internal structure with and
without impurity present and with and withut filtration. Prenucleation clusters were
present as filtration did not remove all species from solution with diameters larger
than the pore diameter. The results showed that the %8/w ammonium sulfate

and the pure system behaved similarly prior tccleation.

In conclusion, the evidence collected suggests that the alteration of the nucleation
process is from the interaction of the ammonium sulfate with the metformin

hydrochloride/solvent interactions. The addition of ammonium sulfate prolongs the
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induction time in some cases, but when it reaches a critical concentratioses its
effect. The reverse effect of the 1%w/w ammonium sulfate could be due to an
increase in ionignteraction between the ammonium sulfate ions for the lower
concentraton the strength will be reduced, making it easier for the individual ions to
block the growth and the interaction between the metformin hydrochloride clusters.
This would then increase the induction tim&s a doubly charged anion sulfate will
associate songly with metformin than chloride and this might disrupt the formation
of prenucleation clusters, although it is difficult to explain why the effect does not
increase with increasing sulfate concentrations.

The reversed effect of the sulfate on crystation of metformin hydrochloride is
very interestingand seems to be a phenomenon that has not been previously
described in the literature. The extensive literature review presentethis thesis
showsmany exampleswvhere the effect of impurities on gstallisation kinetics was

studied however none of them reported a reversed effect.
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6 Overall Conclusiorsd Future Work

6.1 Conclusions from This Study

The conclusions outlined here cover of three experimental chapters with respect to
the original projecbutline, stated in sectioi.2. This project dealt with the topic of
impurity characterisation whether this was in the form of organic and inorganic
molecules or an undesired polymorpfihe work carried out aimed to quantify the
presence of impurities as well as investigate their effects on nucleation and growth.
From the CoFlux reactor experiments the excellent temperature cogéed a much
higher yield ofL-glutamic acidcrystals when compared to other types of reactors
used in our laboratories. Enhanced temperature control was the reason behind this
as this wa the only major difference between this reactor and others. Polymorphic
form was influenced greatly by the temperature control in this reactor and in most
cases it was the metastable alpha polymorph that was produced. This was contrary
to the products obained in other reactor used. When the temperature loop was
introduced the formation of the alpha form was even more prevalent. Crystal size
distribution was found not to be influenced by the mixing speed but a narrower
distribution was obtained with the iproved temperature control.This project
revealed that the trend in the accumulation or heat shift of the process fluid can be
an indicator of the onset of crystallisatiott was clear from this workhat more
effective temperature control was the key tac in the polymorphic outcme.

The work conducted using LC/MS vyielded a method, whereby metformin
hydrochloride and its impurities could be analysed during the routine metformin
hydrochloride characterisation. It was necessary to implement the ion
chromaography, because dimethylamine could not be detected using the developed
LC/MS method. The method developed here could be implemented in a continuous
crystallisation of metformin hydrochloride to monitor changes in impurity
concentration during the proces

Several inorganic impurities were detected in the raw material of metformin
hydrochloride. The effect of mixing rate, scale and cooling rate did not affect the

impurity level detected in the metformin hydrochloride crystals. Ammonium sulfate

23¢



altered the induction time of metformin hydrochloride crystals and the concentration
of ammonium sulfate added changed the average induction time. The results from
this projectshow that this was likely to be a result of molecular interaction between
the ammonium slfate and the metformin hydrochloride at the solution level. The
induction time was delayed by doping with ammonium sulfate until a critical
concentration was reached at which point the effect was reversHus is an
important observation since it mightehthat the most important impurities affecting
crystallisation for a drug which is an acid or base are inorganic counter ions. Most
drug substances contain a range of inorganic counter ions accumulated during
manufacture. The reversed effect of the sulfaten crystallisation of metformin
hydrochloride is a phenomenon that has not been previously described in the
literature. The extensive literature review presented in this thesis shows many
examples, where the effect of impurities on crystallisation kirseticas studied,
however none of them reported a reversed effebtany potential explanations of

this phenomenorwere tested during this study, however none of them explained

the results.

