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POLYMORPHISM/THERMODYNAMICS/CRYSTALLIZATION KINETICS/

SOLUTION-MEDIATED TRANSFORMATION/pL-METHIONINE

There are three known polymorphic forms of bpr-methionine (pL-met),
a-pL-met, B-pL-met and y-pr-met. The formation of polymorphs is usually determined
by thermodynamics, crystallization and dissolution kinetics, and transformation
kinetics. This thesis aims to understand and predict the thermodynamics and kinetics
of the two commonly found polymorphs of pL-met (a-pL-met and y-pr-met). The
behaviors of the crystallization and the solution-mediated transformation (SMT) of
a-DL-met into y-pL-met in aqueous solutions were also studied.

The solubility of a-pL-met in water is higher than y-prL-met. The melting
temperature and enthalpy of fusion of y-prL-met are higher than those of a-pL-met. The
Gibbs free energy of a-pL-met is higher than y-pL-met. These properties of the two
polymorphs strongly suggest that the system is a monotropic polymorph system where
y-pL-met is the stable polymorph and a-pr-met is the metastable polymorph under the
range of conditions useful for industrial crystallization.

The crystallization and dissolution kinetics were measured and these were
used to describe the behavior of the SMT and used in simulations involving the
population balance equation (PBE) model. The secondary nucleation threshold (SNT)
was determined to ensure that growth was measured under convenient non-nucleating

conditions. The nucleation rates of y-pL-met increase exponentially with respect to the



v

supersaturation of pL-met and increase with increasing temperature. The measured
nucleation kinetics can be described by the classical nucleation theory (CNT) and
allow approximate interfacial energies to be estimated by fitting the measured data to
CNT. The growth rates of both polymorphs were a linear function of the relative
supersaturation and the dissolution rate of y-pL-met was a linear function of the
relative undersaturation. The growth and dissolution rate constants increase with
increasing temperature and follow an Arrhenius relationship.

The SMT of a-pL-met into y-pL-met in water at 25 °C was studied via a seeded
batch crystallization process. The change of the solute concentration and the fraction
of y-pL-met with time during the crystallization process were used to describe the
behavior of the SMT. The SMT process consists of the dissolution of a-pL-met and the
crystallization (nucleation and growth) of y-pL-met; the transformation is a dissolution
controlled process. Models of the SMT process were developed based on the PBE
models. The results showed the PBE models did not satisfactorily describe the SMT
process of pL-met when the measured crystallization and dissolution kinetics were
used; there were large mismatches between the simulation and experimental results.
Improving the model of the dissolution kinetics of a-pL-met (which in fact appear
different to those of the y-form) enabled these mismatches to be lowered, and this was

done by re-estimating only a single dissolution kinetic parameter, Kp,.
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CHAPTER I

INTRODUCTION

1.1 Background and Significance

Amino acids are significant industrial chemicals, because they are important
for human and animal nutrition (they are the basic building blocks of proteins, and
many of common amino acids are essential for survival), but also because there are
many which are important reagents in the production of other chemicals, including
food additives (monosodium glutamate produced from glutamic acid for example, and
aspartame from aspartic acid and phenylalanine), cosmetics and toiletries
(‘AMIHOPE LL’, which is an amino acid based functional powder, and is produced
from vr-lysine), surfactants (‘AMISOFT’, which is produced from r-glutamic acid),
and pharmaceuticals (1.-DOPA: 3,4,dihydroxy-L-phenylalanine for management of
Parkinson’s disease, sleep aid, and appetite suppressant), among many other
applications as reagents or intermediates, feed (animal nutrition) and other materials
(optical material, biomaterial, etc.). (Ajinomoto Co., Inc. 2011; Flood, 2008)

Many amino acids occur as several crystal polymorphs (the same chemical in
a different crystal structure) and/or pseudopolymorphs and solvates (the same
chemical, but with a water or solvent molecule in the crystal structure) (Bernstein,
2002; Jiang, 2009: Mangin, Puel, and Veesler, 2009). Polymorphs and solvates can
have different mechanical, thermal, physical, and chemical properties, such

as compressibility, melting point, crystal habit, color, density, dissolution rate, and



solubility. These can have a great influence on the bioavailability, meaning the
dissolution rate and solubility of the active pharmaceutical ingredient (the substance
in a drug that is pharmaceutically active), hygroscopicity (the ability of a substance to
attract water molecules from the surrounding environment through either absorption
or adsorption), and stability (Mangin et al., 2009; Schmidt, 2005; Yu, Reutzel, and
Stephenson, 1998). Also, polymorphs influence the downstream processing, such as
filtration (Ferrari and Davey, 2004), drying (Matsunaga, Nambu, and Nagai, 1976),
and grinding and tableting (Kaneniwa and Otsuka, 1985). Polymorphism is of great
interest to many industries, such as the pharmaceutical, chemical, food, dye and
pigment, and photographic industries (Bernstein, 2002).

In experimental and industrial crystallizations, if the crystallization kinetics of
the metastable polymorph are faster than that of the stable polymorph, it is commonly
observed that the metastable polymorph appears instead of the stable polymorph, and
then the metastable polymorph may transform into the more stable one. This has been
stated as a rule known as Ostwald’s rule of stages (Threlfall, 2003). According to
Ostwald’s rule, in crystallization from the melt or from solution, the metastable
polymorph forms first, followed by transformation to the more stable polymorph via
the solution-mediated transformation (SMT) mechanism. It is generally known that
this rule is not a physical law and that more stable polymorphs can crystallize directly
as well (Roelands et al., 2006). In many cases, if both polymorphs crystallize at
approximately similar rates, the two polymorphs may crystallize simultaneously from
the solution, also called concomitant polymorphism (Bernstein, Davey, and Henck,
1999), even with the unstable polymorph predominating, and this is sometimes not

acceptable from the point of view of obtaining polymorphically pure compounds



suitable for sale, particular in the food and other material products. On the other hand,
in the field of pharmaceuticals, metastable polymorphs may be more desirable than
stable one (Yamanobe, Takiyama, and Matsuoka, 2002).

Because of the different properties of polymorphs, it is advantageous to
choose the proper polymorph for the desired application. Therefore, in the
crystallization processes involving polymorphs, the formation of the desired
polymorph has to be controlled and such a process should be robust and reproducible.
In the polymorphic crystallization, relative nucleation rates, relative growth rates, and
the transformation of crystallizing polymorphs should be controlled individually. The
thermodynamic stability and the transformation behavior are influenced by
temperature, because the dependence of the solubility of each polymorph on
temperature is different between these crystals (Téth, Kardos-Fodor, and
Halész-Péterfi, 2005). The other influential factors are supersaturation (Kitamura,
2002), stirring rate (Cashell, Corcoran, and Hodnett, 2004), mixing rate of reactant
solutions (in the case of reactive crystallization) (Kitamura, Konno, Yasui, and
Masuoka, 2002), seeding (Kitamura, 1993; Maruyama and Ooshima, 2000), addition
rate (Kim et al., 2003), solvents (Kitamura, Furukawa, and Asaeda, 1994; Kitamura
and Nakamura, 2002), and additives (Mohan, Koo, Strege, and Myerson, 2001).

Therefore, the determination of the crystallization (nucleation and growth) and
dissolution kinetics, and thermodynamics are important for characterization of the
crystallization behavior and transformation of the polymorphs. Thermodynamics
determines the polymorphic forms (stable or metastable) and their properties such as
solubility (Anuar, Wan Daud, Roberts, Kamarudin, and Tasirin, 2009; Svérd,

Nordstrom, Jasnobulka, and Rasmuson, 2010). The nucleation, growth and dissolution



kinetics determine the kinetics of the crystallization and SMT of the polymorphs.
Usually, the crystallization kinetics of the metastable polymorphs should be faster
than the stable polymorphs when the metastable polymorphs appear first and then
transforms to more stable polymorphs (Bernstein et al., 1999; Rodriguez-Spong, Price,
Jayasankar, Matzger, and Rodriguez-Hornedo, 2004). This has been found in various
crystalline substances, for example, L-glutamic acid (Ono, ter Horst, and Jansens,
2004), r-histidine (Roelands et al., 2006), and 0-aminobenzoic acid (Jiang, ter Horst,
and Jansens, 2008). In the behavior of the SMT, the transformation process is usually
controlled by the growth of the stable polymorph, for example, L-histidine (Kitamura,
1993), taltireline (Maruyama, Ooshima, and Kato, 1999), r-glutamic acid (Dharmayat
et al., 2008; Ono, Kramer, ter Horst, and Jansens, 2004), and carbamazepine
(Qu, Louhi-Kultanen, Rantanen, and Kallas, 2006). On the other hand, the dissolution
rate of the metastable B polymorph is the rate-determining step in the glycine system
(Ferrari, Davey, Cross, Gillon, and Towler, 2003).

The SMT can be studied by either monitoring the SMT during the
crystallization or modeling the SMT. Monitoring the SMT is a method where the
solute concentration, transformation time, polymorphic fraction, etc. are measured
during crystallization from solution. There are many analytical techniques for
measuring the polymorphic fraction (Bernstein, 2002), for example, infrared
spectroscopy (IR), Raman spectroscopy, "°C solid-state nuclear magnetic resonance
(SSNMR) spectroscopy, X-ray powder diffractometry (XRPD), differential scanning
calorimetry (DSC), and Fourier transform infrared spectroscopy (FT-IR). These
techniques can be used both off-line (Ferrari et al., 2003; Maruyama et al., 1999) and

for in situ measurements (Dharmayat et al., 2008; Jiang, Jansens, and ter Horst, 2010).



Modeling the SMT can be carried in at least three ways: pseudoglobal
processes using molecular modeling, estimating the kinetic rate expression of each
mechanism from a combination of the population balance equation (PBE) and the
results from a SMT experiment, and separately distinguishing each mechanism
combined with the population balance equation (PBE). The first method makes it
quite easy to determine the effects of several process parameters such as temperature
or supersaturation level (Davey, Blagden, Righini, Alison, and Ferrari, 2002). The
second method requires estimation of the rates of crystallization and dissolution of
each polymorph using a combination of polymorphic fraction measurements and the
supersaturation profile (which are obtained from the SMT experiment), and the PBE
(Cornel, Kidambi, and Mazzotti, 2010; Ono, Kramer et al., 2004). The third method is
a two step method (Scully, 2010; Févotte, Alexandre, and Nida, 2007). First, the rates
of crystallization and dissolution of each polymorph are obtained through specific
experiments. Second, the rates of crystallization and dissolution of each polymorph
are then combined in the PBE in order to estimate the time of the transformation,
polymorphic fraction profile, concentration profile, etc., which can then be compared
with the results from a SMT experiment.

The kinetic parameter estimation from the simulation technique is not yet
proven to agree with experiments performed on a single polymorphic form. The main
disadvantage of this technique is that the results can be skewed by incorrect parameter
estimation of other parameters, such as the crystal growth rate kinetics, which may
lead to non-realistic estimates of nucleation rates. Due to the disadvantage of this
technique, in this work the crystallization (nucleation and growth) and dissolution

kinetics of each polymorph were experimentally determined and were then applied in



a PBE model of the SMT in order to estimate the time of the transformation,
polymorphic fraction profile, concentration profile, etc., which were then compared
with the results from SMT experiments.

Since amino acids occur as several crystal polymorphs, and each polymorph
has different properties, the characterizations and the thermodynamic properties of
each polymorph of pL-methionine (pL-met) were studied in this research. Moreover,
the influences of the crystallization parameters on the polymorphic transformation and
crystallization of pL-met crystals were also studied.

pL-met was chosen as the model substance because it is one of the essential
amino acids that are required by both humans and animals, and only a very limited
proportion of the literature on the problematic issue of polymorphism and
crystallization concerns it. “pr-met (CsH;;NO,S) is the sulfur containing amino acid.
Being a principal supplier of sulfur, it prevents disorders of the hair, skin and nails. It
helps to lower cholesterol levels by increasing the liver's production of lecithin, thus
reduces liver fat and protects the kidneys. It serves as a natural chelating agent for
heavy metals and regulates the formation of ammonia and creates ammonia-free urine,
which reduces bladder irritation. Further, it also influences hair follicles and promotes
hair growth. In-vivo studies in rat urolithiasis proved that methionine feeding leads to
protection from stone formation.” (Ramachandran and Natarajan, 2006)

pL-met is used as dietary component in the poultry and animal feed. It is also
used as component in human nutrition because it is not synthesized by the human
body. Moreover, it is used as medicines or active pharmaceutical ingredients, and also

as a precursor to other amino acids.



A fermentation method to produce methionine has not been developed, though
many methods have been tried, unlike many of the other amino acids. Instead,
supplemental methionine is produced in a complex chemical synthetic process.
Numerous companies located (Ajinomoto Co., Inc., Japan; Shijiazhuang Haitian Fine
Chemicals Co., Ltd., China; etc.) around the world produce pr-met commercially.
All industrial producers of prL-met start with the same raw materials, acrolein
(a 3-carbon aldehyde) derived from propylene, methyl mercaptan (methanethoil)
derived from methanol and various sulfur sources, hydrogen cyanide, and ammonia or
ammonium carbonate. Methyl mercaptan is reacted with acrolein to produce
beta-methylmercaptopropionaldehyde, known as MMP. The MMP is then reacted
with hydrogen cyanide to produce alpha-hydroxy-gamma-methylthiobutyonitrile,
which on treatment with ammonia followed by hydrolysis yields prL-met (Aldrich,
2007).

pL-met has been known to have two polymorphs, a-pL-met and B-pL-met, with
almost equal stability (Mathieson, 1952) and the crystal structures of each polymorph
are known (Taniguchi, Takaki, and Sakurai, 1980). Single crystals of both forms were
grown from an ethanol-water solution by slow evaporation and occur as soft plates
(Mathieson, 1952; Taniguchi et al., 1980). The crystal growth of B-pL-met was
discovered rather accidentally while attempting to grow crystals of greater plate
thickness from several crystallization batches. Moreover, a-pL-met crystals were
obtained by the reaction crystallization of sodium methioninate (Na-Met) aqueous
solutions with liquid acids such as hydrochloric, acetic, nitric, sulphoric or formic
acids (Matsuoka, Yamanobe, Tezuka, Takiyama, and Ishii, 1999). Also, Matsuoka

et al. (1999) reported the third polymorph, the y-pL-met, as well as its preparation



method and crystal structure. The y-pL-met crystals were obtained by the reaction
crystallization of Na-Met aqueous solutions with a solid benzoic acid or by cooling

crystallization of aqueous solutions of bL-met.

1.2 Research Objectives

The overall objective of this thesis is to study and characterize the
crystallization and SMT processes of the polymorphs of pL-met in aqueous solution.
This includes measurement and analysis of the solid properties of each polymorph,
measurement and analysis of the crystallization and dissolution kinetics of each
polymorph, studying the effect of the process conditions on these kinetics, and
studying the SMT kinetics. The specific objectives of this research are as follow.

1. To study the polymorphism and solid-state properties of a-prL-met and
y-pL-met using analytical equipment and measurement of the solubility in water. The
thermodynamic parameters for each polymorph are to be estimated.

2. To determine the nucleation, growth and dissolution kinetics of a-pL-met
and y-pL-met in aqueous solution. The effects of temperature and supersaturation
(or undersaturation for dissolution) on these kinetics are studied. The secondary
nucleation threshold (SNT) of this system is determined to ensure that the growth
measurement is operated under convenient non-nucleating conditions.

3. To study the SMT of a-pL-met into y-pL-met in aqueous solution via
seeded batch transformation experiments, where o-pL-met was used as seed crystals.

The kinetics of the transformation are described.



4. To study the SMT of a-pL-met to y-pL-met in aqueous solution via a
combination of the population and mass balance modeling. The kinetic parameter for

the dissolution rate of a-pL-met is estimated.

1.3 Scope of Work

This study includes characterizations of the polymorphs and measurements of
the solubility and the related thermodynamic properties for each polymorph of prL-met,
and also measurements of kinetic rates of nucleation, crystal growth and dissolution
and polymorphic transformation of the polymorphs of pL-met as a function of
temperature, initial concentration, supersaturation (or undersaturation), and other key
variables. The studies also analyze the crystalline products from SMT experiments to
determine the polymorphic purity of the mixture, and the composition of each
polymorph in the product. Simulation studies of the polymorphic transformation are
also performed for comparison with experimental results.

The research is performed in batch crystallizer and small nucleation cell with
cooling and reaction crystallization operations. Pure polymorph crystals are
characterized using X-ray powder diffractometry (XRPD), differential scanning
calorimetry (DSC), and microscopic observation using an Olympus system.
Crystallization is analyzed using standard techniques, including particle size analysis
using Malvern Mastersizer/S and microscopic observation, and total solids
concentration determinations using the dry substance technique. Product crystals are
analyzed by XRPD to determine the polymorphic composition of products containing
various polymorphs. The polymorphic transformation process is simulated using a

combination of the population and mass balance modeling.
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1.4  Research Development

This thesis is divided into 7 chapters. The introduction in Chapter | describes
the background, significance, objectives, and scope of the research. The solid state
properties of a-pL-met and y-pL-met, such as the melting point, enthalpy of fusion, and
solubility in water are studied in Chapter Il. The temperature dependence of the
solubility and polymorphic natures of pL-met are also described. Measurements of the
nucleation rates and secondary nucleation threshold of y-pL-met are described in
Chapter Ill. These include investigations of the effects of temperature and
supersaturation on the induction time and nucleation rate. The nucleation kinetics is
described by the classical nucleation theory (CNT). In Chapter 1V, measurements of
the growth and dissolution kinetics of a-pL-met and y-pL-met are presented. These
include investigations of the effects of temperature and supersaturation
(or undersaturation) on the growth and dissolution rates. The growth and dissolution
kinetics are described for each set of conditions by the power-law model. The
experiments to study the polymorphic transformation of the polymorphs of pL-met are
presented in Chapter V. The mechanisms of this phenomenon are also described.
Chapter VI presents the simulation of the polymorphic transformation of the
polymorphs of pL-met and a comparison between the results from the experiment and
the simulation methods. Finally, Chapter VIl concludes the results from this thesis

and gives some recommendations for future study.

1.5 Output

The understanding of the polymorphism and crystallization kinetics of the

polymorphs of pL-met will provide useful data for the development and design of
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crystallization processes to control the polymorph formation. An understanding of the
behavior of polymorphic transformation of pr-met, and using crystallization of a
means of achieving polymorphically pure amino acid (in this research pL-met is an
example of an amino acid) products through crystallization will be achieved. This will
benefit industry, because the knowledge is necessary to reliably produce these very
important products. The study will help industry produce an important industrial

commodity suitable for sale and specified application.
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CHAPTER 11

POLYMORPHISM AND THERMODYNAMICS OF

pL.-METHIONINE

2.1 Abstract

Pure of the polymorphs a-pr-methionine (o-pL-met) and y-pr-methionine
(y-pL-met) were prepared by reaction crystallization of sodium methioninate (Na-Met)
aqueous solutions with HCI, and cooling crystallization of aqueous solutions of
pL-met, respectively. The polymorphism and thermodynamics of pL-met were studied
by a range of techniques including X-ray powder diffractometry (XRPD),
determination of the temperatures and enthalpies of fusion by differential scanning
calorimetry (DSC), photo microscopy, and solubility measurements. The solubility of
each polymorph was determined between 5 and 70 °C in water. The van’t Hoff
equation was used to describe the temperature dependence of the solubility. The
results showed that XRPD, DSC, photo microscopy, and solubility can be used to
describe the differences between the polymorphs. XRPD is the best method for a clear
and fast identification and quantification of the polymorphs or polymorphic fraction
during crystallization. The solubility of both a-pL-met and y-pL-met in water increases
with increasing temperature, and the solubility values of a-pL-met are approximately
5.76% higher than y-pL-met. DSC measurements show that the melting temperatures
of a-pL-met and y-prL-met are 278.17+0.40 and 281.74+0.71 °C, respectively, whereas

the enthalpies of fusion of a-prL-met and y-pL-met are 88.81+4.93 and 98.76+8.28
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kJ/mol, respectively. The Gibbs free energy values of a-pL-met are approximately
1.10% higher than y-pL-met. The solubility data, DSC thermograms and Gibbs free
energies of the two polymorphs strongly suggest that the system is a monotropic
polymorph system with y-pL-met being the stable polymorph for all temperature

below the melting points of the compounds.

2.2 Introduction

Polymorphism is the ability of a solid compound to exist in more than one
crystalline form (Grant, 1999). These crystalline forms, although containing the same
molecules, result from a different ordered arrangement of molecules within the
crystalline lattice. Polymorphs can have different mechanical, thermal, physical, and
chemical properties, such as compressibility, melting point, crystal habit, color,
density, dissolution rate, and solubility. These can have a great influence on the
bioavailability (Miyazaki, Arita, Hori, and Ito, 1974; Takayama, Nambu, and Nagai,
1980), hygroscopicity (Dong et al., 2002; Schmidt, 2005), and stability (Kitamura,
1993; Yu, Reutzel, and Stephenson, 1998). Also, polymorphs influence the
downstream processing, such as filtration (Ferrari and Davey, 2004; Maruyama, and
Ooshima, 2000), drying (Matsunaga, Nambu, and Nagai, 1976; Umeda et al., 1984),
and grinding and tableting (Kaneniwa and Otsuka, 1985).

In experimental and industrial crystallizations, it is commonly observed that
the metastable polymorph appears first instead of the stable polymorph, and this
observation is stated as a rule known as Ostwald’s rule of stages (Threlfall, 2003).
According to Ostwald’s rule of stages, in crystallization from the melt or from

solution, the metastable polymorph (the least stable of the metastable polymorphs if
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there is more than two polymorphs) forms first, followed by transformation to the
more stable polymorph. It is generally known that this rule is not a physical law and
that more stable polymorphs can first crystallize directly as well (Roelands et al.,
2006). The unstable polymorph is sometimes not acceptable from the point of view of
obtaining polymorphically pure compounds suitable for sale, particular in the food
and other material products. On the other hand, in the field of pharmaceuticals,
metastable polymorphs may be more desirable than the stable one (Yamanobe,
Takiyama, and Matsuoka, 2002a).

The melting point, enthalpy of fusion, and solubility are important properties
which may be used to model the thermodynamics of the system. It is known that the
solubility of the stable polymorph is always lower than that of the metastable
polymorph. If a polymorph is stable relative to all others at all temperatures below the
melting point, then the system only ever has one stable polymorph; such a system is
known as a monotropic polymorphic system. Where the stable polymorphic form
depends on the temperature and pressure of the system, there is reversible transition
point below the melting points of the polymorphs where the relative thermodynamics
stabilities change; such a system is known as an enantiotropic system.

Currently, there are several techniques that have been used to characterize
crystalline solids, and identify the polymorphic forms. Examples of such techniques
are microscopy (Cashell, Sutton, Corcoran, and Hodnett, 2003; Ferrari and Davey,
2004; Jiang, Jansens, and ter Horst, 2010), FTIR spectroscopy (Lu, Wang, Yang, and
Ching, 2007; Yamanobe, Takiyama, and Matsuoka, 2002b), Raman spectroscopy
(Cornel, Kidambi, and Mazzotti, 2010; Jiang et al., 2010; Ono, ter Horst, and Jansens,

2004), DSC (Picciochi, Diogo, and Minas da Piedade, 2011; Urakami, Shono,
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Higashi, Umemoto, and Godo, 2002), XRPD (Dharmayat, Hammond, et al., 2008;
Grooff, Liebenberg, and De Villiers, 2011; Liu, Wei, and Black, 2009), B¢ solid-state
nuclear magnetic resonance (SSNMR) spectroscopy (Hughes and Harris, 2008;
Dong et al., 2002; Shaibat, Casabianca, Siberio-Pérez, Matzger, and Ishii, 2010), and
solubility measurement (Anuar, Wan Daud, Roberts, Kamarudin, and Tasirin, 2009;
Nordstrom and Rasmuson, 2006; Urakami et al., 2002). In the present study, a number
of these techniques were applied to investigate the polymorphic behavior of
pL-methionine (pL-met).

In this work pL-met (Figure 2.1) has been chosen as the model substance. This
is due to pL-met is one of the essential amino acids that are required by both humans
and animals, and only a very limited proportion of the literature on the problematic
issue of polymorphism and thermodynamics concerns it. pL-met is used as dietary
component in poultry and animal feeds. It is used as component in human nutrition
because it is not synthesized by the human body. Moreover, it is used in medicines

and active pharmaceutical ingredients, and also as a precursor to other amino acids.

H.C OH

NH

Figure 2.1 Chemical structure of methionine.

pL-met is reported to have three polymorphs; o-pr-met, B-prL-met, and
y-pL-met (Mathieson, 1952; Matsuoka, Yamanobe, Tezuka, Takiyama, and Ishii,

1999). The crystal structures of o-pL-met and B-pr-met are shown by Taniguchi,
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Takaki, and Sakurai (1980), and that of y-pL-met is shown by Matsuoka et al. (1999).
Single crystals of a-pL-met and B-pL-met were grown from an ethanol-water solution
by slow evaporation and occur as soft plates (Mathieson, 1952; Taniguchi et al.,
1980). Both these forms have almost equal stability. Ramachandran and Natarajan
(2006) showed that B-pL-met crystal can be obtained by crystallization in sodium
metasilicate gel for the first time by the reduction of solubility method.
Matsuoka et al. (1999) showed that a-pL-met crystals were obtained by the reaction
crystallization of sodium methioninate (Na-Met) aqueous solutions with liquid acids
such as hydrochloric, acetic, nitric, sulfuric or formic acids. Also, Matsuoka et al.
(1999) reported that y-pr-met crystals were obtained by the reaction crystallization of
Na-Met aqueous solutions with solid benzoic acid, or by cooling crystallization of
aqueous solutions of pr-met. The crystallographic data and morphology of each
polymorph are shown in Table 2.1 and Figure 2.2, respectively. In this study,
o-pL-met and y-pr-met were studied because y-pL-met is found in the cooling
crystallization of aqueous solution of prL-met and a-pL-met can transform to y-pL-met

in aqueous solution of pL-met (Yamanobe, Takiyama, and Matsuoka, 2002c).
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Table 2.1 Crystallographic data of each polymorph of pL-met.

Form al B! yz
a(A) 16.74 33.13 31.76
b (A) 4.70 4.70 4.70
c(A) 9.89 9.912 9.90
B(%) 102.3 106.3 90.98
Z(-) 4 8 8
Space group P2,/c 12/c C2
Crystal system Monoclinic Monoclinic Monoclinic

Sources: ' Mathieson (1952); > Matsuoka et al. (1999)

117
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(a) (b) (c)

Figure 2.2 Predicted morphologies of the polymorphs of pL-methionine by
the BFDH method. a-pr-met (a), B-pL-met (b) and y-pL-met (c).

(Matsuoka et al., 1999)

The aim of this work is to describe the polymorphism and solid-state

properties of a-pL-met and y-pL-met using analytical thermal methods, X-ray powder
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diffractometry (XRPD), crystal morphology, and the solubility in water. Moreover,
the thermodynamic parameters for each polymorph were measured and estimated, and

the polymorphic nature of pL-met is described.

2.3 Theory

2.3.1 Definition of Polymorphism

Polymorphism occurs when a compound can exist in more than one
crystalline form. These crystalline forms contain the same molecules but have a
different arrangement of molecules within the crystalline lattice. Polymorphs are
found among many molecular and ionic compounds. For example, the two
polymorphs of the amino acid r-glutamic acid are shown in Figure 2.3. Two
polymorphs are also known for the ionic compound barium fluoride and these are
shown in Figure 2.4.

Polymorphs possess different product properties because of their
difference in crystal structures. Examples of properties that can be structure-
dependent are solubility and dissolution rate, density, stability, melting point, color
and morphology (Roelands, 2005). These properties are usually related to the
performance of the compound in its application. For examples, the color shade of
pigments, bioavailability of pharmaceutical compounds and stability of explosives are
applications where using the correct polymorph is vital. Only one of the polymorphic
structures is thermodynamically stable but the formation of a metastable structure
may be kinetically favored, eventually followed by transformation to the stable

structure.
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Figure 2.3 Polymorphs of L-glutamic acid. (a) crystal of the metastable alpha phase,

and (b) crystal of the stable beta phase. (Dharmayat, Anda, et al., 2006)

Figure 2.4 Polymorphs of barium fluoride. (a) crystal of metastable phase II, and

(b) crystal of stable phase I. (Kolar, Binsma, and Suboti¢, 1986,

quoted in Roelands (2005))

The protease inhibitor ritonavir in a formulation containing the
compound in ethanol/water based solution had been on the market in 1996. A more
stable form was found in 1998. The solubility of the more stable form in the

hydroalcoholic formation was lower than the less stable form. Since the compound is
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not bioavailable in the solid state, this phenomenon forced the company to withdraw
their product from the market (Bauer et al., 2001). The metastable polymorph was
obtained again in manufacturing by use of a seeding procedure (Chemburkar et al.,
2000). The differences in melting point and solubility of ritonavir polymorphs were
also investigated by Chemburkar.

Solvates, which are often referred to as pseudopolymorphs, are
crystalline solid adducts containing a solvent molecule (or molecules) within the
crystal structure (Vippagunta, Brittain, and Grant, 2001). If water is the solvent which
is incorporated into the crystal structure the solvate is termed a hydrate. Calcium
carbonate is an example of compound that is able to form multiple polymorphs
(vaterite, calcite and aragonite) and hydrates (.6H,O and .H,O) (Brecevi¢ and Nielsen,
1993; Kitamura, 2001; Kitamura, Konno, Yasui, and Masuoka, 2002). Magnesium
sulphate is able to form hydrates including a metastable polymorph form of a hydrate:
H,0, .7H,O(), .7H,O(Il) and .12H,O are all hydrates of magnesium sulfate
(Himawan, 2005).

Many previous studies concern polymorphism from a pharmaceutical
perspective because both polymorphism and formation of solvates are especially
widespread among pharmaceutical compounds.

The differences of the properties of each polymorph often are related
to the performance of the compound in its application. Therefore, control over
polymorphism is important in a variety of industrial applications. In many chemical,
pharmaceutical and food processing industries polymorphism is encountered in
crystallization processes. There are many parameters influencing the formation of

polymorphs, such as temperature, pressure, supersaturation, solvent, seeding, and
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additives. Moreover, understanding of the crystallization mechanism is required with
special attention to the process of nucleation, dissolution, growth and transformation.
2.3.2 Solubility and Thermodynamics of Polymorphism

Variations in solubility, dissolution rate and hence bio-availability of
pharmaceuticals may have a serious impact in industrial crystallization processes.
Solubility data are of importance in the study of crystal nucleation and growth
kinetics. Solubility, melting temperature, and enthalpy of melting parameters are
experimental quantities from which thermodynamics parameters for each polymorph
can be calculated.

The solubility is a physical property referring to the ability for the
solute to dissolve in a solvent by measuring the maximum amount of solute dissolved
in a solvent at equilibrium. The resulting solution is called a saturated solution. The
main factors that have an effect on solubility are the nature of the solute and solvent,
temperature and pressure. In most case it is not necessary to determine the full phase
diagram (determining the solubility as a function of these parameters) because
determining the solubility as a function of temperature suffices (Beckmann, 2000).

The solubility (on a mole fraction basis) of real solutions can be

expressed as (Flood, 2009)

ln(xy)=%{T ——} LT/I T——j Cr gy 2.1

Sfus

where x is the mole fraction of solute in the solution, y is the activity coefficient of the
solute, T is the saturated solution temperature (K), 75, is the fusion temperature

(melting point) of the solute (K), AHj, is the enthalpy of fusion (J/mol), ACp is the
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difference in the heat capacities of the pure solid and pure liquid phases between the
temperature of interest and the melting point (J/mol-K), and R is the ideal gas constant
and is equal to 8.314 J/mol-K. The problem in using this equation is the ACpterm. It is
difficult to measure these two heat capacities (usually requiring experiments for each
phase to be performed on an extremely carefully calibrated DSC), and the fact that the
pure liquid at these temperatures is an unstable phase makes the problem even more
difficult. This difficulty can be treated by assuming either that the ACp is small
enough to be assumed to be zero over the entire of the integral, or else that the last
two terms in the right hand side of equation (2.1) cancel each other. Under either of

these assumptions, equation (2.1) becomes

]—vfus T

In(xy) = %{1 _ i:| (2.2)

For ideal solutions, the activity coefficient of the solute is equal to 1

and equation (2.2) reduces to the van’t Hoff equation (Mullin, 2001)

R | T T RT R

AH , AH, AS,
ln(x)zﬁ{L_l} S [ A — N (2.3)
fus

where ASps = AHj,i/ T 1s the entropy of fusion (J/molK). In reality, the solubility is
solvent dependent, which means that the enthalpy and entropy of mixing must be
taken into account by replacing AHj,; with AHy;, and ASj,s with ASy;s (Mullin, 2001),

1.e., using
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AH, AS,

In(x) = —R—]‘i’” + % (2.4)
where AHjs and ASyg are the enthalpy and entropy of dissolution, respectively.
Therefore, a plot of /n(x) versus 1/T gives a straight line. The slope of the line is equal
to -AH /R, and the intercept is equal to AS ;ss/R.

The information of the fusion temperature and enthalpy of fusion can
be used along with equation (2.2) to estimate activity coefficients in the system. If the
activity coefficient is less than one, then the actual solubility is higher than the ideal
solubility, and the system shows negative deviations from ideality. On the other hand,
if the activity coefficient is more than one, then the actual solubility is less than the
ideal solubility, and the system shows positive deviation from ideality (Flood, 2009).

The Gibbs free energy (G) of a compound is another important
thermodynamic parameter. The exact value of the Gibbs free energy cannot be found
experimentally, however, the relative Gibbs free energy of solids can be determined
from solubility data and expressed by the following equation (Grunenberg, Henck,

and Siesler, 1996)

AGI(s)—(/) = Gl(s) _G(l) = RT]I’IXI (25)
AGy =Gy, —Gy =RTInx, (2.6)
AG =G, -G ) — RTInL (2.7)

Iy =l ) I

X
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where G; and Gy, are the Gibbs free energy of the polymorphs I and II in solution
(J/mol), Glm and Gy, are the Gibbs free energy of the solid of the polymorphs I and

IT (J/mol), and x; and xy; are the solubility (as mole fractions) of the polymorphs I and
IT in solution.

The compounds of polymorphic systems can be crystallized in a
number of structures that have different lattice free energy. At a given pressure and
temperature the stable polymorph is the structure that has the lowest free energy,
while all other structures that have higher free energies are metastable polymorphs.
Grunenberg et al. (1996) depicted an energy versus temperature-(E£/7T) diagram,
which describes the change of the Gibbs free energy G = H — TS as a function of
temperature 7, with the change of the enthalpy (/) and the entropy (S) of the system.
At absolute zero (at 0 K) the entropy term disappears and the Gibbs free energy
becomes equal to the enthalpy term. The most stable polymorph has the lowest
enthalpy at this point.

Example E/T-diagrams of dimorphic systems are shown in Figures 2.5
and 2.6. In Figure 2.5 the melting points mp; and mpy are the point that the Gibbs
free energy lines of the two polymorphs cross the Gibbs free energy lines of the liquid
state. Form I is the high melting polymorph. The point where the lines of Gibbs free
energy of the two polymorphs cross each other is the transition point tpyy. This
indicates that the system is an enantiotropic system because the Gibbs free energy of
the two polymorphs crosses each other below the melting point. In this system
polymorph II is the stable polymorph below the transition point and polymorph I is

the stable polymorph above the transition point. If a sample of polymorph II is heated,
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for example in a DSC, it may transform starting from the transition point into

polymorph L.

Energy

tplI/[ mp][ mp]

Temperature (K)

Figure 2.5 Fundamental £/T diagram of a dimorphic enantiotropic system.

(Grunenberg et al., 1996)

The E/T diagram of a monotropic system is shown in Figure 2.6. The

lines for the Gibbs free energies of two polymorphs do not cross below their melting

points. Form I is the stable polymorph over the whole temperature range from

absolute zero until its melting point.
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Figure 2.6 Fundamental E/T diagram of a dimorphic monotropic system.

(Grunenberg et al., 1996)

A number of rules; the heat of transition rule, the heat of fusion rule,
and the density rule have been derived by Burger and Ramberger (1979a, 1979b,
quoted in Grunenberg et al., 1996) and are also helpful for checking whether a
polymorphic system is monotropic or enantiotropic.

Polymorphic forms differ in solubility because this property is directly
proportional to the Gibbs free energy. The fundamental solubility curves of the
polymorphic forms of each system are shown in Figures 2.7 and 2.8. The solubility of
the stable polymorph (polymorph I) is always lower than that of the metastable
polymorph (polymorph II). This is since the stable polymorph has the lowest Gibbs

free energy

G, <Gy, (2.8)

(s)
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Substituting equations (2.5) and (2.6) into equation (2.8) results in the equation

Xp <Xy (2.9)

This result shows that the more stable polymorph always has the lower solubility than
the metastable polymorph, whatever the solvent that is in contact with the solid

(Mangin, Puel, Veesler, 2009).

60 L e ]

40

Solubility (g L-glu/kg water)

20 30 40 50 60 70

Temperature (°C)

Figure 2.7 Solubility curves for two polymorphic forms of L-glutamic acid.

(Kee, Tan, and Braatz, 2009)

L-glutamic acid is one example of a monotropic system; its solubility is
shown in Figure 2.7. The B-form is stable relative to the others at all temperatures
below the melting point; the polymorphs are not interconvertible, and the solubility is

always lower than that of the metastable a-form.
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Figure 2.8 Solubility curves of L-phenylalanine polymorph.

(Mohan, Koo, Strege, and Myerson, 2001)

L-phenylalanine is one example of an enantiotropic system; its
solubility is shown in Figure 2.8. The stable polymorphic form depends on the
temperature and pressure of the system, there is a reversible transition point below the
melting points of the polymorphs where the relative thermodynamic stabilities
change. Moreover, the metastable form may exist for a long time and the presence of

the stable form results in mediated phase transformation.

2.4 Materials and Methods

2.4.1 Materials
pL-met was purchased from Acros Organics, purity >99%. NaOH
(purity >97%), NayCOs (purity >99.5%), and HCI1 (37%) were purchased from Carlo

Erba. All chemicals and deionized water were used without further purification.
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2.4.2 Apparatus
A 0.5 L batch crystallizer with a sealed glass lid to reduce solvent
evaporation (Figure 2.9) was used to prepare y-pL-met, and to measure the solubility
of a-pL-met and y-pL-met. The slurry is continuously agitated by a centrally located
four-blade impeller driven by an overhead mixer. The crystallizer was placed inside a

constant temperature water bath, where the temperature was controlled within +0.5 °C.

Thermometer
Sampling port N /
7D/r N
N 4

|_— Impeller

-
Water %
bath v

Figure 2.9 The 0.5 L batch crystallizer.

250 mL and 500 mL glass beakers were used as batch crystallizers to
prepare a-pL-met and sodium methioninate (Na-Met) aqueous solution, respectively.
The temperature control and the agitation systems were the same as used in the 0.5 L
batch crystallizer.