6.2 Suggestions for Future Work

This project has provided tools and if#ignto the effects impuriies can have on
crystal nucleation. There is no evidence in the literature of using light scattering
techniques in a doped system to study nucleation mechanisrhs. evidence of
prenucleation clusters in both undersaturated andpersaturated solutios of
metformin hydrochloride was provided during this project, however the
experimental procedurgvas not designed to its optimum, so potential changes could
improve the quality and repeatability of the results obtained. Also, impiaing
Nanoparticle Tracking Analysis, could back up the results obtained from the Dynamic
Light Scattering Experiments.

It could be useful to develop a derivatisation method for dimethylamine, which
would not affect the other organic impurities presentthe sample and therefore all
known, organic impurities could be analysed using only LC/MS, without the

implementation of IC.



Further research into the effects differeninorganic impurities have on the

nucleation of metformin hydrochkide could also be&ndertaken
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7 Appendix

7.1 LC-MS Calibration Curves
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Figure123 LC- MS calibration curve for metformhydrochloride
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Figurel24 LC- MS calibration curve for melamine
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Figurel25 LC- MS calibration curve forthethylbiguanide
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Figurel26. LC- MS calibration curve fayanoguanidine
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Figurel27. LC- MS calibration curve fo#6-diaminol,3,5triazine2-yl}-guanidine
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Figurel28 LC- MS calibration curve fdd,Ndimethyt1,3,5triazine2,4,6triamine
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7.2 Examples of Extracted lon Chromatograms for Metformin Hydrochloride

and Its Impurities

3 i 15 3 75 H 35 i 45 5 55 B

3 5 75 [ 25 H 95 10 105 Rl 115
Counts vs. Acquisition Time (min)

Fgure129 Extracted lon Chromatogram of Metformin Hydrochlositleoncentration of 5 mg/mL

15 2 25 3 35 i 45 5 55 3 65 E] 75 ] [3 [] 95 10 05 11 15

Figurel30 Extracted lon Chromatogram of Cyanoguanidine at concentration of 550 ng/mL
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Figurel31 Extracted lon Chromatogram {d;6-diamino1,3,5triazine-2-yl}-guanidineat concentration
of 10 ng/mL
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Figurel32 Extracted lon Chromatogram MfiN-dimethyt1,3,5triazine2,4,6triamineat concentation

of 10 ng/mL

T

55 6 65
Courts va. Acauisiion Time (min)

Figurel33 Extracted lon Chromatogram for Melamine at concentration of 10 ng/mL
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Figurel34 Extracted lon Chromatogram forrethylbiguanide at concentration of 10 ng/mL
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7.3 Dimethyamine Calibration Curve for lon Chromatography
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Figurel35 Calibration curve for dimethylamine

7.4 lon Chromatogram Example for Dimethylamine Standard

ORGANIC_ACIDS_TEST #1993 [modified by jwb14101, 4 pesks manuslly assigned]
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Figurel36 An example of ion chromatogram, B pg/mLdimethylamine standard solution
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7.5 lon Chromatogram Example for Chloride and Sulfate lons

Figure 137 shows an example ion chromatogram, for-awystallised A% w/w

ammonium sulfate sample.

A=l L
Anions |
(®) Chromatogram 11.00 min
d Chromatogranm E“%
() Calibration curve 13.96 p3fcm

|

—

pSicrn |
1480

14,70

14,60

Chlatide 11,77

14,50
14,40
14,20

14.20

14,10 1
I
14,00 H

0.0 4.0 .0 12.0 16,0 20,0 24.0 28.0 320

EPhosphate 20,99

f SulFate 33,20

min

Figure 137. An example of ion chromatogna for 0.1% w/w ammonium sulfaterystals from the
re-crystallisecsample
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7.6 lon Chromatography Calibration Curves
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Figure138 lon chromatgraphy calibration curve for sulfate anions showing the equation of the line
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Figure139. lon chromatographyalibration curve for chloride anions in the filtrate showing the equation

of the line
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Figure140. lonchromatographyalibration curve for chloride anions in the crystals showing the equation
of the line