2.4.3 Preparation of Na-Met Aqueous Solution
Aqueous solutions of Na-Met were prepared by a method previously

described (Huthmacher et al., 2000). 50 g of pL-met and 13.5 g of NaOH were
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dissolved in 166.5 mL of water in a 500 mL glass beaker at room temperature, with
the addition of 20 g of Na,COs;. After mixing, solutions were stirred with a magnetic
stirrer for 6 h, and about 150 mL of water was removed from the solution by
distillation; the precipitate formed was separated by filtration over a hot (> 100 °C)
8 um filter by a vacuum pump. The filtrate contained 71% sodium methioninate.
2.4.4 Preparation of Polymorph

o-pL-met was prepared using reaction crystallization of Na-Met
aqueous solutions as follows: 32 mL of concentrated HCI1 (37%) was fed at the rate of
2 mL/min into diluted Na-Met aqueous solutions (80 mL of 71% Na-Met aqueous
solution diluted by 40 mL of water) in a 250 mL glass beaker at 35 °C. The mixed
solutions were continuously agitated by a centrally located four-blade impeller driven
by an overhead stirrer at 300 rpm. The pH of the solutions reached the isoelectric
point of pL-met (pH = 5.7 - 5.9) after the full amount of HCI was added. The resulting
crystals were collected by filtration over a 2 um filter by a vacuum pump and dried
over silica gel. y-pL-met was prepared by cooling crystallization of aqueous solutions
of pL-met as follows. pL-met (21 g) was dissolved in 350 mL of water in a 0.5 L batch
crystallizer maintained above 60 °C. This solution was continuously agitated by a
centrally located four-blade impeller driven by an overhead stirrer at 300 rpm, and the
solution was cooled and maintained at 25 °C, after which the crystals were removed
and filtered. Since these crystals were too large for use as seed crystals a further
crystallization was performed. The solution at 25 °C was heated to 30 °C, then cooled
to 5 °C and held at this temperature for 24 h. After 24 h, the suspension was filtered

over a 2 ym filter by a vacuum pump and dried over silica gel.
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2.4.5 Polymorph Characterization
The crystals of the pure polymorph of each form obtained from section
2.4.4 were characterized by X-ray powder diffractometry (XRPD) (Bruker axs,
D5005), differential scanning calorimetry (DSC) (PerkinElmer, DSC7), and
microscopic observation (Olympus, CH30).
2.4.6 Solubility Measurement
The solubility of each polymorph was determined in water as a
function of temperature (5 - 70 °C), and was measured by a gravimetric method.
200 mL of water was added into a 0.5 L batch crystallizer (Figure 2.9) and stabilized
at the desired (measurement) temperature. Excess amounts of each polymorph crystal
were then added into water and the system was agitated. To ensure the equilibrium
state, the solutions were stirred (300 rpm) for about 24 h at a constant temperature
with an uncertainty +0.5 °C. The concentration was periodically recorded by the dry
substance method (Garside, Mersmann, and Nyvlt, 2002): the suspensions were
withdrawn from the crystallizer using a 10 mL plastic syringe together with a

0.45 um filter, the clear liquid solutions were evaporated at 100 - 105 °C, and the

weight of the dry pL-met was used to calculate the concentration of pL-met (the weight
was repeatedly recorded throughout the drying process with complete dryness
determined when the mass of pL-met remained constant over time). After water was
completely evaporated, the concentration (C) was determined by the following

equation

c=— M. (2.10)
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where M;,; is the mass of the solution sample (g) and M. is the mass of the dried solid
crystals (g). The solubility was estimated by averaging the concentration at
equilibrium. At equilibrium, the residual solids were analyzed by XRPD to consider
the solution-mediated transformation (SMT) between the two forms. Note that at the
temperature higher than 25 °C the syringe and filters must be pre-heated to exceed the
solution temperature. This was performed to stop nucleation occurring inside the
syringe and filters during sampling.
2.4.7 Characterization of Uncertainty
Wherever uncertainty is indicated in this chapter the uncertainty is

represented by 90% confidence interval (see Appendix A).

2.5 Results and Discussions
2.5.1 Polymorphism

The polymorphic form was corroborated through analyses by XRPD,
DSC, and photo microscopy.

DSC thermograms of the two polymorphs are shown in Figure 2.10.
There is no evidence of significant phase transformation between the polymorphs
upon heating. a-prL-met melts at 274.02+0.37 °C. For y-prL-met there is a small
endothermic transition near 52 °C, and this polymorph melts at 277.18+0.78 °C. The
measured peak fusion temperatures and enthalpies, and estimated entropies of the two
polymorphs are shown in Table 2.2. From these observations, it appears most likely

that there is a conformational difference between a-pL-met and y-pL-met.
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Figure 2.10 DSC curves of a-pL-met and y-pL-met crystals. The sample weight
was 2.10 mg and the heating rate was 10 °C/min. A nitrogen

purge was used.

Table 2.2 Thermodynamic parameters of o-pL-met and y-pL-met.

Form o Y
Peak fusion temperature, 75, (°C) 278.17+0.40 281.74+0.71
Melting enthalpy, AHj,s (kJ/mol) 88.81+4.93 08.76+8.28
Melting entropy, ASs (kJ/mol/K) 0.1610+0.009 0.1780+0.015
Dissolution enthalpy, AH ;s (kJ/mol) 17.87 18.23
Dissolution entropy, ASgiss (J/mol/K) 14.83 15.52
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XRPD patterns for a-pL-met and y-pL-met are given in Figure 2.11.
The XRPD patterns are identical to patterns given by Matsuoka et al. (1999). The
XRPD patterns show clearly that the polymorphs possess different crystal structures.
The characteristic peaks of a-pL-met are observed at 25.3°/20 and 32.84°/20, while
the characteristic peaks of y-pL-met are observed at 28.06°/20 and 33.82°/26.
Therefore the XRPD method is a good method for clear and fast identification and
quantification of the polymorphs or polymorphic fraction during crystallization. The
composition of y-pL-met could be estimated using a calibration curve obtained from
the relationship between the mass fraction of y-pL-met and the intensity of
characteristic peaks, which is described in Chapter V.

The crystal morphology of the two polymorphs differ (Figure 2.12).
The crystals of a-pL-met are agglomerated and have laminate structures; the
constituent elementary particles are primarily plate-like, whereas the shape of
y-pL-met crystals is a prism-like hexagon. Therefore, the transformation from
o-pL-met to y-pL-met during crystallization could also be followed using a

microscope. The morphologies of the two polymorphs obtained are identical to the

results given by Matsuoka et al. (1999) and Yamanobe-Hada, Ito, and Shindo (2005).
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Figure 2.11 PXRD patterns of a-pL-met and y-pL-met crystals.

Figure 2.12 Photomicrographs of a-pL-met (a) and y-pL-met (b) crystals.
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The purity of the crystallized polymorphs was found based on the
difference between the two polymorphs, as observed via the different methods of
analysis. XRPD contributed particularly important information as the two polymorphs
showed very different patterns. DSC also provided some knowledge, as analysis of
the polymorphic forms showed differences in the melting properties. Additionally
investigation by photo microscopy facilitated elucidating the purity since the two
polymorphs differed in crystal morphology.

2.5.2 Solubility

The dissolution profiles of a-pL-met and y-pL-met in water are shown
in Figure 2.13. The plot in Figure 2.13 shows the concentrations attained in water for
each polymorphic pair as a function of time in the presence of an excess of the solid
phase. The solubilities were estimated by averaging the concentrations at equilibrium
(the constant concentration with time in Figure 2.13). The solubilities of the two
polymorphs are listed in Table 2.3 and shown in Figure 2.14. A sample of the solid
phase was examined by XRPD analysis both before and after each solubility

measurement.



Concentration (g pL-met/kg water)

Time (hr)

Figure 2.13 Dissolution profiles for a-pL-met and y-pL-met in water.

Table 2.3 Solubility of a-pL-met and y-pL-met in water.
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Temperature Solubility (standard deviation, s) (g pL-met/kg water)

C) - pL-met ¥- pL-met

5 22.67 (0.27) 20.80 (0.33)

15 28.55 (0.23) 26.69 (0.11)

25 35.62 (0.10) 33.70 (0.20)

35 44.44 (0.13) 42.70 (0.41)

45 56.23 (0.40) 53.03 (0.38)

53 67.91 (0.72) 64.78 (0.32)

69 97.97 (0.38) -

70 - 94.34 (0.64)
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Figure 2.14 Solubility of a-pL-met and y-pL-met in water.

No conversion of y-pL-met was observed even after the solubility
measurement of y-pL-met. Some conversion from o-pL-met to y-pL-met was observed,
but the transformation was not close to complete in the time interval of this
measurement. From the experimental and simulation results of Yamanobe et al.
(2002¢) it was seen that during transformation from o-pL-met to y-pL-met the
concentration of the solution was saturated with o-pL-met (at the solubility of
o-pL-met) and after all of a-pL-met transformed to y-pL-met the concentration started
to decrease to the solubility of y-pL-met. Therefore, the saturation concentrations
during the transformation of a-pL-met in this experiment are expected to be the
solubility of a-pr-met. These indicate that y-pL-met is the stable polymorph and

o-pL-met is the metastable polymorph.
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The solubility curves showed the solubility of both a-prL-met and
y-pL-met increased with increasing temperature, and the solubility of a-prL-met is
higher than that of y-pL-met over the entire studied temperature range of 5 - 70 °C. This
also indicates that y-pL-met is the stable polymorph and a-pr-met is the metastable
polymorph between 5 and 70 °C: the solubility of the stable polymorph is always
lower than that of the metastable form (Threfall, 2003). Scarce reference data for the
solubility data of prL-met is available. The solubility of y-pL-met in water is in
agreement with the solubility of the industrial pL-met (a mixture of o-pL-met and
y-pL-met) given by Dalton and Schmidt (1935). This indicates that the solubility of
pL-met was determined after all of oi-pL-met transformed to y-prL-met.

The solubility data in the temperature range of 5 - 70 °C was fitted
using a cubic polynomial equation, with the results shown in equations (2.11) (for
o-pL-met) and (2.12) (for y-pL-met), where C* is the solubility in g of pL-met/kg of
water and 7 is the experimental temperature in °C.

For a-pL-met:

C*=20.02+4.897x107'T +2.566x107°T* +9.680x 10T (2.11)

For y-pL-met:

C*=18.23+5.053x10"'T +2.436x107°T° +8.410x107°T" (2.12)
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The root mean square deviation (rmsd) is defined as

1/2

1 N C*—C*
rmsd =| — % 2.13
L3 o1

where Cstands for values calculated by equation (2.10) or (2.11), C:Xp stands for

experimental values, and N stands for number of experimental points. The rmsd
values for the fitting equation of a-pL-met and y-pr-met are 0.0021 and 0.0018, and
R-squared values are 1.0 and 1.0, respectively. These values indicate that the
solubility of a-prL-met and y-pL-met in water can be fitted with cubic polynomial
equation well.
2.5.3 Thermodynamics

Fitting the mole fraction solubility data (Table 2.4) of a-pL-met and
y-DL-met in water to equation (2.4) (/n(x) against 1/7) will result in a straight line
approximation, as shown in Figure 2.15. The AH;s and ASz;s can be obtained from
the slope of the solubility curve and the intercept with the y axis, respectively. As
shown in Figure 2.15, the experimental solubility data fits well for both a-pL-met and
y-pL-met. The estimated value of the AHgis and ASgss of the both polymorphs are
listed in Table 2.2. The fitting equations of the two polymorphs are shown in
equations (2.14) and (2.15), where 7'is in K.

For a-pL-met:

3
1nx=—w+1.7837 (2.14)



46

For y-pL-met:

3
1nx=—w+1.8673 (2.15)

Table 2.4 Mole fraction solubility (x) of a-pL-met and y-pL-met in water.

Temperature 100x (100s) (mole fraction, [-])
(K) o-pL-met y-DL-met
278 0.2727 (0.0032) 0.2503 (0.0039)
288 0.3433 (0.0028) 0.3209 (0.0013)
298 0.4279 (0.0053) 0.4049 (0.0023)
308 0.5333 (0.0015) 0.5125 (0.0049)
318 0.6737 (0.0048) 0.6356 (0.0045)
326 0.8126 (0.0086) 0.7754 (0.0038)
342 1.1681 (0.0044) -
343 - 1.1253 (0.0075)

The van’t Hoff plots of real and ideal systems calculated using
equations (2.2) and (2.3) respectively are shown in Figure 2.15. The solubility values
in the van’t Hoff plots were calculated using the values of Ty, and AHj
(equation (2.3)). The estimated activity coefficients are in the range of 107 - 10
which are very low values. This indicates that the system shows negative deviations
from ideality where the real solubility is higher than the ideal solubility. The real
solubility is higher than ideal solubility because of the strong interactions between

pL-met and water molecules (Davey, Mullin, and Whiting, 1982). This means that
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there are strong interactions between the hydrophilic head of pr-met molecules

(consisting of —NH; and —COQ") and the surrounding water molecules. The positive

value of AH ;s 1s due to the endothermic reaction of breaking the hydrogen bonds to
create a cavity for the solutes within the aqueous solution (Anuar et al., 2009). The
positive value of ASy leads to the dissolution process will occur spontaneously at

any temperatures below the melting point.

8 145
-10 |
i 1250
R
= I
2 a4l 155 &
< r N
8 : =
= -16
= : 4-6.0
18 F
i 1265
20 ®  y-pL-met
| ©  a-pL-met
_22 L coo o b e e e e e e b e e b e e e b by _7‘0
28 29 30 31 32 33 34 35 36 37

1000/T (K‘l)

Figure 2.15 Plot of van’t Hoff solubility data of real and ideal solubility of

a-DL-met and y-DL-met in water.

The plots of the change of the Gibbs free energy of the two
polymorphs using equations (2.5) and (2.6) are shown in Figure 2.16. The Gibbs free

energy of both polymorphs also confirms that y-pL-met (which has a lower Gibbs free
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energy) is the stable polymorph and o-pL-met (which has a higher Gibbs free energy)

is the metastable polymorph.
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Figure 2.16 Plot of Gibbs free energy of a-prL-met and y-pL-met. The solid lines are

given to guide the eye.

2.5.4 The Polymorphic Nature of pL-Met

In the DSC thermogram of the two polymorphs, the melting
temperature of y-pL-met is higher than that of a-prL-met and the melting enthalpy of
y-pL-met is also higher than that of a-pL-met. According to the Burger and Ramberger
polymorphic rules (Grunenberg et al., 1996), this suggests monotropic polymorphism.
Also the solubility curve of van’t Hoff plot, and the plot of the Gibbs free energy
strongly suggest that the two polymorphs are monotropic, since y-pL-met is stable
relative to a-pL-met at all temperatures below the melting point, the polymorphs are

not interconvertible, and the solubility of y-pL-met is always lower than o-pL-met.
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2.6 Conclusions

The physical and chemical properties of the two main polymorphs of pL-met
have been characterized. The polymorphic behavior was confirmed through analyses
by XRPD, DSC, photo microscopy, as well as through solubility. It was shown that
XRPD is the best method for a clear and fast identification and quantification of the
polymorphs or polymorphic fraction during crystallization. DSC measurements show
that the melting temperature and enthalpy of fusion of y-pL-met are higher than those
of a-pL-met. y-pL-met is shown to be the stable phase and a-prL-met to be the
metastable phase between 5 and 70 °C. The solubility of the metastable polymorph is
higher than that of the stable polymorph. The solubility data of the two polymorphs
are well fitted with the van’t Hoff equation. The enthalpy of dissolution of the two
polymorphs can be calculated from the slope of the van’t Hoff plot, with the enthalpy
of dissolution of y-pL-met being higher than that of a-pL-met. Based on the solubility
data, DSC measurements, and Gibbs free energy the polymorphic nature of pL-met is

a monotropic system.
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CHAPTER III

SECONDARY NUCLEATION THRESHOLD AND

NUCLEATION KINETIS OF y-p.-METHIONINE

3.1 Abstract

The secondary nucleation threshold (SNT) of y-pL-methionine (y-pL-met) in
aqueous solution was measured in an agitated batch system for the temperature range
10 - 61 °C. The width of the SNT is weakly temperature dependent with slightly
smaller induction times at higher temperatures. Nucleation kinetics of y-pL-met were
measured in aqueous solution at 18, 25, and 35 °C using direct determination of the
rate of nucleation based on measurements of particle (crystal) counts as a function of
time. The number of crystals appearing in a microdroplet was counted by observation
under a microscope. The nucleation rates increase with increasing temperature, and
were found to exponentially increase with respect to the supersaturation of pL-met.
The measured nucleation kinetics follows the trends expected from classical
nucleation theory (CNT) allowing approximate interfacial energies to be estimated by

fitting the measured data to CNT.

3.2 Introduction

In the crystallization from solution of a polymorphic compound when a
driving force is imposed, the system tends to minimize its free energy. This leads to

the crystallization of the most stable polymorph. However, the system may crystallize
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into the less stable polymorph first if its crystallization kinetics are faster, and then the
less stable polymorph may transform into the more stable one (Roelands, 2005). This
phenomenon of formation of the kinetically controlled polymorph over the
thermodynamically favored form is known as Ostwald’s rule of stages (Threlfall,
2003). Moreover, if both polymorphs crystallize at similar rates, a mixture of the two
polymorphs is initially obtained; this is called concomitant polymorphism (Bernstein,
Davey, and Henck, 1999).

In the case of Ostwald’s rule, there are three different steps that can be
identified as fundamental mechanisms that govern the transformation process (Schéll,
Bonalumi, Vicum, and Mazzotti, 2006; Jiang, Jansens, and ter Horst, 2010). The first
step is the nucleation and growth of the metastable polymorph. During this step, the
solute concentration drops from the initial value to the solubility of the metastable
polymorph. The second step is the solution-mediated transformation (SMT), which
consists of the nucleation and crystal growth of the stable polymorph and the
dissolution of the metastable polymorph. The solute concentration remains constant at
the solubility of the metastable polymorph during this step. During the third step, the
solute concentration starts to decrease and the whole transformation process is
complete when the solute concentration reaches the solubility of the stable
polymorph.

For crystallization with seeding, which is commonly found in industrial
crystallization, and if the metastable polymorph is seeded (if this polymorph is the
required product), the metastable polymorph will transform to the stable polymorph
via SMT (Davey, Cardew, McEwan, and Sadler, 1986; Kitamura, 2009). Therefore,

crystallization processes involving polymorphs consist of the competitive nucleation
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and crystal growth of the polymorphs, and the transformation from the metastable to
the stable polymorph. To control polymorph formation, the mechanism of each
elementary step in the crystallization process needs to be understood. Accurate kinetic
information allows process modeling and enables process design, optimization, and
control.

The determination of crystallization (nucleation and growth) and dissolution
kinetics are important for characterization of the crystallization behavior and
transformation of the polymorphs. Usually, the crystallization kinetics of the
metastable polymorphs should be faster than the stable polymorphs when the
metastable polymorphs appear first and then transform to more stable polymorphs
(Bernstein et al., 1999; Rodriguez-Spong, Price, Jayasankar, Matzger, and
Rodriguez-Hornedo, 2004). This has been found in various crystalline substances, for
example, L-glutamic acid (Ono, Kramer, ter Horst, and Jansens, 2004), r-histidine
(Roelands et al., 2006), and o-aminobenzoic acid (Jiang, ter Horst, and Jansens,
2008). In analysis of the mechanism and kinetics of SMT there are numerous
publications describing the transformation process being controlled by the growth of
the stable polymorph, for example, r-histidine (Kitamura, 1993), taltireline
(Maruyama, Ooshima, and Kato, 1999), r-glutamic acid (Dharmayat et al., 2008;
Ono et al, 2004; Scholl, Bonalumi et al., 2006), and carbamazepine (Qu,
Louhi-Kultanen, Rantanen, and Kallas, 2006). On the other hand, the dissolution rate
of the metastable B polymorph is the rate-determining step in the glycine system
(Ferrari, Davey, Cross, Gillon, and Towler, 2003).

In this chapter the nucleation kinetics of y-pL-met are described. The growth

kinetics of a-pL-met and y-pL-met and dissolution kinetics of a-pL-met are described
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in Chapter IV. Only the nucleation kinetics of y-pL-met are studied because o-pL-met
is seeded in the SMT experiment (as described in Chapter V) but y-pL-met is not
seeded. The supersaturation used in the SMT experiments is lower than the secondary
nucleation threshold (SNT) of a-pr-met and thus it does not nucleate. This leads to
only the nucleation kinetics of y-pL-met being required to describe the transformation
process in aqueous solution, together with the growth and dissolution kinetics.
Therefore, the nucleation kinetics of y-pL-met are enough for considering the
polymorphic transformation of pL-met for the applications we are considering in this
thesis. Moreover, in this chapter, the SNT of this system is determined to ensure that
the system for determining the growth and dissolution kinetics are operated under
convenient non-nucleating conditions.

Determination of the nucleation rate is of key importance for the development
of process models that can be used for process design and optimization. This is a
difficult step in crystallization process design and development. Measurement and
analysis of crystallization kinetics has proven to be challenging and currently there is
not an established standard measurement procedure suitable in general (Schéll,
Vicum, Miiller, and Mazzotti, 2006). Numerous techniques for determination of the
nucleation rate for crystallization process have been proposed in the literature, for
example, methods using combined particle (crystal) counting and process time
measurements (Lindenberg and Mazzotti, 2011; Galkin and Vekilov, 1999; Tsekova,
Dimitrova, and Nanev, 1999), mixed-suspension mixed-product removal (MSMPR)
experiments in combination with particle size distribution (PSD) measurements
(Garside, Mersmann, and Nyvlt, 2002; Mersmann, 2001), induction time

measurements (Lindenberg and Mazzotti, 2009; Teychené and Biscans, 2008) and
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metastable zone experiments (Nagy, Fujiwara, Woo, and Braatz, 2008; Mitchell and
Frawley, 2010). An overview of these techniques can be found elsewhere
(Garside et al., 2002). The following examples are the different techniques to
determine nucleation rate of the polymorphs that have been reported in the literature.
The nucleation rate of metastable o polymorph on the surface of the metastable 6
polymorph of p-mannitol was determined using direct counting of the number of o
polymorph crystals appearing on the surface of the 6 polymorph using observation
under a microscope (Tao and Yu, 2006). The nucleation rates of the metastable o
polymorph of r-glutamic acid during reactive precipitation were determined from the
induction time measurements, where the metastable o polymorph precipitated from
the reactive precipitation system (Scholl, Vicum et al.,, 2006; Lindenberg and
Mazzotti, 2009). The nucleation rates of the A and B polymorphs of eflucimibe
during the isothermal crystallization from ethanol and n-heptane solution at 35 °C
were determined by induction time measurements; the nucleation rate of the B
polymorph was determined at high supersaturation, while the nucleation rate of the A
polymorph was determined at low supersaturation (Teychené and Biscans, 2008).

In the literature, the kinetics of nucleation together with the kinetics of growth
and dissolution of each polymorph can also be estimated from the combination of the
data from the polymorph transformation experiments and population balance
modeling and parameter estimation. For example, this technique was applied to
L-glutamic acid using both seeded and unseeded polymorph transformation (Cornel,
Lindenberg, and Mazzotti, 2009; Ono et al., 2004; Schoéll, Bonalumi et al., 2006), and
continuous precipitation of polymorphs of calcium carbonate (Chakraborty and

Bhatia, 1996a, 1996b).
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Methods using combined particle (crystal) counting and process time
measurements and MSMPR experiments in combination with PSD measurements are
accurate enough for determining the nucleation kinetics of the polymorphs. The
accuracy depends on the reliability and robustness of the experimental assumptions,
experimental techniques, characterization techniques, data analysis, etc. Methods of
induction time and metastable zone measurements are poor techniques to estimate the
nucleation rates. This is since they are indirect methods to estimate the nucleation
rates, and there are a lot of assumptions applied to these techniques; it hard to know
whether the assumptions are correct or not, which may lead to non-realistic estimates
of nucleation rates. The simulation technique is not yet proven to agree with
experiments performed on a single polymorphic form. The drawback of this method is
that the results can be skewed by incorrect parameter estimation of other parameters
such as the crystal growth rate kinetics, which may lead to non-realistic estimates of
nucleation rates. Therefore, in this work the nucleation rate was measured using
methods of combined particle (crystal) counting and process time measurements.

The metastable zone width (MZW) is the width of the region between the
supersolubility and the solubility curve. The secondary nucleation threshold (SNT) is
the metastable limit for secondary nucleation, which is the upper limit of the
metastable zone with regard to secondary nucleation (Srisa-nga, Flood, and White,
2006). MZW and SNT are not very much different. Both try to measure how much
supersaturation can be generated before the system starts to nucleate, although these
also depend on time. SNT is usually measured at constant temperature and
concentration. The solutions are created and held at constant temperature, and the

induction time is measured as the time at which the initial nucleation occurs
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(Srisa-nga et al., 2006). MZW is a measurement which starts at the equilibrium i.e.
(T*, C*) and then cools the solution at a constant rate (d7/dt), and the time and
temperature difference (A7) when the solution nucleates are measured (Zhang and Li,
2011; Lu, Wang, Yang, and Ching, 2007). This needs to be done at several cooling
rates in order to estimate the MZW. Both measure times and supersaturation when the
solutions nucleate, and both can be done for primary nucleation and for secondary
nucleation.

In polymorphic systems the metastable limits can be measured as with the
other systems (Zhang and Li, 2011; Lu et al., 2007). Usually for MZW measurement,
after the crystals are nucleated the crystals are analyzed immediately to identify the
polymorph. The identified crystal polymorph suggests the MZW of that polymorph. If
the nucleated crystals are the stable polymorph (when the crystallization kinetics of
the stable polymorph are faster than the metastable polymorph) the measured MZW is
the MZW for the stable polymorph. However, if the nucleated crystals are the
metastable polymorph (when the crystallization kinetics of the metastable polymorph
are faster than the stable polymorph) the measured MZW is the MZW for the
metastable polymorph. Examples of studies of such systems are the MZW of the
metastable polymorph B of abecarnil in isopropyl acetate (Beckmann, Nickisch, and
Budde, 1998), MZWs of stable polymorph A of famotidine in methanol and in
acetonitrile (Lu et al., 2007), and MZW of concomitant polymorphs of eflucimibe in
ethanol and n-heptane mixture (Teychené, Autret, and Biscans, 2004). Lu et al. (2007)
also found that the MZW of metastable polymorph B in water was at 70 - 90°C, stable

polymorph A was at 0 - 65°C, and concomitant polymorphs occurred at 65 - 70°C.
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The aim of this work is to determine the SNT and nucleation rates of the stable
y-pL-met in aqueous solution. The SNT was determined to ensure that the growth is
operated under convenient non-nucleating conditions and using an isothermal method
similar to that of Srisa-nga et al. (2006). The nucleation rate was measured using
methods of combined particle (crystal) counting and process time measurements. This
was developed from the methods that were proposed by Galkin and Vekilov (1999)
and Tsekova et al. (1999). The effects of supersaturation and temperature on

nucleation rates and SNT were investigated.

3.3 Theory

Crystallization is a phase change in which a crystalline product is obtained
from solution. A solution is a homogeneous single phase that is formed by the mixing
of two or more species. Solutions are normally liquid, however, solutions may include
solids and even gases. Typically, for the current work, the term solution means a
liquid solution consisting of a solvent, which is a liquid as a pure species at the
conditions, (7, P), of the solution, and a solute, which is a solid as a pure species at
the conditions of interest. The term melt means a material that is solid at ambient
conditions and is heated until it becomes a molten liquid. Melts may be pure material
or they may be mixtures of materials.

It has been said that “crystallization from solution is usually the result of two
processes; crystal nucleation and crystal growth. These two processes can proceed
either consecutively (in series) or simultaneously (in parallel) throughout the whole,
or during only part, of the crystallization period depending on supersaturation levels”

(Mullin, 2001).
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Through this section the primary focus is on the theory of supersaturation,
SNT, and nucleation. Other important terms of crystallization from solution, such as
growth and dissolution, are described in Chapter IV.
3.3.1 Supersaturation
Crystallization from solution occurs when supersaturation is created
because this acts as the driving force for crystallization. Supersaturation occurs when
the solute concentration in a solvent exceeds its solubility (Randolph and Larson,
1988). The state of supersaturation is an essential requirement for all crystallization
operations.
From a thermodynamic point of view this driving force is the
difference in the Gibbs free energy between the actual condition of the system and its
equilibrium condition. For a single-component crystal in a liquid solution under

isothermal and isobaric conditions the supersaturation Ay is defined as

A/J = lusol - luc (31)

where ;s and u. are the chemical potential of the molecule in solution and in the bulk
of the crystal phase, respectively. When Au > 0, the system is supersaturated and

nucleation and growth of the crystals is possible. The driving force can be rewritten as

(Mullin, 2001)

Ap=RTS, (3.2)

with R is the ideal gas constant and is equal to 8.314 J/mol/K. S, is the activity-based

supersaturation ratio is defined as (Schwartz and Myerson, 2002)
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g -4 __ K (3.3)

where a is the actual activity, a* is the equilibrium activity, y is the actual activity
coefficient, y* is the equilibrium activity coefficient, C is the actual concentration, and
C* is the equilibrium concentration. It is common practice to use the concentration C
instead of x (mole fraction). Substituting equation (3.3) into equation (3.2) results in

the equation

Ay S (3.4)

Usually, the activity coefficients are not known and the dimensionless chemical
potential difference is approximated by a dimensionless of concentration difference
c-c* (C

= _C ios- (3.5)
C* C*

where o is known as the concentration-based relative supersaturation and S is known
as the concentration-based supersaturation ratio. This substitution is only accurate

when y/y* =1 and o << 1 (the system is dilute), so that equation (3.4) becomes

Au a
—=In—=~In(lc+)~0o 3.6
RT a* ( ) (3.6)

The supersaturation can also be expressed as concentration difference

AC=C—-C* (3.7)
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3.3.2 Metastable Zone and Secondary Nucleation Threshold

Crystals can grow without significant birth of new crystals (nuclei) in a
metastable zone which is often exhibited by supersaturated solutions. When the
supersaturation is sufficiently high, secondary nucleation in the presence of prior
crystals occurs; the limit of this regime is referred to as the metastable limit for
secondary nucleation (Srisa-nga et al. 2006) or the secondary nucleation threshold
(SNT), depending on the method of measurement. The SNT is the upper limit of the
metastable zone with regard to secondary nucleation. Nucleation is typically avoided
or minimized in crystallization processes because it is difficult to control and gives a
bad product size distribution. In batch processes the operation is usually undertaken in
the metastable zone, and crystallization is initiated through the addition of seed
crystals, thus avoiding large amounts of nucleation.

Figure 3.1 shows a metastable zone exhibited by supersaturated
solutions together with the solubility curve (lowest solid line), where the widths of the
zone for different nucleation mechanisms are drawn. At the solubility curve, the
induction time, #,4, is defined as the time where the nuclei appear (both primary and
secondary) is approaching infinity. The increasing of the supersaturation above the
solubility will cause the solution to reach a value where secondary nucleation,
heterogeneous primary nucleation, and homogeneous primary nucleation, occur
progressively. The limits of these regimes are referred to as the metastable limit or
nucleation threshold for the particular mechanism. The zone boundaries are all time

dependent, i.e. they depend on the induction time.
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Figure 3.1 Instantaneous metastable zone widths for different nucleation mechanisms
(adapted from Mersmann, 2001). The variables tsyr, ting zen, and tinq gon,
are the induction time for secondary nucleation, heterogeneous, and

homogeneous nucleation, respectively.

The secondary nucleation zone in Figure 3.1 is expanded in Figure 3.2.
The instantaneous secondary nucleation threshold (metastable limit, zgyy = 0) is
represented by the upper dashed line. The time dependent secondary nucleation zone
is the zone between this line and the solubility curve. The time dependent secondary
nucleation thresholds are also drawn in this zone. The time necessary to induce
secondary nuclei varies from zero (at the metastable limit for secondary nucleation) to
infinity (at the solubility curve). This is since the the smaller the supersaturation the
greater the time required to induce nucleation to occur in the presence of the solute

crystals in the system.
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Figure 3.2 A diagrammatic representation of the secondary nucleation thresholds

of solution crystallization.

3.3.3 Nucleation Kinetics

Nucleation involves a process of fluctuation of the size of
nanoscopically small molecular clusters potentially creating nuclei of the new
crystalline phase. This leads to the formation of new crystals in the liquid solution.
The number n of molecules constituting the cluster is used to identify the size of a
cluster. The clusters of size n = n*, which stay in unstable equilibrium with the
ambient solution, are called nuclei (or critical nuclei), and the smaller (n < n*) or the
larger (n > n*) clusters are the subnuclei or the supernuclei, respectively. Only the
supernuclei can grow spontaneously to macroscopic sizes. Therefore, the nucleation

rate J is defined as the number of supernuclei generated in the system per unit time
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and per unit volume (or area for surface nucleation) is an important kinetic
characteristic of the nucleation process (Kashchiev and van Rosmalen, 2003).

Nucleation is classified into primary and second nucleation
(Figure 3.1). Primary nucleation is the birth of new crystals from a liquid or solution
that contains no crystalline material of the nucleating solute, and is divided into
homogeneous primary nucleation and heterogeneous primary nucleation. In
homogeneous primary nucleation there are no external nucleation sites available
(as could be caused by the walls of the vessel, dust particles, crystals or solids of other
solutes, etc.), and the nuclei are formed by statistical fluctuations of solute entities that
cluster together (Kramer and van Rosmalen, 2009). Heterogeneous primary
nucleation occurs when the presence of such foreign surfaces assists in obtaining
primary nuclei. Secondary nucleation is the formation of new nuclei which occurs due
to the presence of crystals of the crystallizing material that are already present in the
solution. Secondary nucleation is far more significant than primary nucleation in most
industrial crystallization units because the vessel is run continuously having solute
crystals inside.

Primary nucleation

The classical nucleation (CNT) theory has been described as follows
by Kashchiev (2000). The rate of nucleation, J (#/m’-s), can be described according to

the following equation

_W*
J=A4Sex 3.8
p[ T j (3-8)
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where A is the pre-exponential kinetic parameter (m™ s), W* is the nucleation work
(J), k is the Boltzmann constant and is equal to 1.38x10% J/K and T is the
temperature (K).

For homogeneous nucleation (HON) A4xoy is inversely proportional to

the molecular volume v, (m®)

(3.9)

where M is the molecular mass (g/mol), p. is the crystal density (kg/m3 ), and N, is the
Avogadro number (mol ™) and is equal to 6.02x10* mol™. Assuming spherical nuclei,
the nucleation work in the exponent in equation (3.8) is defined as

16,y 1

*= 0 p#kTInS (3.10)
3T’ In*S 2

where y is the interfacial energy (J/m?). The nucleus size n* (-) is defined according

to the Gibbs-Thomson equation

. 2wy’

" 3(kT)’In* S 3-11)

Nucleus size and nucleation work depend on two main parameters: the externally
controlled supersaturation ratio and the material surface/solution composition-
dependent interfacial energy. Substitution of equations (3.10) and (3.11) into

equation (3.8) gives
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J = ASexp(— B j (3.12)

In* S
where B is a thermodynamic parameter and is defined as

2.3
:136(7;:_;)73 (3.13)
In practice, most primary nucleation is likely to occur by the
heterogeneous mechanism which is induced by the surfaces of foreign particles.
Therefore, it requires significantly lower supersaturations than homogeneous
nucleation. The rate equation appears to be of similar form to that of homogeneous
nucleation but the supersaturation required is lower (Dirksen and Ring, 1991).

For 3D heterogencous nucleation (HEN), the effective interfacial

energy, Yo Will be reduced by an activity factor, 0 <¢ < 1, compared to the

interfacial energy y for HON. The work of formation for HEN is substantially reduced
compared to that for HON because y.; < y since part of the surface is created by
growth onto imperfections in the solid substrate. Furthermore, for HEN the Apgy
becomes inversely proportional to the concentration of heterogeneous particles,
C, (m”), which is much smaller than the molecular volume, v, Typically
Ay~ 10" - 10% << Apoy = 10°° (Roelands et. al., 2006).

Secondary nucleation

Secondary nucleation is far more significant than primary nucleation in
most industrial crystallization units because the vessel is run continuously having
solute crystals inside. There are five principle mechanisms of secondary nucleation, as

shown below (Randolph and Larson, 1988)
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1. Contact nuclei are formed from crystal-crystal, crystal-vessel wall,
and crystal-impeller contacts that result in the removal of an
adsorbed layer from a growing crystal. If the amount of adsorbed
layer removed is above the size of the critical nucleus, it forms a
nucleus.

2. Shear nucleation is a similar mechanism where the adsorbed layer
is removed by fluid shear.

3. Fracture nucleation is caused by breakage of crystals due to
collisions similar to those in (1).

4. Attrition nuclei are attrition fragments of larger crystals caused by
contacts similar to those in (1).

5. Needle breeding results from the removal of dendritic fragments
from a larger crystal.

For design and analysis purposes, nucleation is most often modeled

with empirical models of the form (Flood, 2009)

B =k, 0T’ M} (3.14)

where B is the nucleation rate, o is the supersaturation, 7 is the temperature, o is the
agitation speed, and M7 is the ‘suspension density’ (g crystal/g suspension). ky, a , b,

¢, and d are empirical constants obtained from experimental measurements.
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3.4 Materials and Methods

3.4.1 Materials
pL-met (>99%) was purchased from Acros Organics and inert liquid
paraffin was purchased from Vidhyasom (Thailand). The deionized water used was
treated by reverse osmosis.
3.4.2 Apparatus
A 0.5 L batch crystallizer with a sealed glass lid to reduce solvent
evaporation (Figure 2.9 in Chapter II) was used to measure the SNT. The slurry is
continuously agitated at the set speed by a centrally located four-blade impeller driven
by an overhead stirrer. The crystallizer was placed inside a constant temperature water
bath, where the temperature was controlled within +0.5°C.
3.4.3 Secondary Nucleation Threshold Measurement
SNT experiments were performed at 10, 25, 40, and 61 °C in a 0.5 L
batch crystallizer (Figure 2.9 in Chapter II) for a range of supersaturated solutions
containing y-pL-met seed crystals using a method similar to that of Srisa-nga et al.
(2006). A series of supersaturated solution were prepared and heated to 20 °C above
the experimental temperature (this is also at least 5 °C above saturation temperature)
for 30 to 40 min to ensure that no ghost nuclei remained in the solution.
Approximately 3 mg of sieved y-pL-met crystals, 75 - 105 um in size, was added to
each solution to induce secondary nucleation. Nucleation was observed by the naked
eye at particular time intervals, with nucleation being indicated by precipitation or
clouding due to the very fine nuclei particles. The clouding occurring in the
experiments was clearly visible and the distinction between solutions that had

precipitated at a particular measurement time and those that had not was clear. The
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highest concentration solution that had not nucleated at a particular time and the
lowest concentration that had nucleated were both recorded. All experiments were
duplicated to check reproducibility.

3.4.4 Nucleation Rate Measurement

Crystals obtained from cooling crystallization from aqueous solutions
of pL-met have previously been found to be y-pL-met (Matsuoka, Yamanobe, Tezuka,
Takiyama, and Ishii, 1999), and this work obtains the same polymorph using
identification by XRPD (see Chapter II: Preparation of Polymorph).

The direct determinations of the rate of nucleation are described as
follows. The principle of this technique is illustrated in Figure 3.3 and the experiment
setup is illustrated in Figure 3.4. A saturated solution at the temperature under
consideration was prepared at a temperature 7y (see Figure 3.3), chosen to prevent
nucleation of crystals. To prepare this solution, a known amount of prL-met was
dissolved in 300 mL of water in a 0.5 L batch crystallizer agitated at 350 rpm by an
overhead stirrer maintained at a constant temperature, 7y. Note that 7 is at least 5 °C
above Ty, and at least 20 °C above 7).

A solution droplet with a volume of 0.2 pL (prepared using a
micropipette) at 7y was placed in the nucleation cell which was maintained at the
selected 7. This temperature was such that the nucleation process was initiated at the
desired supersaturation level. After a specific time interval (At) for nucleation, the
temperature 77 was raised to a temperature 7> at which the supersaturation was at a
sufficiently low level to prevent further nucleation, but allowed existing crystals to
grow to a visible size. During this stage the numbers of crystals that appeared in the

solution droplet was counted using observation under a microscope. After plotting the
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total number of crystals detected in the droplet as a function of Az, the nucleation rate
was determined from the slope of this plot as At¢; approaches zero divided by the
volume of the solution droplet. Note that the times required to change the temperature
from 7y to 7} and 7, to 7> depend on the thermal property of the material of the
nucleation cell and the size of droplet. In this case the times were about 5 - 10 sec
because of the very small size of droplet. At a high nucleation temperature, 35 °C for
this work, inert liquid paraffin was used to cover the solution droplet to reduce the

effect of the liquid evaporation due to very small size of the droplet.
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Figure 3.3 Position in the phase diagram and temperature profile during

a nucleation experiment.
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acrylic, and flat-bottom wells are used.

The experimental conditions for nucleation measurements are shown in
Table 3.1. The nucleation rates of y-pL-met in aqueous solution were determined for
three different temperatures (7;): 18, 25 and 35 °C, and at each temperature the
nucleation rate was determined at various values of supersaturation (o). For each
value of the initial supersaturation the number of crystals that appeared in the solution
droplet was counted at 4 - 6 values of the nucleation time A¢;, and for each value of
At, the measurements were performed with 3 - 6 replicates. For each value of A#, the
number of crystals was counted at particular times during the growth stage, and
stopped when the number of crystals did not change with time. The number of
crystals detected at the end of this period is the number of crystals nucleated during
Aty; the experiment must be performed in this way since newly nucleated crystals are

too small to be detected until growth to a visible size has occurred. The growth occurs
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at a supersaturation (¢;) within the SNT width (for the time period of the

measurement) and hence no new nuclei are formed during the growth period.

Table 3.1 Experimental conditions for nucleation measurements.