7.7 Dynamic Light Scattering Parameter Tables

Table57. SS=0.9 Urifdred

Diffusion Diffusion Diffusion
Decay 1 Decay 2 Decay 3 RMS | Coefficient 1 | Coefficient 2 | Coefficient 3 Hydrodynamic Diameter (nm)
(m2/s) (m?/s) (m?/s)
Al B1 A2 B2 A3 B3 Decay 1 Decay 2 Decay 3
pure | 0.088 | 5.63 | 0.39 | 8183.209| 1.167 | 436820.799| 0.332 | 1.82018E10 | 1.25227E13 | 8.78115E10 | 1.988379012| 2890.110307| 0.412156005
0.01%
amm | 0.174 | 4753 | 0.073 | 5268.89 | 0.061 | 380453.164 | 0.055 | 2.15603E10 | 1.94493E13 | 1.67994ED8 | 1.678643951| 1860.843747| 0.021543716
sulf
0.1%
amm | 0.155 | 4.445| 0.07 | 5245.417 | 0.023 | 664691.523| 0.034 | 2.30542E10 | 1.95363E13 | 4.45548ED8 | 1.569865845| 1852.553654| 0.00812304
sulf
0.5%
amm | 0.166 | 5.247 | 0.18 | 5868.721| 0.075 | 439676.666| 0.103 | 1.95304E10 | 1.74614FE13 | 1.36635ED8 | 1.853112731| 2072.689461| 0.026488175
sulf
1.0%
amm | 0.111 | 2.769 | 0.05 | 774.212 | 0.005 | 106964.228| 0.013 | 3.70083E10 | 1.32362EL2 | 2.04952ED7 | 0.977943425| 273.4328405| 0.001765878
sulf
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Table58. SS=0.9 Repetition Unfiltered

Diffusion Coefficient| Diffusion Coefficient| Diffusion Coefficient L.

Decay 1 Decay 2 Decay 3 RMS 1 (nels) 2 (n¥s) 3 (Pls) Hydrodynamic Diameter (nm)

Al Bl | A2 B2 A3 B3 Decay 1 Decay 2 Decay 3
pure |0.169|4.535| 0.35|10353.26§1.103| 424064.319|0.304 2.25967E10 9.89794E14 9.29067EL0 1.601651655 3656.522344 0.389552762
0.01%
amm | 0.163|5.976|0.207 28805.5030.055 6097173.7840.164 1.71479E10 3.55752E14 1.8632E08 2.110577794 10173.40277 0.019424664
sulf
0.1%
amm | 0.154| 4.892|0.126 18490.56| 0.01 | 2319508.3440.041 2.09477E10 5.54207F14 1.02476E07 1.727735369 6530.415884 0.003531757
sulf
0.5%
amm | 0.082| 8.453| 0.35| 9528.527|0.237| 184342.489(0.166 1.2123E10 1.07547EL3 4.32388ED9 2.985393924 3365.243891 0.083702633
sulf
1.0%
amm | 0.096|8.371| 0.35| 15498.41| 0.1 | 508635.196(0.119 1.22418F10 6.61204F14 1.02476E08 2.956433519 5473.66130§ 0.035317567
sulf
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Table59. SS=1.55 Unfiltered