Exp. no.
.| TaCC) | Thi(°C) | 61=851-1(¢) | T2(°C) | 62=52-1()
(no. of runs )
1(18) 25.00 18 0.17 22.00 0.067
2(22) 27.75 18 0.26 24.00 0.092
3(21) 29.00 18 0.29 26.00 0.072
4(21) 29.50 18 0.31 27.00 0.061
5(18) 31.50 18 0.36 28.00 0.079
6(20) 31.50 25 0.17 29.00 0.060
7(19) 33.25 25 0.21 31.00 0.053
8(20) 34.00 25 0.24 32.00 0.050
9(16) 35.00 25 0.26 32.50 0.057
10(15) 35.50 25 0.28 33.00 0.060
11(20) 41.00 35 0.15 38.00 0.072
12(20) 41.75 35 0.17 39.00 0.065
13(20) 42.50 35 0.19 40.00 0.058
14(19) 44.00 35 0.23 42.00 0.052

Note: “ The number of runs consists of all runs for the condition. A typical condition
is measured for 5 nucleation times with 4 replicate experiments at each nucleation

time.
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3.4.5 Characterization of Uncertainty
Wherever uncertainty is indicated in this chapter the uncertainty is

represented by 90% confidence interval (see Appendix A).

3.5 Results and Discussions

3.5.1 Secondary Nucleation Threshold

Table 3.2 shows an example of the observation time on the measured
secondary nucleation for the first replicate experiment at 10 °C. The effect of
induction time on the measured SNT at different temperatures is shown in Figure 3.5.
In this figure, the upper point on each vertical line represents the lowest absolute
supersaturation that had nucleated, and the lower point represents the highest absolute
supersaturation that had not nucleated. This means that the true value of the SNT must
lie between these two points. The mean value of these two points is an approximation
for the true SNT at this experimental time. This figure shows the time dependence of
the SNT, with the SNT decreasing as the induction time increases. In terms of
absolute supersaturation, the initial time SNT is about 11.8 g of pL-met/kg of water for
10 and 25 °C, and 12.1 g of pL-met/kg of water for 40 and 61 °C. At large induction
times, greater than 50 h, the SNT is about 3.2 g of pL-met/kg of water for 10 and
25 °C, and 2.2 g of pL-met/kg of water for 40 and 61 °C. After 2 days there were still

some solutions of low supersaturation which had not nucleated.
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Table 3.2 Secondary nucleation experimental results at 10 °C, replicate number 1.

Inspection Concentration (g pL-met/kg water)

time (hr) | 2666 | 26.77 | 26.93 | 27.18 | 27.77 | 28.92 | 29.60| 31.12 | 32.88
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Note: The tick symbol indicates that secondary nuclei were observed, the cross
symbol indicates that secondary nuclei were not observed, and the question mark

represents cases where the result could not be clearly determined.
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Figure 3.5 The time dependence of the secondary nucleation zone width based on
pL-met concentrations at temperatures of 10, 25, 40, and 61 °C.
The dashed line represents the model for data at 10 and 25 °C.

The solid line represents the model for data at 40 and 61 °C.

Since the SNTs at temperatures of 10 and 25, and 40 and 61 °C do not
overlap when plotted in terms of the absolute value of supersaturation, the induction
time dependence of the SNT is plotted separately. This indicates that temperature has
an effect on the SNT over the range of temperatures that prL-met is likely to be
crystallized.

The data in Figure 3.5 were fitted with a hyperbolic decay with three
parameters. Equations (3.15) and (3.16) show the fitted equations, where C represents
the total pL-met concentration (g of pr-met/kg of water) for the SNT, C* is the

solubility, and ¢, is the observation time in hours.
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0.7266

C—C*=3.1828+ 1200 for 5°C<T <40°C (3.15)
0.0845+1

C—C*=212874+— 2619 for 40°C<T <70°C (3.16)
0.0651+1,

The solubility data of a-pL-met and y-prL-met in the temperature range
of 5 - 70 °C are described in Chapter II and is plotted as a function of temperature in
Figure 3.6. The solubility of y-pL-met (g of pL-met/kg of water) was fitted using a
cubic polynomial with the result shown in equation (3.17), where T represents the

experimental temperature in °C.

C*=18.23+5.053x10"'T+2.436x107°T* +8.410x107°T" (3.17)

Substitution of equation (3.17) into equation (3.15) gives the SNT
concentration as a function of time between 5 and 40 °C, and substitution of equation
(3.17) into equation (3.16) gives the SNT concentration as a function of time between
40 and 70 °C.

The induction time dependence of the SNT of y-pL-met in aqueous
solution is shown in Figure 3.6. SNT determines limitations on either the operating
concentration or the batch time to ensure that nuclei are not formed, so it is very
important for control of seeded batch crystallizations. For example, when the
crystallization is performed at 25 °C and the operating time is within 1 h, the initial
concentration that can operate without a significant birth of new crystals is up to 37 g
of pL-met/kg of water. This example is reasonable when the seeding rate is very low

(or the growth rate is very low) and then the concentration is constant. If the seeding



84

rate is higher, and the growth rate is not low, then the concentration drops quickly

during the batch, and the batch may stay within the SNT for all =0 to ¢ = 0.

110 T T T T T ]
E Solubility of y—pr-met 1
100 — —— Solubility of o-pL-met /7

90 _ .................... SNT at 0.1 hr )
A SNT at 0.5 hr ]
80F ———— SNT at 1 hr .
: SNT at 2 hr ]

Concentration (g pL-met/kg water)

Temperature (°C)

Figure 3.6 Secondary nucleation thresholds for y-pL-met at operating times of

0.1, 0.5, 1.0, and 2.0 hr.

The SNT of a-pL-met was not measured in this work since experiments
were performed in regions where only y-pL-met will nucleate. The SNT technique
used by Lu et al. (2009) is appropriate for the metastable form. However, growth
experiments for a-pL-met can only be performed within the area between the SNT of

y-pL-met and the solubility of a-prL-met. This is reasonable for the temperature range

5-35°C.
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3.5.2 Nucleation Kinetics of y-pL-Met
Figure 3.7 illustrates photomicrographs of crystals nucleated in a
droplet from a measurement at 18 °C and S = 1.36. The number of crystals nucleated
during At are 47, 84, 114, and 124 crystals respectively for nucleation times of
10, 15, 40, and 60 seconds. During the measurement the shape and size of droplet did
not change, which indicates that evaporation from the solution droplet did not occur

during nucleation measurement.

Figure 3.7 Micrographs of crystals nucleated in a droplet at various

nucleation times; measurement at 18 °C and S = 1.36:

10 s (a), 15 s (b), 40 s (c), 60 s (d).



86

Figures 3.8, 3.9, and 3.10 show that the mean number of nucleated
crystals (&) increases with increasing nucleation time and supersaturation for the
nucleation rate measurements at 18, 25, and 35 °C, respectively. The plots start from
zero crystals (no nucleation) at A#; = 0 because the measurement starts with a clear
solution. At higher nucleation times the mean number of nucleated crystals
approaches a constant value because the solution concentration approaches the
metastable limit due to the crystal growth during the experiment. Usually, for each A#,
measurement the crystals that appeared in the solution droplet consist of the new
crystals formed and crystals that grow to larger size. To cancel the effect of the
change in supersaturation due to growth, the nucleation rate should be determined for
the earlier stages (at small values of A#;) of the measurement. This also indicates that
the nucleation rate is measured at constant concentration because at very small A¢; the
concentration is nearly constant because the number of nuclei produced is small. The
nucleation rate is determined from the slope of these plots as A#; approaches zero

divided by the volume of the solution droplet (}):

g=avy 1 (3.18)

To reduce the difficulty of the determination the plots were fitted with an exponential

rise to a maximum (solid lines in Figures 3.8, 3.9, and 3.10):

N=a(l-e™) (3.19)
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which fits the available data very well. In equation (3.19) @ and b are equation
constants obtained from fitting the equation with experimental data. This equation

gives

aN _ abe™ (3.20)
dt
and therefore
dan| - _ ab (3.21)
dt At =0

This leads to the nucleation rate

J=2 (3.22)

where J is the nucleation rate in #/m’s, ab is the initial slope in #/s, and V is the
volume of the droplet in m’ and is equal to 0.2 pL (2x10"° m®). The predicted
constants @ and b in equation (3.19), and calculated nucleation rate (J) from

equation (3.22) are shown in Table 3.3.
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Figure 3.10 Mean number of crystals as a function of nucleation time (A¢/)

and supersaturation at 35 °C.

The dependence of the nucleation rates on the supersaturation and
temperature are shown in Figure 3.11. It can be seen that at constant temperature the
nucleation rates increase exponentially with increasing supersaturation. This is since
the higher supersaturation (S = C/C* = actual concentration/solubility) leads to a
higher driving force (AC = C - C*) for nucleation. Also, at constant supersaturation
the nucleation rates increase with increasing temperature. This is due to the change in

the pre-exponential constant with temperature and is typical with kinetic processes.



Table 3.3 The predicted constants a and b in equation (3.18), and calculated

nucleation rate (J) from equation (3.21).

90

Exp.no. | T;(°C) S1(-) a®) b(s™h J (#/m’/s)
1 18 1.17 3.5646 0.0138 2.46x10
2 18 1.26 35.3713 0.0324 5.73x10°
3 18 1.29 57.1358 0.0650 1.86x10'"°
4 18 1.31 76.8439 0.0526 2.02x10"
5 18 1.36 120.0404 0.0826 4.96x10"
6 25 1.17 49.6610 0.1060 2.63x10"
7 25 1.21 89.5260 0.0960 4.30x10"
8 25 1.24 107.9700 0.1050 5.67x10"
9 25 1.26 132.9110 0.1530 1.02x10"
10 25 1.28 148.6730 0.1870 1.39x10"
11 35 1.15 118.8588 0.0771 4.58x10"
12 35 1.17 141.2891 0.0745 5.26x10"
13 35 1.19 179.1238 0.0747 6.69x10"
14 35 1.23 273.2949 0.1064 1.45x10"
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Figure 3.11 Nucleation rate as a function of supersaturation.

The nucleation rate (J) can be predicted as a function of
supersaturation based on the CNT according to equations (3.12) and (3.13). Where vy
is molecular volume and is calculated from equation (3.9), where the molecular mass
is equal to 149.21 g/mol and the crystal density is equal to 1,340 kg/m® for pL-met.
Therefore, vy is equal to 18.50x10%° m’. The experimental data were fitted
equation (3.12), with the results shown in Figure 3.11. The model fits the data well,
with root mean square deviations (rmsd) of 0.030, 0.059, and 0.040, and R-squared
values of 1.0, 0.7741, and 0.8083, respectively for 18, 25, and 35 °C. The results
show that the measured nucleation kinetics follow the trends expected from the CNT.
The best-fit values of 4 and B are shown Table 3.4. Approximate interfacial energy
(y) values for all temperatures can be predicted from the parameter B, and these are
also tabulated in Table 3.4. It is important to note that these may only be

approximations to true surface energies. The y values are temperature dependent
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which correspond to other systems such as r-glutamic acid (Lindenberg and Mazzotti,
2009) and potassium alum (Mullin, 2001). A large value of y indicates a large time
required to initiate nucleation of the crystal (a lower nucleation rate). This means that
the nucleation rates of y-pL-met increase with increasing temperature (Figure 3.11)
due to the decrease of interfacial energy with increasing temperature (Table 3.4). The
y values obtained are comparable to those reported for other poorly water soluble
organic molecules, for example r-histidine (Jiang and ter Horst, 2011) (5.1 mJ/m?)
and paracetamol (Granberg, Ducreux, Gracin, and Rasmuson, 2001) (1.4 - 2.8 mJ/m?).
The values obtained for 4 are relatively low but are comparable to values for
lysozyme (Galkin and Vekilov, 2001) (10" - 10’ m™s™) and L-asparagine (Mahajan

and Kirwan, 1994) (10" m~s™).

Table 3.4 The predicted interfacial energy and pre-exponential factor.

Temperature | Pre-exp. Factor, A Parameter, B Interfacial Energy, v
(°C) (m%/s) “) (mJ/m?’)
18 5.10x10" 0.2468 3.03
25 3.47x10" 0.0813 2.14
35 3.08x10" 0.0464 1.84

3.6 Conclusions

The SNT of y-pL-met in aqueous solutions was determined in an agitated batch
system prior the crystal growth experiment to ensure no nucleation would take place
in the crystallizer. The SNT decreases with increasing induction time. The SNT in

these measurement units is weakly temperature dependent. Direct determinations of
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the rate of nucleation of y-pL-met in aqueous solution were performed using a method
which is based on direct particle (crystal) counts as a function of time. The nucleation
rate was determined from the limiting slope of the plot between the total number of
crystals and the nucleation time as the nucleation time approached zero, divided by
the volume of the solution droplet. The results show that the number of nucleated
crystals increases with increasing nucleation time and supersaturation, and approaches
a constant value at higher nucleation time, because at higher nucleation times there is
sufficient growth to deplete the solution. The determined nucleation rates follow the
trends expected from the CNT. The nucleation rates increase with increasing
temperature and exponentially increase with increasing supersaturation. Based on the
CNT, the kinetic parameter 4 and thermodynamic parameter B were estimated by
fitting the determined nucleation rates with CNT. The interfacial energy was
estimated from the parameter B and the values are in the range 1.8 - 3.1 mJ/m’. The

interfacial energy value tends to decrease with increasing solubility.
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CHAPTER 1V
GROWTH AND DISSOLUTION KINETICS OF o AND y

POLYMORPHS OF p.-METHIONINE

4.1 Abstract

Growth and dissolution kinetics of the two common polymorphs of
pL-methionine (pL-met), o-pL-met and y-pi-met, were studied in aqueous solution.
The growth experiments were performed isothermally in an agitated batch crystallizer
at 5, 15, and 25 °C for a-pL-met, and 10, 25, and 40 °C for y-pL-met. The dissolution
experiments of y-pL-met were performed isothermally at 10, 25, and 40 °C in an
agitated batch crystallizer. The effect of the initial supersaturation and seed mass on
crystal growth were also studied at 25 °C. The initial growth rate (during the first
20 min of the batch) is significantly higher than subsequent crystal growth,
a phenomenon previously seen with other species. The measured growth rates are
independent of seed mass, as expected, for the usable portion of the growth rate data.
The growth rates of a-pL-met and y-pL-met were found to be linearly dependent on the
relative supersaturation of pL-met in the system. The dissolution rate of y-pL-met was
found to linearly depend on the relative undersaturation of pL-met in the system. Both
the growth and dissolution rate constants are temperature dependent and follow an
Arrhenius relationship. To consider the polymorphic transformation kinetics, the same
dissolution rates for both polymorphs are assumed due to the dissolution being

considered as a single step (diffusion controlled) process. At all temperatures studied,
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both the growth of a-prL-met and dissolution rate of y-prL-met are faster than the

growth rate of y-pL-met.

4.2 Introduction

Crystallization processes which include transformation between polymorphs
consist of the competitive nucleation and crystal growth of the polymorphs and the
transformation from the metastable polymorph to the stable polymorph, usually via a
solution-mediated mechanism (SMT). SMT consists of the nucleation and crystal
growth of the stable polymorph and the dissolution of the metastable polymorph. The
mechanism of each elementary step in the crystallization process needs to be
understood to predict and control polymorph formation. Accurate kinetic information
allows process modeling and enables process design, optimization, and control.

As described in Chapter IIT (Section 3.2: Introduction), the determination of
nucleation, growth, and dissolution kinetics are important for characterization of the
crystallization behavior and transformation of the polymorphs. The nucleation kinetic
was studied in Chapter III. In this chapter the growth and dissolution kinetics were
studied.

Experimental determination of the crystal growth rate is easier than
determination of the nucleation rate. There are two main groups of techniques used to
measure crystal growth rate (Myerson and Ginde, 2002). The first group is the single
crystal methods, where the growth mechanism and kinetics of different crystal faces
are usually determined by optical or atomic force microscopy (AFM) (Kitamura and
Ishizu, 1998; Pantaraks and Flood, 2005; Gougazeh, Omar, and Ulrich, 2009). The

second group is the methods involving the growth of a suspension of seed crystals
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(multiparticle system) (Flood, Johns, and White, 2000; Srisa-nga, Flood, and White,
2006; Tanrikulu, Eroglu, Bulutcu, and Ozkar, 1998). Discussion of experimental
methods can be found in a number of references (Garside, Mersmann, and Nyvlt,
2002; Mullin, 2001; Randolph and Larson, 1988). These techniques usually involve
measurement of the change in mass or size of a crystal (or crystals) at a fixed
temperature and supersaturation. The desupersaturation experiment is another
technique which is based on the measurement of the change of the PSDs and solute
concentrations with time in a seeded isothermal batch experiement (Garside et al.,
2002; Glade, Ilyaskarov, and Ulrich, 2004; Schoéll, Lindenberg, Vicum, Brozio, and
Mazzotti, 2007). This method has the advantage that the growth data can be obtained
from one experiment. The following examples give different techniques to determine
crystal growth rate of the polymorphs that have been reported in the literature. The
growth of suspensions of both the metastable B and stable A polymorphs of
L-histidine in aqueous and aqueous-ethanol solutions were measured in a seeded
isothermal batch crystallizer, where the growth rates were estimated from the change
of the crystal weights and no transformation took place during the measurement of the
growth rate of B crystals (Kitamura, Furukawa, and Asaeda, 1994). The single crystal
growth of both metastable o and stable B polymorphs of rL-glutamic acid were
measured in flowing aqueous solutions, where the growth mechanism and kinetics of
different crystal faces were determined by microscopy (Kitamura and Ishizu, 2000).
The growth rates of the metastable o polymorph of r-glutamic acid in reactive
precipitation were also measured in a suspension system using a desupersaturation

experiment in a seeded isothermal batch crystallizer, where the growth rates were
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determined using the desupersaturation data and population balance modeling
combined with a non-linear least squares optimization algorithm (Scholl et al., 2007).

The dissolution rate can be measured by the same method as the growth rate,
where the size of a seed crystal (or crystals) increases with time during the growth
experiment, while the size of a seed crystal (or crystals) decreases with time during
the dissolution experiment. Determining dissolution rates using single crystal
dissolution methods can be found in a number of papers (Gougazeh et al., 2009;
Prasad, Ristic, Sheen, and Sherwood, 2002). Determining the dissolution rate using
multiparticle dissolution methods can be also found in a number of papers (Hurley,
Jones, and Drummond, 1997; Tanrikulu et al., 1998). There are limited numbers of
papers that report the determination of the dissolution rate of polymorphs. For
example, the dissolution rates of the calcite and aragonite polymorphs of calcium
carbonate in water were measured by a multiparticle dissolution method (Gutjahr,
Dabringhaus, and Lacmann, 1996a, 1996b).

In the literature, the kinetics of nucleation, growth and dissolution of each
polymorph can be also estimated from the combination of the data from the
polymorph transformation experiments with population balance modeling and
parameter estimation. For example, this technique was applied to rL-glutamic acid
using both seeded and unseeded polymorph transformation (Cornel, Lindenberg, and
Mazzotti, 2009; Ono, Kramer, ter Horst, and Jansens, 2004; Scholl, Bonalumi,
Vicum, and Mazzotti, 2006), and continuous precipitation of the polymorphs of
calcium carbonate (Chakraborty and Bhatia, 1996a, 1996b).

The last technique is where the growth kinetics of the stable polymorph and

the dissolution kinetics of the metastable polymorph can be estimated respectively
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from the rate of increase of the mass of the stable polymorph and the rate of the
decrease of the mass of the metastable polymorph from seeded polymorph
transformations experiments (Kitamura, 1993, 2009).

The first three techniques (the experimental techniques which performed on a
single polymorphic form) are accurate enough for determining the growth and
dissolution kinetics of the polymorphs. The accuracy depends on the reliability and
robustness of the experimental assumptions, experimental techniques, characterization
techniques, data analysis, etc. The last two techniques (the simulation techniques) are
not yet proven to agree with experiments performed on a single polymorphic form.
Therefore, in this work the growth and dissolution kinetics of each form are
experimentally determined. These experimental results are applied to the simulation
method in Chapter VI and the validation is explained.

The aims of this work are to determine the growth and dissolution rates of the
stable y-pL-met, and the growth rates of the metastable a-pL-met in aqueous solution.
The dissolution rates of a-pL-met were determined based on the measurement of
y-pL-met by assuming that they have the same dependence on the undersaturation of
the relevant polymorph. The growth and dissolution rates were measured using the
method of the growth (or dissolution) of a suspension of seed crystals with
desupersaturation (or deundersaturation) experiments in an isothermal batch
crystallizer. The effects of supersaturation (or undersaturation) and temperature on the

growth and dissolution rates were investigated.
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4.3 Theory

In this section the primary focus is on the theory of supersaturation,
undersaturation, crystal growth, and crystal dissolution. Other important phenomena
relating to crystallization from solution, such as the secondary nucleation threshold
and nucleation are described in Chapter III.

4.3.1 Supersaturation and Undersaturation

Dissolution of solid in solution occurs when undersaturation is created
which acts as the driving force for dissolution. This means that the solute
concentration in the solution is less than its solubility (Ax < 0). The expression of
undersaturation is equivalent to that of supersaturation (see Chapter III) but the
concentration of solution is below that of the equilibrium concentration. For practical
use in this work the supersaturation for the growth experiment is represented by

ACg = AC or Sg¢ = S or og = o, while the undersaturation for the dissolution

experiment is represented by ACp = -AC or Sp =-S or op = -4.
4.3.2 Crystal growth
Crystal growth is the growth of crystals to larger sizes. In the theory of
crystal growth there are two successive mechanisms; a diffusion step and a surface
integration step (Randolph and Larson, 1988). The first step (diffusion) is where the
transfer of molecules from the bulk solution to the crystal surface occurs, and the
second step concerns the insertion of molecules into the surface (a reaction step), as

shown in Figure 4.1.
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The crystal growth rate can be described either as a mass deposition
rate (i.e. a mass flux) or a rate of linear increase of a characteristic dimension

(i.e. a velocity). Expressed as a velocity, the overall linear growth rate is

o_dL

= (4.1)

where ¢ is the growth time (s) and L is the characteristic dimension that is increasing
(m). The mass flux is equal to the crystal growth rate (as defined in equation (4.1))
multiplied by the density of the crystal. The mass deposition flux can be directly

related to the overall linear growth rate through the relation

Ldm Lk ko dL
= =32 pG=3"2Lp— 4.2
dd kT P *2)

a

R

where R is the mass deposition rate (kg/m’s), m is the crystal mass (kg), 4 is the
surface area of crystal (m?), k, is the volume shape factor (-), k, is the area shape
factor (-), and p is the density of the crystal (kg/m?).

There are several theoretical models used to describe the mechanisms
of crystal growth, and these have been reviewed in detail by Strickland-Constable
(1968), Ohara and Reid (1973), and Mullin (2001).

Diffusion-reaction model

As shown in Figure 4.1 (a), the growth is divided into two steps, i.e.

diffusion of solute molecules from the bulk solution to the interface, with the rate

dm
— =k, A(C-C. 4.3
dt d ( 1) ( )
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and subsequent insertion of molecules into the crystal surface (a reaction step), with a

rate that must be equal to the diffusion step

dm )
—=k AC. - C*) 4.4
dt AG ) 4

Elimination of the unknown interfacial concentration C; leads to

”;—’? = k, A(C — C¥)* (4.5)

where k; is a mass transfer coefficient (m/s), &, is an integration rate constant (m/s),
and k, is the growth rate constant (m/s).

Surface integration models

There are several surface integration models which have been
proposed. The first model is the continuous growth model. This is a model for a
crystal surface which is rough on the molecular scale. For molecular compounds, the
surface becomes rough when the step free energy becomes equal to zero at the
roughening temperature. When a solute molecule arrives at the surface, it is
immediately integrated, as depicted in Figure 4.1(b). For rough growth, crystal faces
tend to become rounded and kinetic roughening is caused by growth at too high
supersaturation. This growth always affects the crystal purity because impurity or
solvent molecules are more easily incorporated (Kramer and van Rosmalen, 2009).

A second model is the screw dislocation or Burton-Caberra-Frank
(BCF) model. This model is used to overcome the limitation of the continuous growth

model (particularly in crystals where the thermodynamics suggest a very smooth
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crystal surface) by recognizing the significance of the screw dislocation, which
presents a continuous spiral during growth (Figure 4.2). When a screw dislocation
occurs on the crystal surface, it continues to produce a self-repeating spiral step
throughout the crystal growth period. This is a source of new steps, and provides for
continuous incorporation of the growth units. This is the model for a molecularly very
smooth crystal surface; the attachment of new molecules is very difficult without the
ledge created by the spiral dislocation. Roughness is provided by the presence of step
and kink sites. Steps at the crystal face are provided by screw dislocations where
spiral growth takes place. The growth rate perpendicular to the surface, G (m/s), can

be expressed as (Mullin, 2001; Randolph and Larson, 1988)

G=A4,.,0° tanh[Bg_CFj (4.6)
where Apcr and Bpcr are constants. In equation (4.6) the growth varies with the level
of the supersaturation. At low supersaturation it leads to a parabolic relationship, but
at high supersaturation it leads to a linear relationship.

Finally, the third common model used is the birth and spread model.
This is a model for a molecularly smooth surface; the growth rate is limited by the
creation of new steps at the surface (Ohara and Reid, 1973). These steps are created
by a mechanism of 2D nucleation followed by layer growth (Figure 4.3). This model
is more likely to occur at high levels of supersaturation because a relatively high level
of supersaturation is required for significant formation of 2D nuclei. The growth rate

based on this model has been developed in the form (Jones, 2002; Garside et al.,

2002)
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G=4, o exp(— %j @4.7)
o

where Ap.s, p, and Bp.s are constants.

I

Figure 4.2 Development of a crystal growth spiral starting from a screw dislocation.

(Adapted from Mullin, 2001)

Figure 4.3 Crystal growth arising from a surface nucleation (birth and spread)

mechanism. (Adapted from Jones, 2002)

General growth expression
The difficulty of the previous theoretical models of crystal growth is

that they can not yet predict crystal growth constants for a particular substance
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a priori. Therefore, crystal growth rate data of industrial crystallization processes are
usually correlated empirically with supersaturation using a power law model of the

form (Myerson and Ginde, 2002)

G=K,o! (4.8)

where G is the growth rate (m/s), K¢ is the growth rate constant (m/s), and » is the
growth rate order. From the theoretical consideration above, for diffusion controlled
growth (mass transfer controlled) » = 1, and for surface integration controlled growth
n=1 -2 (Flood, 2009).

The growth rate is temperature dependent. The relation between the
growth kinetics and temperature is usually given by an Arrhenius relationship of the

form (Mullin, 2001)

-F
K, =k exp[ RTG} (4.9)

where Eg is the activation energy of growth (kJ/mol), T is the temperature (K), kg is

a pre-exponential constant (m/s), and R is the ideal gas constant (8.314 J/mol-K). The
activation energies are typically of the order of 10 - 20 kJ/mol for diffusion controlled
growth and 40 - 60 kJ/mol for surface integration controlled growth (Kramer and
van Rosmalen, 2009).
4.3.3 Crystal dissolution
There are two main steps of dissolution, surface reaction and
detachment of the species followed by transfer of these species toward the bulk

solution across the diffusion layer which surrounds the crystals. Normally surface
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reaction and detachment of the species occurs at the crystal edges and at the pits, and
the surface becomes easily roughened leading detachment to be a fast step, and
diffusion to be the rate controlling step. Therefore, the dissolution rate expression is
based on diffusion being the rate limiting step (Gougazeh et al., 2009; Kramer and

van Rosmalen, 2009)

a

ALk dm Kk e @.10)

dt 3pkAdt 3pk,

or by a combined diffusion and surface reaction rate, as given by equation (4.5) for
growth, where the rate has a negative value for the change in mass, and there is a
decreasing value of A. For practical use in industrial crystallization, dissolution rate
data are usually correlated empirically with undersaturation using a power law model

of the form (Gougazeh et al., 2009)

D=K,o" (4.11)

where D is the dissolution rate (m/s), Kp is the dissolution rate constant (m/s), op is
the relative undersaturation, and m is the dissolution rate order. From the theoretical
consideration above, for diffusion controlled dissolution m = 1.

The dissolution rate is temperature dependent. The relation between
the dissolution kinetics and temperature is usually given by Arrhenius relationship of

the form (Gougazeh et al., 2009)

-F
K,=k) exp{ RTD} (4.12)
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where Ep is the activation energy of dissolution (kJ/mol), T is the temperature (K),

k) is a pre-exponential constant, and R is the ideal gas constant (8.314 J/mol-K).

4.4 Materials and Methods

4.4.1 Materials
pL-met (>99%, Acros Organics), NaOH (>97%, Carlo Erba), Na,COs
(>99.5%, Carlo Erba), HCI (37%, Carlo Erba) and deionized water were used without
further purification. pr-met and deionized water were used to prepare the
supersaturated and undersaturated solutions in all growth and dissolution experiments.
Sodium methioninate (Na-Met) was also required for acidic precipitations of pL-met
to prepare a-pL-met. Aqueous solutions of Na-Met were prepared by the method
previously described in Chapter II.
4.4.2 Apparatus
A 0.5 L batch crystallizer with a sealed glass lid to reduce solvent
evaporation (Figure 2.9 in Chapter II) was used to measure the growth and dissolution
rates. The slurry is continuously agitated at the required speed by a centrally located
four-blade impeller driven by an overhead mixer. The crystallizer was placed inside a
constant temperature water bath, where the temperature was controlled within +0.5°C.
250 mL and 500 mL glass beakers were used as batch crystallizers to
prepare a-pL-met and sodium methioninate (Na-Met) aqueous solutions, respectively.
The temperature control and the agitation systems were the same as for the 0.5 L

batch crystallizer.
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4.4.3 Preparation of the Polymorphic Forms of pL-Met

o-pL-met was prepared using reaction crystallization of Na-Met
aqueous solutions with HCI as described in Chapter II. y-pL-met was prepared by
cooling crystallization of aqueous solutions of pL-met as described in Chapter II. The
seed of pure a-pL-met were obtained by collecting sieved crystals in the size range of
64 - 125 um. The seed of pure y-pL-met were obtained by collecting sieved crystals in
the size ranges of 180 - 250 and 250 - 300 um. Pure crystal polymorphs of each form
were also characterized by X-ray powder diffractometry (XRPD) (Bruker axs,
D5005).

The growth rate was assumed to be size independent growth, which
has been the traditional assumption used. This has been investigated for other species,
for example a-L-glutamic acid (Scholl et al., 2007) and paracetamol (Mitchell,
O’Ciardha, and Frawley, 2011). Therefore, when considering the transformation
kinetics, the growth rate of a-pL-met (seed size: 64 - 125 um) and the growth rate of
y-pL-met (seed size: 180 - 250 um) can be reasonably compared with each other.

4.4.4 Crystal Growth Rate Measurement

The growth kinetics of y-pL-met were studied via seeded batch
desupersaturation experiments using time dependent measurements of both particle
size distributions (PSDs) and solute concentrations (Garside et al., 2002; Schdll et al.,
2007). Experiments were performed at 10, 25, and 40 °C in a 0.5 L batch crystallizer
agitated by a centrally located four-blade impeller driven by an overhead stirrer at
350 rpm, and performed within the secondary nucleation threshold (SNT) region to

avoid nucleation. The solute concentration in the clear liquor was measured
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periodically using dry substance determination (Garside et al., 2002), and the PSD of
crystalline samples was measured using a Malvern Mastersizer (Malvern Instruments,
Mastersizer/S). Volume percent distributions were converted mathematically to
number density distributions in order to determine the number mean growth rate of
the crystals, which is most suitable for use in population balance modeling.
Nucleation was not detected in any seeded batch crystallization for growth
determination. This was observed by the naked eye and also confirmed by the
measurement of the PSD. Growth rate was determined as the time rate of change of
the number mean crystal size.

Desupersaturation experiments were performed on supersaturated
solutions within the SNT region that had previously been heated to 20 °C above the
experimental temperature (this is also at least 5 °C above saturation temperature) for
30 to 40 min to ensure that no ghost nuclei remained in the solution. The solutions
were then cooled to the experimental temperature, after which a quantity of dry seeds
were fed to the crystallizer. A small volume of the suspension was sampled at
particular times during the batch to determine the PSDs and solute concentration. All
experiments were duplicated to determine reproducibility.

The growth experiments for a-pL-met were studied using a similar
method to the growth experiments for y-pL-met, except the experiments were
performed at 5, 15, and 25 °C. Experiments were performed within the area between
the SNT of y-pL-met (the stable polymorph) and the solubility of a-pL-met, to avoid
nucleation.

All experimental conditions for the growth experiments of o-pL-met

and y-pL-met are shown Table 4.1.



116

Table 4.1 Experimental conditions for the growth experiments. The seed size

of a-pL-met is 64 - 125 um and that of y-prL-met is 180 - 250 um.

Exp. no. oGo Temperature (°C) Seed form Seed mass (g)
1 0.091 10 Y 0.5
2 0.149 10 Y 0.5
3 0.091 25 Y 0.5
4 0.114 25 Y 0.5
5 0.072 25 Y 1.0
6 0.088 25 Y 1.0
7 0.094 25 Y 1.3
8 0.110 25 Y 1.3
9 0.051 40 Y 0.5
10 0.053 40 Y 0.5
11 0.080 5 o 0.5
12 0.080 5 o 0.5
13 0.059 15 o 0.5
14 0.060 15 o 0.5
15 0.036 25 o 0.5
16 0.043 25 o 0.5
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4.4.5 Crystal Dissolution Rate Measurement
The dissolution experiments were studied using a similar method to the
growth experiments, except the experiments were performed at 10, 25, and 40 °C, and
under the solubility of y-pL-met. All experimental conditions for the dissolution

experiments are shown in Table 4.2.

Table 4.2 Experimental conditions for the dissolution experiments. The seed is only

y-DL-met.
Exp. no. opo Temperature (°C) Seed size Seed mass (g)
1 0.116 10 250 - 300 1.50
2 0.116 10 250 - 300 1.50
3 0.066 25 180 - 250 1.50
4 0.069 25 180 - 250 1.50
5 0.082 25 250 -300 1.50
6 0.067 25 250 -300 1.51
7 0.051 40 250 - 300 1.80
8 0.054 40 250 -300 1.81

In this work the dissolution rates of a-prL-met and y-pr-met as a
function of undersaturation are assumed to be the same due to dissolution being
considered as a single step (diffusion controlled) process. A bulk diffusion controlled
process does not depend on the crystal structure at the surface (since diffusion occurs
in the liquid phase where the molecule does not occur in a polymorphic form) but

does depend on the level of undersaturation. The two forms should have the same
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dissolution rate dependence on the undersaturation, but for a particular concentration
of pL-met the two forms have different undersaturations since they have different
solubilities. There is currently some debate about whether dissolution is really a two-
step process, and hence this assumption is verified in Chapters V and VI.

Crystals of a-pL-met prepared from reaction crystallization are very
small, and it is impossible to accurately measure the dissolution rate of these crystals
because the dissolution rate to zero size is very fast, and because the time rate of
change in size for very small crystals is difficult to determine with high accuracy.
Hence, in the current study dissolution rates were measured using y-pL-met seed

crystals only.

4.5 Results and Discussions

4.5.1 Crystal Growth Kinetics of a-pL-Met and y-pL-Met

Examples of PSDs from growth experiments of a-pL-met and y-pL-met
at 25 °C are shown in Figures 4.4 and 4.5, respectively. The PSD is plotted on a log-
scale to show that the volume-based PSD is a log—normal distribution, and hence
appears as a normal distribution when size is plotted on a log-scale. The distribution
was confirmed as log-normal by plotting the data on log-normal probability paper or
fitting with log-normal distribution equation as shown in Appendix B.
Photomicrographs of seed crystals and product crystals from a batch run of a-pL-met
and y-pL-met at 25 °C are shown in Figures 4.6 and 4.7, respectively. The analysis
showed that there is no nucleation occurring during the growth process because there
is only one peak in the PSD and no particles smaller than the seed crystals are

detected. The improved shape and features of the product crystals, as shown in
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Figures 4.6 and 4.7, show that correct operation of the batch can lead to improved
product quality. The PSD of product crystals obtained from growth showed only one
peak, which indicates that the growth rate can be easily calculated from the change of
the mean crystal size. The product crystals were also examined by XRPD analysis.
The XRPD patterns of the product crystals were the same as the seed crystals; this
indicates that there was no phase transformation during the growth processes during
the relatively short batch times used. After the growth process of a-prL-met the
concentration reaches the solubility of a-prL-met and then remains constant for some
period of time. At this concentration o-prL-met starts to transform to y-pL-met.
Therefore, the growth rate is measured from the time of seed addition until the
concentration reaches the solubility of a-pL-met. For y-pL-met, after the growth
process the concentration reaches the solubility of y-pL-met and then remains
constant. This indicates that y-pL-met is the stable polymorphic form at these

experimental temperatures (10 - 40 °C).
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Figure 4.4 Particle size distributions of seed and product crystals for the

growth experiment of a-pr-met at 25 °C and gy = 0.043.
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Figure 4.5 Particle size distributions of seed and product crystals for the

growth experiment of y-pL-met at 25 °C and g5y = 0.114.
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(c) 66 =0.013 (d) 06 = 0.007

Figure 4.6 Photomicrographs of seed crystals and product crystals from the

growth experiment of a-prL-met at 25 °C and 9 = 0.043.

A log-normal volume-based PSD indicates that the number distribution
is also log-normal with the same geometric standard deviation (Allen, 1997). The

number mean particle size may then be calculated from the following equation
Inxy, =Inx,, —25In’c, (4.13)

where xy; is the number mean crystal size, x,y is the median of the volume
distribution, and o, is the geometric standard deviation of the volume distribution. The
PSDs of this work were confirmed by discretizing the volume density distribution
into small elements (of 1 mm width), and calculating the number of particles in each

element and then the number mean crystal size. The geometric standard deviation of
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the volume distribution was constant over the time period of the experiment,
indicating common history seed (Srisa-nga et al., 2006). Common History (CH) seed
is a crystal population where the relative growth rate of a crystal is proportional to its

size, and crystals of the same size have the same growth rate.

Lsoum N(¢) a6 = 0.033 (d) o6 = 0.0012

Figure 4.7 Photomicrographs of seed crystals and product crystals from the

growth experiment of y-pL-met at 25 °C and 9 = 0.114.

The mean growth rate was determined as the time rate of change of the
number mean crystal size. The number-basis was used to calculate the growth rate
because the growth rate data can only be obtained from batch growth using the
population balance, which is a number-based balance. If other mean sizes (i.e. the

volume or mass mean sizes) are used then the result is not suitable for use in the
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population balance, and therefore far less useful. The growth and dissolution rates can
be calculated from the change of the number mean crystal size divided by the change
of the time of each measurement, with these being correlated with the average of
measured supersaturation at the same time period.

The technique for calculation the growth rates are shown in Table 4.3.
The growth rate was calculated directly from the change of a smooth plot between the
number mean crystal size and time of each measurement. Figure 4.8 is an example of
this plot. These allow crystal growth rates to be determined as a function of relative
supersaturation; crystal growth rates values are shown in column 7 of Table 4.3 and
the corresponding relative supersaturation values are shown in column 4 of Table 4.3.
Similar techniques are used for determining crystal growth rates as a function of

relative supersaturation at all growth experiments for both a-prL-met and y-pL-met. As

shown in Table 4.3, g¢ is the relatives supersaturation (-), L is the number mean size

(um), and ¢ is the time (min).
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Table 4.3 Example for calculation of crystal growth rates as a function of relative

supersaturation for experimental results of a batch run of y-pL-met

at 25 °C and initial supersaturation of 0.114.

t At oG O G,average L AL G=AL/At
(min) | (min) -) ) (nm) (um) (um/min)
0 0.1093 175.86
2 0.1066 24.32 12.1580
2 0.1039 200.18
3 0.1001 11.70 3.8998
5 0.0963 211.88
5 0.0905 8.89 1.7794
10 0.0847 220.77
10 0.0750 13.26 1.3258
20 0.0652 234.03
10 0.0576 10.41 1.0410
30 0.0500 244.44
10 0.0440 8.20 0.8197
40 0.0380 252.64
10 0.0334 6.45 0.6454
50 0.0287 259.09
10 0.0250 5.08 0.5082
60 0.0213 264.17
10 0.0184 4.01 0.4002
70 0.0155 268.18
10 0.0133 3.15 0.3151
80 0.0110 271.33
20 0.0078 4.43 0.2217
100 0.0046 275.76
20 0.0027 2.74 0.1375
120 0.0007 278.51
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Figure 4.8 Desupersaturation curves and time dependence of crystal sizes from a

batch run of y-pL-met at 25 °C with different initial supersaturation.

Figure 4.8 also shows the batch crystallization profiles for the
condition of 0.5 g of y-pL-met seed crystals having an average size of approximately
178 um, with the crystallization temperature being 25 °C and for initial relative
supersaturations equal to 0.091 and 0.114. Figure 4.8 shows that an increase in the
initial supersaturation results in an increase in the final mean crystal size. This is since
the higher solute concentration in excess of the solubility leads to a higher amount of
solute addition onto the same seed mass. In addition, experiments varying the seed
mass (Figure 4.9) show that an increase of the total seed surface leads to a faster
decrease in supersaturation, and smaller final crystal sizes. This is since the higher
seed surface area results in an increased solid integration rate through crystal growth.
The higher seed mass leads to a smaller average final crystal size since the same

amount of solute is added to a larger number of seed crystals. The desupersaturation
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rate increases with increasing temperature since the integration of solute into the

crystal surface increases with increasing temperature (see Figure 4.10).