e .- Diffusion T -
Decay 1 Decay 2 Decay 3 RMS LR sl Coefficient 2 SLiLHER e Hydrodynamic Diameter (nm)
1 (n#ls) 3 (Pls)
(m?/s)
Al | B1 | A2 B2 A3 B3 Decay 1 Decay 2 Decay 3
pure |0.256/4.174 0.31 | 7451.204|0.066| 400420.281|0.164 2.4551F10 1.3753E13 1.55267ED8 1.86352409€¢ 3326.664637 0.029466361
0,
ar?{r(r)ﬁs/ljlio'slg 2.686| 0.021| 7743.472|0.007| 820583.328|0.017 3.81519E10 1.32339E13 1.46394ED7 1.199191596¢ 3457.150612 0.00312522
0,
arr?rlr%fuli 0.18 4.497| 0.449|10275.3120.169 972023.126|0.165 2.27876ELO 9.97304E14 6.06367E09 2.00773068| 4587.515933 0.075451742
0,
arr?rlr? fu“O.185 4.238 0.469| 9240.46 |0.281 8903329.0430.195 2.41803EL0 1.10899E13 3.64683ED9 1.892097537 4125.495895 0.125455264
0,
arr%rlr? fuho.307 3.322 0.063|11627.9560.049 171038.004|0.064 3.08477EL0 8.8129E14 2.09135E08 1.483140164 5191.417397 0.021876541
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Table60. SS=1.5Repetition Unfiltered

Diffusion Diffusion Diffusion L
Decay 1 Decay 2 Decay 3 RMS Coefficient 1 (nd/s) | Coefficient 2 (m/s) | Coefficient 3 (rd/s) SIS SR (i)
Al | B1 | A2 B2 A3 B3 Decay 1 Decay 2 Decay 3
pure |0.1954.88410.337| 9140.099| 0.12| 208977.001|0.152, 2.0982E10 1.12117E13 8.53967ED9 2.180510705 |4080.688721 0.053575207
0.01%
amm |0.1244.3620.477,13879.8060.149 181492.322|0.145  2.34929F10 7.3831E14 6.87759ED9 1.947458578 |6196.7783740.066522542
sulf
0.1%
amm | 0.28|3.164,0.132 17147.0250.053 5978555.2640.073  3.23881FEL0 5.97632E14 1.93351E08 1.412599482 7655.46101| 0.023662381
sulf
0.5%
amm |0.0794.1390.357| 13469.75|0.253 136729.82 |0.147] 2.47587EL0 7.60787EL4 4.05044E09 1.847897995 |6013.704765 0.112954383
sulf
1.0%
amm |0.2883.7230.179 8110.732|0.051] 676918.633|0.136  2.75251F10 1.26346EL3 2.00933ED8 1.66217063 3621.11751% 0.022769461
sulf
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Table6l. SS=1.55 Filtered

Diffusion Diffusion Hydrodynamic
e AL DY 2 LS Coefficient 1 (rd/s) | Coefficient 2 (nd/s) Diameter (nm)
Al Bl A2 B2 Decay 1 Decay 2
pure 0.300 | 2.10 | 0.002 | 71.0002 | 0.005 4.81108E10 1.44332E11 0.752264173 | 25.07554308
0.1% amm sulf| 0.308 | 2.523 | 0.008 | 596.971 | 0.013 4.06167EL0 1.7166E12 0.891062211 | 210.8356318
0.5% amm sulf| 0.314 | 2.402 | 0.015 8727.21 | 0.013 4.26628F10 1.17421E13 0.848327955 | 3082.238224
1.0% amm sulf| 0.217 | 1.822 | 0.013 | 285.721 | 0.011 5.62437E1L0 3.58658E12 0.643486068 | 100.9097051
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Table62 SS=1.5Repetition Unfiltered

Diffusion Diffusion Hydrodynamic Diameter
DY Il DEEY & RMS | coefficient 1 (is) | Coefficient 2 (ris) (nm)
Al B1 A2 B2 Decay 1 Decay 2
pure 0.188 | 1.729 | 0.009 | 64384.967| 0.017 578368.9994 15.53157587 5.9269E10 | 1.59161F14
0.1% amm sulf| 0.205 | 1.575 | 0.006 | 53885.252| 0.015 634920.6349 18.55795348 | 6.50642F10 | 1.90175E14
0.5% amm sulf| 0.333 | 2.651 | 0.018 | 1155.366 | 0.02 377216.1449 865.526595 3.86556F10 | 8.86957EL3
1.0% amm sulf| 0.213 | 1.827 | 0.008 | 456.105 | 0.011 547345.3749 2192.477609 | 5.60898EL0 | 2.24676EL2
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