0.10 71— T T
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Relative supersaturation (-)
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1 240
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Number mean size (um)

Figure 4.9 Desupersaturation curves and time dependence of crystal sizes from

a batch run of y-pL-met at 25 °C with different seed masses.

The solid lines are given to guide the eye.
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Figure 4.10 Desupersaturation curves from a batch run of y-pL-met at different

temperatures. The solid lines are given to guide the eye.

The growth rates were calculated using the number mean crystal size.
The crystal growth experiments allowed growth kinetics to be determined as a
function of relative supersaturation, as shown in Figures 4.11, 4.12, and 4.13. It can
be seen that, at constant temperature, the growth rates increase with increasing
supersaturation. The results of the experiments with different initial supersaturation
(Figures 4.11 and 4.12) agree very well for all but the first data points (for a-pL-met
experiments) and first three data points (for y-pL-met experiments) of each
experiment, where there were different growth rates predicted for the same
supersaturation value. Similar results are seen at all experimental temperatures. Also
the results of the experiments with different seed mass (Figure 4.13) agree very well
for all but at early periods of the experiment, where there is some differences between

data for different seed masses.
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The explanation for the difference between the growth rates at early
periods of the experiment is unknown, although earlier this has been noted in many
other species, with the phenomenon initially being seen for fructose (Flood et al,
2000). Many explanations have been proposed for this behavior including initial fast
crystal growth as seed crystals repair their surface; later crystal growth being slowed
by slow surface adsorption of impurity molecules (Flood et al, 2000); and the effect of
growth rate history on the crystal surface (Pantaraks and Flood, 2005; Pantaraks,
Matsuoka, and Flood, 2007; Promraksa, Flood, and Schneider, 2009; Flood, 2010).
As seen in Figures 4.6 and 4.7, at higher supersaturation levels (at beginning of the
crystal growth) the crystals have rougher surface, while those at lower supersaturation
levels the crystal surface becomes smoother. This is due to the effect of the growth
history on the crystal surface, with crystals grown more quickly at higher
supersaturation having a rougher surface than the seed crystals from which they were

grown.
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Mean growth rate (um/min)

Relative supersaturation (-)

Figure 4.11 Mean crystal growth rates for a-pL-met as a function of relative

supersaturation at 25 °C with different initial supersaturation.
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Figure 4.12 Mean crystal growth rates for y-pL-met as a function of relative

supersaturation at 25 °C with different initial supersaturation.
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Figure 4.13 Mean crystal growth rates for y-pL-met as a function of relative

supersaturation at 25 °C with different seed masses.

The unusually high growth rates during the early period of all
experiments were ignored in subsequent analysis of crystallization kinetics. If three
experiments are done with three different starting supersaturations, then three
different growth rate values are obtained for the same supersaturation values.
Of course this is physically impossible unless there is some other reason for it, and
that reason is growth rate history as described above. The mean growth rates can be
described for each set of conditions by the power-law model as expressed in
equation (4.8). Therefore, in this work the mean growth rates (which were calculated
using the method as shown in Table 4.3) can be expressed using the power-law model

of the form
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G=""=K,o! (4.14)

AL
At
where G is the mean growth rate (um/min). The experimental results for the growth
of a-pL-met and y-pL-met were fitted with equation (4.14) and the results are shown in
Figures 4.14 and 4.15 for a-pL-met and y-pL-met, respectively. The model fits the data
well. The resulting equations show that the growth rate orders are unity for all
conditions. The values of the growth rate constants obtained from the linear
regression of the experimental data are shown in Table 4.5. The results indicate that
the growth rate constants are strongly temperature dependent. The growth rate
constants can be modeled by the Arrhenius relationship of equation (4.9). The growth
rate constants of both a-pL-met and y-pL-met were fitted with equation (4.9), and the
results are shown in Figure 4.21 together with the dissolution of a-pL-met. The values
of activation energy of growth obtained from the linear regression of the dissolution

and growth rate constants are shown in Table 4.5.
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Figure 4.14 Mean crystal growth rates of o.-pL-met as a function
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Figure 4.15 Mean crystal growth rates of y-pL-met as a function

of relative supersaturation and temperature.

132



133

4.5.2 Crystal Dissolution Kinetics

Examples of PSDs from a dissolution experiment of y-pL-met at 25 °C
are shown in Figure 4.16. The PSD is plotted on a log-scale to show that the volume-
based PSD is a log-normal distribution, and hence appears as a normal distribution
when size is plotted on a log-scale. Photomicrographs of seed crystals and final
crystals from dissolution experiments of y-pL-met at 25 °C were also analyzed
(Figure 4.17). The final crystals obtained from the dissolution processes showed only
one peak, which indicates that the dissolution rates can be easily calculated from the
change of the mean crystal size. The XRPD patterns of the final crystals were the
same as the seed crystals; this indicates that there was no phase transformation during

the dissolution processes during the relatively short batch times used.

L —~— Seed

L —0— 10 min
[ —O0— 50 min
15 o 125min 7]
o L
o 0
=
(&) L
N L
v
e 107 ]
) L
£
= i
> i
X [
5+ 5
07 oA . . . . |
10 100 1000

Particle size (um)

Figure 4.16 Particle size distributions of seed and crystals in suspension vs time

from a dissolution experiment of y-pL-met at 25 °C and apy = 0.082.
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(b) op = 0.033

50 um (d) op =0.005

Figure 4.17 Photomicrographs of seed and final crystals from dissolution

experiment of y-pL-met at 25 °C and opp = 0.082.

The technique for calculating the dissolution rates are shown in
Table 4.4. The dissolution rate was calculated directly from the change of a smooth
plot between the number mean crystal size and the time of each measurement.
Figure 4.18 is an example of this plot. The dissolution rates were calculated using the
same technique for the growth rate as described in Section 4.5.1. These allow crystal
dissolution rates to be determined as a function of relative undersaturation; crystal
dissolution rates are the values in column 7 of Table 4.4, and the corresponding
relative undersaturation are the values in column 4 of Table 4.4. Similar techniques

are used for determining crystal dissolution rates as a function of relative
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undersaturation for all experiments. As shown in Table 4.4, op is the relative

undersaturation (-), L is the number mean size (um), and ¢ is the time (min).

Table 4.4 Example for calculation of crystal dissolution rates as a function of relative

at 25 °C and initial undersaturation of 0.082.

undersaturation for experimental results of a batch run of y-pL-met

t At ) OD,average z AZ D=-AL/At
(min) | (min) ) ) (nm) (wm) | (um/min)

0 0.0820 208.03
1 0.0622 -17.57 17.5711

1 0.0424 190.46
1 0.0389 -10.75 10.7488

2 0.0353 179.71
2 0.0337 -11.10 5.5499

4 0.0321 168.61
2 0.0312 -5.10 2.5505

6 0.0302 163.51
4 0.0283 -5.15 1.2875

10 0.0264 158.36
10 0.0228 -8.00 0.7995

20 0.0191 150.36
10 0.0165 -6.06 0.6065

30 0.0139 144.30
8 0.0124 -3.86 0.4825

38 0.0109 140.44
12 0.0093 -4.52 0.3767

50 0.0076 135.92
15 0.0063 -4.02 0.2682

65 0.0050 131.90
15 0.0042 -2.76 0.1838

80 0.0035 129.14
20 0.0029 -2.37 0.1185

100 0.0023 126.77
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Figure 4.18 Time dependence of undersaturation and crystal sizes from a batch run

of y-pL-met at 25 °C with different initial undersaturations.

The crystal dissolution experiments allowed dissolution kinetics to be
determined as a function of relative undersaturation as shown in Figure 4.19. It can be
seen that, at constant temperature, the dissolution rates of y-pL-met increase with
increasing undersaturation. The results of the experiments with different initial
undersaturation agree very well for all but the first three data points of each
experiment, where there were different dissolution rates predicted for the same
undersaturation value. Similar results are seen at all experimental temperatures. This
indicates that the initial dissolution rate of y-pL-met at early periods of the experiment
(at higher undersaturation) is significantly higher than would be expected from
subsequent crystal dissolution (at lower undersaturation). This is a similar
phenomenon as was found in the growth processes. This may be due to a change in

the surface structure of the crystals as dissolution progressed; the seeds at the initial
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undersaturation may have a rougher surface (on a microscopic scale) than they had
after a period of dissolution, leading to a small difference in stability (see

Figure 4.17).

[ —o— oy, = 0.082

Mean dissolution rate (um/min)
B

Relative undersaturation (-)

Figure 4.19 Mean dissolution rates for y-pL-met as a function of relative

undersaturation at 25 °C with different initial undersaturation.

The initial crystal dissolution rates of all experiments were disregarded
in subsequent analysis of dissolution kinetics. If three experiments are done with three
different starting undersaturations, then three different dissolution rate values are
obtained for the same undersaturation values. Of course this is physically impossible
unless there is some other reason for it, and that reason is the surface roughness as
described above. The mean dissolution rates can be described for each set of
conditions by the power-law model as expressed in equations (4.10) and (4.11).

Therefore, in this work the mean dissolution rates (which were calculated using the
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method as shown in Table 4.4) can be expressed using the power-law model of the

form

D=_B2Y _ g om (4.15)
t

where Dis the mean dissolution rate (um/min). The experimental results of the
dissolution of y-pL-met were fitted with equation (4.15), and the results are shown in
Figure 4.20. The resulting equations show that the dissolution orders are unity for all
conditions, as would be expected for a bulk diffusion controlled process. The values
of the dissolution rate constants obtained from the linear regression of the
experimental data are shown in Table 4.5. The results indicated that the dissolution
rate constants are strongly temperature dependent. The dissolution rate constants can
be modeled by the Arrhenius relationship as expressed in equation (4.12). The
dissolution rate constants were fitted with equation (4.12), and the results are shown
in Figure 4.21 together with the growth rate constants of a-pL-met and y-pL-met. The
values of the activation energy of dissolution obtained from the linear regression of

the dissolution rate constants are shown in Table 4.5.
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Table 4.5 Dissolution and growth kinetic parameters of the polymorphs of pL-met.

Y-DL-met o-pL-met
Temperature
©C) K¢ Eg Kp Ep K¢ Eg
(um/min) | (kJ/mol) | (um/min) | (kJ/mol) | (um/min) | (kJ/mol)

5 - - 9.11

10 10.39 16.93 -

15 - 24.26 - 29.16 19.23 56.00
25 18.87 35.13 48.46

40 27.83 57.87 -
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Figure 4.21 An Arrhenius plot of the growth rate and dissolution rate constants
for pL-met for determination of the activation energy of crystal

growth and dissolution.

Moreover, in the dissolution kinetics experiments, the dissolution rate
of two different sets of seed crystals, in the size ranges of 180 - 250 and 250 - 300 pm
were measured at 25 °C to determine if any size dependence was found in the
dissolution rate. The results showed that the dissolution rates of both seed sizes are
the same (see Figure 2.22). The growth rate is also size independent growth as
described in Section 4.4.3. Therefore, when considering the transformation kinetics,
the growth rate of a-pL-met (seed size: 64 - 125 um), the dissolution rates of y-pL-met
(when the dissolution rates of a-pL-met and y-pL-met as a function of undersaturation
are assumed to be the same) (seed size: 250 - 300 um), and the growth rate of

y-pL-met (seed size: 180 - 250 um) can be reasonably compared with each other.
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Figure 4.22 Mean dissolution rates of y-pL-met as a function of relative

undersaturation at 25 °C with different seed sizes.

4.5.3 Discussion

The SMT is usually the most important process in crystallization of
polymorphs from solution. If a-pL-met crystals are put in a saturated aqueous
solution, a SMT from a-pL-met to y-pL-met will take place. The dissolution of
o-pL-met and growth of y-pL-met are the main kinetics of SMT. Table 4.5 shows that
the dissolution rate constants of y-pL-met are higher than the growth rate constants of
y-pL-met at all temperatures studied. Assuming that the dissolution process is mass
transfer controlled and that therefore the two polymorphs have the same dissolution
kinetics, the dissolution rate of o-prL-met is faster than the growth rate of y-pL-met.
This conclusion is similar to the SMT of other crystalline substances, for example,

L-histidine (Kitamura, 1993), taltireline (Maruyama, Ooshima, and Kato, 1999),
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L-glutamic acid (Dharmayat et al., 2008; Ono et al., 2004; Scholl et al., 2006), and
carbamazepine (Qu et al., 2006). From the results in the current chapter we cannot be
sure of the validity of this conclusion. The uncertainty is also since the dissolution
rates of o-prL-met and y-pL-met as a function of undersaturation of this work are
assumed to be the same due to dissolution being considered as a single step (diffusion
controlled), and hence the dissolution rates were measured using y-pL-met seed
crystals only. The assumption is checked in Chapters V and VI and more conclusions
are also described in those chapter. Moreover, the growth rate of the a-pL-met is also
faster than the growth rate of y-pL-met, except at low temperature. The crystallization
kinetics of the metastable polymorphs are usually faster than the stable polymorphs
when the metastable polymorphs appear first and then transform to a more stable
polymorphs (Ono et al., 2004; Jiang, ter Horst, and Jansens, 2008; Roelands et al.,

2006).

4.6 Conclusions

In this work, the kinetics of the processes which contribute to the rate of
transformation between the polymorphs have been studied. The growth and
dissolution kinetics of the two polymorphs were measured between 5 and 40 °C in an
agitated batch crystallizer. The initial growth rate (at higher supersaturation) is
significantly higher than subsequent crystal growth (at lower supersaturation). During
the early periods of the experiments there were much larger growth rates than that
would be expected from extrapolation of the data determined during the later time
periods. This is due to the effect of the growth history on the crystal surface, with

crystals grown more quickly at higher supersaturation having a rougher surface on a
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microscopic level than the seed crystals they were grown from. At all temperatures
studied, the growth rate orders of both a-pL-met and y-pL-met are 1. The dissolution
rate order of a-pL-met is also 1. The growth and dissolution rate constants increase
with increasing temperature and follow an Arrhenius relationship. At all temperatures
studied, the growth rate of a-prL-met and the dissolution rate of y-prL-met are faster

than the growth rate of the y-pL-met for equivalent driving forces.
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CHAPTER V
POLYMORPHIC TRANSFORMATION OF
pL-METHIONINE IN AQUEOUS SOLUTION:

EXPERIMENTATION

5.1 Abstract

In this work, the solution-mediated transformation (SMT) of a-pL-met into
y-pL-met in water at 25 °C via a seeded batch crystallization process was studied by
measurement of the change of the solute concentration and the fraction of y-pL-met in
the crystal phase with time during the crystallization process. The solute concentration
was measured off-line using the dry substance method since this is recognized as the
most accurate method for concentration determination. The fraction of y-pL-met was
measured off-line by XRPD by setting a calibration curve using the internal standard
method. The internal standard method was done by setting up a calibration curve
using mixtures of a-pL-met, y-pL-met, and NaCl, where NaCl was the internal
standard. The mechanism of the SMT was interpreted to be a two step process,
consisting of the dissolution process of a-pL-met and the crystallization process
(nucleation and growth) of y-pL-met. The dissolution of a-prL-met is the rate
controlling step during the transformation. The transformation time for the case where
the seed was added to a supersaturated solution within the SNT region is longer than

the case where the seed was added to a supersaturated solution above the SNT region.
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5.2 Introduction

When the driving force is created in a solution of a polymorphic compound,
the system tends to minimize its free energy. Theoretically, this leads to the
crystallization of the stable polymorph. However, if the crystallization kinetics of the
metastable polymorph are faster the compound may crystallize into this metastable
polymorph first. Eventually the metastable polymorph should transform into the
stable one (Roelands, 2005). This phenomenon of formation of the kinetically
controlled polymorph over the thermodynamically favored form is known as
Ostwald’s rule of stages (Threlfall, 2003). This rule is based on observation and is not
a physical law (Roelands et al., 2006); it is often incorrect, particularly in cases where
the solution is either below the solubility of the metastable polymorph, or below the
nucleation threshold of the metastable polymorph. Moreover, if both polymorphs
crystallize at similar rates a mixture of the two polymorphs is initially obtained; this is
called concomitant polymorphism (Bernstein, Davey, and Henck, 1999).

The metastable polymorph will transform to the stable polymorph via solid-
state transformation (SST) (O’Brien, Timmins, Williams, and York, 2004; Jiang,
Jansens, and ter Horst, 2010a) or solution-mediated transformation (SMT) (Scholl,
Bonalumi, Vicum, and Mazzotti, 2006; Jiang, Jansens, and ter Horst, 2010b). In the
case of true SST the crystal lattice transforms into the different arrangement, for
instance when the temperature is raised. Studies of SST are important, for example
the sudden appearance or disappearance of a polymorphic form in pharmaceutical
products can lead to serious consequences if the transformation occurs in the dosage
forms (Vippagunta, Brittain, and Grant, 2001). The transformation in the solid state is

often much slower than in the solution. For the SMT the transformation of the
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metastable polymorph into the stable polymorph occurs when a liquid phase
surrounds the crystals. SMT consists of the nucleation and crystal growth of the stable
polymorph and the dissolution of the metastable polymorph. There are two
mechanisms that could control the transformation rate: either the dissolution rate of
the metastable polymorph is limiting or the crystallization rate of the stable
polymorph is limiting (Mangin, Puel, and Veesler, 2009). SMT is found in the
crystallization of polymorphic compounds in solution. Crystallization with seeding
(which is commonly found in industrial crystallization) is the easy way to study the
SMT mechanisms. However, the SMT can be studied via unseeded crystallization
where the metastable polymorph forms first, followed by transformation to the more
stable polymorph (Ostwald’s rule). Therefore, crystallization processes involving
polymorphs consist of the competitive nucleation and crystal growth of the
polymorphs, and the transformation from the metastable to the stable polymorph. In
this work the focus is on the SMT of the polymorphs of pL-methionine (pL-met).

To study the mechanisms of SMT and identify which mechanism is the
limiting step the polymorphic composition of the slurry has to be followed in time in
combination with the concentration of the solute in the solution. For example, the
SMT of the metastable a polymorph of L-glutamic acid was studied by Garti and Zour
(1997), by Ono, Kramer, ter Horst, and Jansens, (2004), by Scholl et al., (2006), and
by Dharmayat et al. (2008). In all studies the aqueous suspension was stirred in an
agitated crystallizer. It was concluded that the growth rate of the stable  polymorph
was the rate controlling step during the transformation processes. In addition, the
experimental results of Garti and Zour (1997) showed that the transformation could be

inhibited by the addition of surfactants. Kitamura (1993) found that the dissolution
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rate constant of the metastable B polymorph of r-histidine was nearly six times larger
than the growth rate constant of the stable A polymorph, which indicated the
transformation process in aqueous solution was growth controlled. The SMT of the
metastable a polymorph of taltireline to the stable B polymorph in water at 10 °C was
studied by Maruyama, Ooshima, and Kato, (1999). It was found that the growth rate
of the stable B polymorph was the rate controlling step during the transformation
process, and the coexistence of methanol promoted the transformation rate.
Qu, Louhi-Kultanen, Rantanen, and Kallas (2006) found that the crystallization
(nucleation and growth) of dihydrate form (CBZH) of carbamazepine was the rate
controlling step for the transformation of anhydrous form (CBZA) into CBZH in
water-ethanol mixed solvent.

Usually, the transformation rate is controlled by the growth rate of the stable
polymorph as described in the above examples. However, the transformation rate can
be controlled by the dissolution rate of the metastable polymorph. For example, the
transformation rate of the metastable 3 polymorph of glycine to the stable a
polymorph in water-ethanol mixed solvent was limited by the slow dissolution rate of
the metastable [ polymorph (Ferrari, Davey, Cross, Gillon, and Towler, 2003). In this
work it was concluded that increased attrition of the metastable polymorph created
additional surface area which facilitated the rate-limiting dissolution process.

The experiment to study the SMT can be performed by monitoring the
transformation of the metastable polymorph to the stable polymorph during the
crystallization. Monitoring the transformation involves measuring the change of the
supersaturation (or solute concentration) and polymorphic fraction with time during

the crystallization process. Several methods have been used to measure the solute
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concentration during the SMT experiments, for example the dry substance method
(Qu et al., 2006; Roelands et al., 2006; Jiang, ter Horst, and Jansens, 2008), using UV
spectroscopy (Kitamura, 1993; Garti and Zour, 1997; Lu, Wang, Yang, and Ching,
2007), and using HPLC (Maruyama et al., 1999). There are many analytical methods
which have been used for measuring the polymorphic fraction off-line, for example
Raman spectroscopy (Ono, Kramer et al., 2004; Qu et al., 2006; Roelands et al.,
2006), X-ray powder diffractometry (XRPD) (Kitamura 1993; Garti and Zour, 1997,
Maruyama et al.,, 1999; Kitamura and Sugimoto, 2003), and Fourier transform
infrared spectroscopy (FT-IR) (Ferrari et al., 2003; Lu et al., 2007). However, for this
purpose there are at least two techniques have been applied in-situ during
crystallization: XRPD (Davis et al., 2003; Hammond, Lai, Roberts, Thomas, and
White, 2004; Dharmayat et al., 2008) and Raman spectroscopy (Ono, ter Horst, and
Jansens, 2004; Qu et al., 2006; Scholl et al., 2006; Jiang et al., 2010b). During the
crystallization experiment simultaneous in-situ measurements and off-line
measurements of the polymorphs fraction were done by Ono, ter Horst et al. (2004)
and by Qu et al. (2006), and the two techniques showed good agreement.

All of the above techniques are accurate enough for determining the solute
concentration and polymorphic fraction during the crystallization process. The
accuracy depends on the performance of each equipment, and the reliability and
robustness of the sampling techniques, data analysis, etc. Usually, off-line handling
rather than in-situ measurements may be the cause of the observed deviations.
However, the studies of Ono, ter Horst et al. (2004) and Qu et al. (2006) showed that

the off-line result is accurate enough for this purpose as described above. Therefore,
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in this work the dry substance method was used to determine the solute concentration
and XRPD was used for measuring the polymorphic fraction off-line.

The aim of this work is to study the SMT of the metastable a-pL-methionine
(a-pL-met) to the stable y-pL-methionine (y-pL-met) in aqueous solution at 25 °C. The
polymorphic transformation was studied by measuring the changes of the
polymorphic fraction and the solute concentration with time during the crystallization
process. The off-line measurements of the solute concentration and polymorphic

fraction were measured by the dry substance method and XRPD, respectively.

5.3 Theory

The transformation of polymorphs can be carried out only from the less stable
polymorphs to the most stable one. During crystallization from solution of a
polymorphic compound the phase transformation phenomena are often promoted by
the liquid phase surrounding the crystals. This is usually called solution-mediated
transformation (SMT).

If the polymorphic system is far away from the transformation temperature, as
shown in Figure 5.1(a), the metastable polymorph (polymorph II) has a higher
solubility than the stable polymorph (polymorph I). Initially, the solution at
concentration C; and temperature 7 is supersaturated with respect to both polymorphs.
For Ostwald’s rule of stages, when the crystallization kinetics, determined by both the
nucleation rate and the growth rate, of polymorph II are faster than that of
polymorph I, polymorph II crystals will initially nucleate and grow (Jiang et al.,

2010b; Roelands, 2005). The solute concentration C; drops to the solubility of

polymorph II, C,,. This is since the crystal growth is of polymorph II. At this point,
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the solution is saturated with respect to polymorph II while still supersaturated with
respect to polymorph 1. This corresponds with the beginning of region 1 in
Figure 5.1(b), where the supersaturation ratios S; of polymorph I and S of polymorph
IT are a function of time, and both the supersaturation ratios decrease because of the

decrease of the solute concentration C..
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Figure 5.1 Thermodynamic and kinetic features of the SMT: (a) typical solubility
curves of a monotropically related stable polymorph (polymorph I)
and metastable polymorph (polymorph II), (b) general features of
the time dependence of supersaturation ratios in a SMT.

(Adapted from Jiang et al., 2010b)

Because the solution is still supersaturated with respect to polymorph I,
polymorph I crystals start nucleating and growing, and polymorph II start dissolving
when the supersaturation ratio of polymorph II becomes S; < 1. This is the start of
SMT, which consists of the nucleation and crystal growth of the stable polymorph and
the dissolution of the metastable polymorph (Jiang et al., 2010b; Schdéll et al., 2006).

The solute concentration is balanced by the decrease in the solute concentration due to
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the growth of polymorph I crystals and the increase the solute concentration due to the
dissolution of polymorph II crystals. In many cases, the phase transformation is a

growth-controlled transformation. During the transformation the solute concentration
C; is maintained at or close to the solubility C, of polymorph II because the

dissolution of polymorph II crystals is rapid enough to maintain the solution

concentration C;. This coincides with region 2 in Figure 5.1(b) which the
supersaturation ratio S;remains at a plateau value of S, = C}, /C,.

The solute concentration (or supersaturation ratio) remains constant until
polymorph II crystals have completely dissolved. The solute concentration starts to
decrease upon the further growth of polymorph I crystals, and the whole

transformation process is complete when the solute concentration C; reaches the
solubility C; of polymorph 1. At this point the supersaturation ratio of polymorph I

S; =1, and supersaturation ratio of polymorph II becomes S;; < 1. This is indicated as
region 3 in Figure 5.1(b).

It i1s important to note that if the phase transformation is a growth-controlled
transformation, the concentration profile corresponds to curve (1) in Figure 5.2 where
the plateau of solute concentration is located in the vicinity of the solubility of the
metastable polymorph (Mangin et al., 2009). This indicates the growth rate constant is
much smaller than the dissolution rate constant. If the solute concentration drops
immediately to the solubility of the stable polymorph (as shown curve (2) in
Figure 5.2), the phase transformation is a dissolution-controlled transformation. This
indicates the dissolution rate constant of the metastable polymorph is much smaller

than that the growth rate constant of the stable polymorph.
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Figure 5.2 Concentration as a function of time during SMT: curve (1) growth-
controlled transformation, curve (2) dissolution-controlled

transformation. (Adapted from Mangin et al., 2009)

5.4 Experimental Methods

5.4.1 Materials
pL-met (>99%, Acros Organics), NaOH (>97%, Carlo Erba), Na,COs
(>99.5%, Carlo Erba), HCI (37%, Carlo Erba) and deionized water were used without
further purification. pr-met and deionized water were used to prepare the
supersaturated solutions in all SMT experiments. Sodium methioninate (Na-Met) was
also required for acidic precipitations of prL-met to prepare o-pL-met. Aqueous
solutions of Na-Met were prepared by the method previously described in Chapter II.
5.4.2 Apparatus
A 0.5 L batch crystallizer with a sealed glass lid to reduce solvent
evaporation (Figure 2.9 in Chapter II) was used to study the SMT. The slurry is

continuously agitated at the set speed by a centrally located four-blade impeller driven
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by an overhead stirrer. The crystallizer was placed inside a constant temperature water
bath, where the temperature was controlled within +0.5°C.

250 mL and 500 mL glass beakers were used as batch crystallizers to
prepare a-pL-met and sodium methioninate (Na-Met) aqueous solutions, respectively.
The temperature control and the agitation systems were the same as for the 0.5 L
batch crystallizer.

5.4.3 Preparation of Polymorph

o-pL-met was prepared using reaction crystallization of Na-Met
aqueous solutions with HCI as described in Chapter II. The obtained pure o-pL-met
with the size range of 64 - 250 um was used as seed.

5.4.4 Analysis of the Polymorphic Fraction

X-ray powder diffractometry (XRPD) (Bruker axs, D5005) was used
for the measurement of the polymorphic content during crystallization (or
polymorphic transformation experiments). XRPD have been used to quantify the
polymorphic crystalline material off-line in the literature (Takahashi, Takenishi, and
Nagashima, 1962; Kitamura 1993; Garti and Zour, 1997; Maruyama et al., 1999;
Kitamura and Sugimoto, 2003). This method is based on a calibration curve using
prepared polymorphic mixtures as dry powder. Takahashi et al. (1962) showed that an
exponential calibration line was obtained from the direct method (a binary mixture of
the two polymorphs), while a linear calibration line was obtained from the internal
standard method (mixtures of the two polymorphs with a known amount of the
internal standard). This indicates that the internal standard method is more efficient
and more accurate than the direct method. A suitable internal standard should have

satisfactory purity, sharp diffraction lines, and a suitable line free from interference
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and superposition (Takahashi et al., 1962). In this work the internal standard is NaCl.

The XRPD patterns of NaCl, a-pL-met, and y-pL-met are shown in Figure 5.3.

31.70°
NaCl
: T A
33.82°
y-pL-met A\ 28 £6° J N
25.30° o
o-DL-met 32,84
10 20 30 40 50
26 (°)

Figure 5.3 XRPD patterns for a-pL-met, y-pL-met, and NaCl.

From Figure 5.3, the characteristic peaks are at 20 = 31.7° for NaCl,
20 = 25.3° and 32.84° for a-pL-met, and 20 = 28.06° and 33.82° for y-pL-met. The

following equations were used for construction the calibration lines.
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Based on peak intensities:
]}/,33.82° + 17,28.06" + 1 _ Ia,32‘84° + 1 _ ]a,25.3°
]N,31.7° ]N,31.7° IN,31.7°

= 1
Y, 2 (5.1)

Based on area of the peaks:

A}/,33.82° + A}/,28‘06° + 1= Aa,32.84° +1= Aa,25.3°
y — AN,31,7° AN,31.7° AN,31.7°

= y (5.2)

where [ is the characteristic peak intensity, 4 is the area under curve of the
characteristic peak, and Y is the calculation factor. The calibration curves were thus
obtained from plotting Y against the concentration of y-pL-met in standard samples.
The standard samples were prepared as mixtures of the two polymorphs and NaCl, in
various mass fractions with a constant mass of NaCl. These fractions are shown in
Table 5.1. The mixing was done in a mortar by hand, with grinding for more than 10
min. The mixing should be done softly to avoid the transformation of the metastable

a-pL-met to the stable y-pL-met due to the heat effect from grinding.
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Table 5.1 Compositions of the synthetic mixtures for the multi-component system.
Note that the weight percent of y-pL-met is based on the binary mixture

of a-pL-met and y-pL-met.

Weight and weight percent of sample
Replicate no.
a-pL-met (g) y-pL-met (g) NaCl (g) | y-pL-met (Wt.%)
0.0000 1.0003 0.5000 100
0.0999 0.9004 0.5000 90
0.2003 0.8004 0.5001 80
0.3503 0.6501 0.5004 65
1 0.5000 0.5000 0.4999 50
0.6502 0.3499 0.5002 35
0.8002 0.2001 0.5000 20
0.8999 0.0998 0.5003 10
1.0000 0.0000 0.5000 0
0.0000 1.0002 0.5002 100
0.1000 0.8997 0.5001 90
0.2001 0.8001 0.4999 80
0.3503 0.6502 0.5006 65
2 0.5001 0.5000 0.5000 50
0.6502 0.3503 0.5000 35
0.8000 0.2004 0.4999 20
0.9000 0.1000 0.5003 10
1.0004 0.0000 0.5005 0
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Table 5.1 (continued)

Weight and weight percent of sample
Replicate no.
a-pL-met (g) y-pL-met (g) NaCl (g) | y-pL-met (Wt.%)
0.0000 0.9999 0.5004 100
0.0999 0.9000 0.5003 90
0.2001 0.8004 0.5000 80
0.3501 0.6500 0.5003 65
3 0.5003 0.5000 0.5002 50
0.6501 0.3500 0.5000 35
0.8001 0.2000 0.5000 20
0.9002 0.1004 0.5001 10
0.9999 0.0000 0.5001 0

5.4.5 Polymorphic Transformation Experiments

The polymorphic transformation experiments were studied by seeded
batch crystallization. There are two distinct experiments (as shown in Table 5.2):
(1) seed crystals were added to a supersaturated solution where the supersaturation
level is above the secondary nucleation threshold (SNT) for y-pL-met, and (2) seed
crystals were added to a supersaturated solution where the supersaturation level is in
the SNT for y-pL-met. All experiments were performed at 25 °C in a 0.5 L batch
crystallizer agitated by a centrally located four-blade impeller driven by an overhead
stirrer at 350 rpm. The solute concentration in the clear liquor was measured

periodically using dry substance determination (Garside, Mersmann, and Nyvlt,
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2002). In addition, the solid fraction in wt.% was measured periodically using the

calibration curve which is given in Section 5.4.4.

Table 5.2 Experimental conditions of the polymorphic transformation experiments

where the seed is a-pL-met. SNT indicates the SNT for y-pL-met.

Amount of Go
Exp. no. Sa,0 S0 Level of Cy
seed (8) | (g pL-met/ kg water)

1 1 40.50 1.14 | 1.20 above SNT
2 1 40.50 1.14 | 1.20 above SNT
3 1 40.50 1.14 | 1.20 above SNT
4 1 40.50 1.14 | 1.20 above SNT
5 2 37.00 1.04 | 1.10 in SNT
6 2 37.00 1.04 | 1.10 in SNT
7 2 37.00 1.04 | 1.10 in SNT

At the beginning of all experiments, the supersaturated solutions were

prepared by dissolving pL-met in deionized water at 55 °C (at least 20 °C above

saturation temperature) for 30 to 40 min to ensure that no ghost nuclei remained in the

solution. After complete dissolution of the solid material the solutions were then

cooled to the experimental temperature, which was then held constant throughout the

process, and a quantity of dry seeds was fed to the crystallizer. A small volume of the

suspension was sampled at particular times during the batch to determine the solid

fraction and the solute concentration.
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The experimental conditions are shown in Table 5.2, where Cj is the
initial concentration, and S, and S, are the initial supersaturations with respect to
a-pL-met and y-pL-met, respectively.

5.4.6 Characterization of Uncertainty
Wherever uncertainty is indicated in this chapter the uncertainty is

represented by 90% confidence interval (see Appendix A).

5.5 Results and Discussions

5.5.1 Analysis of the Polymorphic Fraction

The obtained XRPD patterns for the reference mixture samples
(for replicate number 1) are shown in Figure 5.4. This shows that the characteristic
peaks of each polymorph and NaCl do not overlap (in the case of pure a-pL-met or
y-pL-met). The characteristic peaks of a-pr-met and y-prL-met overlapped for the
mixture samples. It is observed that as the fraction of y-pr-met changes the height and
area of the characteristic peaks change correspondingly. Therefore, quantitative
analysis can be done by a calibration line which was constructed from the overlapped
peak intensities, or areas under the characteristic peaks of each polymorph, as
described in Section 5.4.4. This illustrates how the characteristic peaks of each
polymorph change with the polymorphic fraction. These indicate that XRPD can be
used to analyze the quantitative of the solid composition of polymorphic forms during

the transformation process well.
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Figure 5.4 XRPD patterns (5 - 50° 20) of various compositions

of a-pL-met, y-pL-met, and NaCl.

The plots of the calculated factor Y against the fraction of y-pL-met in
the standard samples are shown in Figures 5.5 (for Y;) and 5.6 (for Y4). The linear

relationships are

Y, =0.2992w +0.4521 (5.3)
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Y, =0.3322w+ 0.4405 (5.4)

where w is the mass fraction of y-pL-met (wt.%) and the mass fraction of a-prL-met is
1 - w. The calibration line (Figures 5.5 and 5.6) exhibits good linearity over the entire
concentration range studied. The rmsd values for the fitting equation of ¥; and Y, are
0.0098 and 0.0109, and R-squared values are 0.9944 and 0.9945, respectively. These
two figures suggest that the calibration line applied in this work for the quantification
of the polymorphic mixture of pL-met via XRPD is practical. These two equations
were used to determine the polymorphic fractions of y-pL-met obtained during the
polymorphic transformation experiments. The fraction w is the average value that is

obtained from equations (5.3) and (5.4).

y-pL-met content (wt.%)

Figure 5.5 The calibration curve for analysis of the fraction of y-pL-met based on the

peak intensities. XRPD measurements (circle) and the fit (solid line).
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y-bL-met content (wt.%)

Figure 5.6 The calibration curve for analysis of the fraction of y-pL-met based on the

area of the peaks. XRPD measurements (circle) and the fit (solid line).

5.5.2 Polymorphic Transformation

Figure 5.7 shows the typical change in the XRPD patterns of the
product crystals relative to the crystallization time from the seeded batch
crystallization at 25 °C and Cy = 40.5 g prL-met/kg water (for which the initial
supersaturation level is above the SNT for y-pL-met). It was found that the
characteristic peak heights of each polymorph (e.g. peaks at 32.84° for a-pL-met and
33.82° for y-pL-met) gradually changed with crystallization time because of the
spontaneous generation of y-prL-met and the transformation of polymorphs during
crystallization process. The characteristic peaks for y-pL-met increase with
crystallization time, while the characteristic peaks for o-pL-met decrease with
crystallization time. This indicates that there is a transformation of o-pL-met into

y-oL-met during the crystallization process. Therefore, according to the SMT
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mechanism of the polymorphs (Mangin et al., 2009; Jiang et al., 2010b), the stable
y-pL-met is nucleated, and then simultaneously the metastable a-prL-met is dissolved
and the stable y-pL-met is grown. Figure 5.7 also shows that the characteristic peaks of
y-pL-met appear clearly at 1 h. This leads to the conclusion that y-pL-met is nucleated
at or close to 1 h. This indicates that there is an induction time for nucleation of
y-pL-met. Only y-pL-met was nucleated because only y-pL-met was found to nucleate
during the crystallization of prL-met from aqueous solution (Matsuoka, Yamanobe,
Tezuka, Takiyama, and Ishii, 1999). The resulting peaks indicate the amount of
a-pL-met and y-pL-met in the solid (which can be calculated from equations (5.3) and
(5.4)) present as a function of crystallization time, as shown in Figure 5.8.

The SMT is a complex process because there are several mechanisms,
including the dissolution of the metastable polymorph and the nucleation and growth
of the stable polymorph, which are both involved in the transformation. The
comparison of the solute concentration profile and the solid phase composition
measured using XRPD allows for the identification of the mechanisms during the
transformation. The measured solute concentration and the solid phase composition
(y-pL-met fraction) obtained from the seeded batch crystallization at 25 °C and
Co =40.5 g pL-met/kg water (where the initial supersaturation level is above the SNT
for y-pL-met) are shown in Figure 5.8. A magnification of the rapid decrease in the

solute concentration in the range of 0 - 60 min is shown in Figure 5.9.
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Figure 5.7 XRPD patterns of the solid mixture taken at various times during the
polymorphic transformation of a-prL-met into y-pL-met at 25 °C

and Cy = 40.5 g pL-met/kg water.
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Figure 5.8 Solute concentration and fraction of y-pL-met in the crystal phase during
the polymorphic transformation of a-prL-met into y-pL-met at 25 °C and

Co = 40.5 g p.-met/kg water. The solid lines are given to guide the eye.

Figure 5.8 clearly illustrates the transformation process where a-pL-met
seeds have been added to the supersaturated solution. Initially, the solute
concentration is supersaturated with respect to both polymorphs, and o-pr-met
crystals were seeded. The growth of a-pL-met initially occurs since crystals of this
polymorph are already present in the solution. This leads to a drop in the solute
concentration, to the solubility of a-pL-met, within 30 min (Figure 5.9). At this point,
the solution is saturated with respect to a-pL-met, while still being supersaturated with
respect to y-pL-met. The solute concentration is maintained at, or close to, the

solubility of a-pL-met during a short period (30 min).
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Figure 5.9 The magnification of the solute concentration in Figure 5.8 in the

range of 0 - 60 min. The solid line is given to guide the eye.

Since the solution is still supersaturated with respect to y-bL-met,
y-pL-met crystals start nucleating and growing, and o-pL-met start dissolving as the
solute concentration drops lower than the solubility of a-pL-met (S, < 1). This is the
start of the SMT of a-pL-met into y-pL-met, which consists of the nucleation and
crystal growth of the stable y-pL-met and the dissolution of the metastable a-prL-met.
This also indicates that the induction time for nucleation of y-pL-met is approximately
30 min. As shown in Figure 5.8, the amount of y-pL-met begins to increase at this
point. The increase in solute concentration due to dissolution of a-pL-met is balanced
by the decrease in the solute concentration due to the growth of y-pL-met crystals at
this point. The dissolution of a-pL-met crystals is rapid enough to maintain the solute
concentration for only a short period of time (30 min). After that the solute

concentration drops rapidly to the solubility of y-pL-met within the crystallization time
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of 1,400 - 2,000 min, while the transformation still occurs continually (the fraction of
y-pL-met still increases). After 2,000 min the transformation still occurs until the
fraction of y-pL-met reaches 1 (complete transformation) at approximately 5,400 min.
The solute concentration is maintained at or close to the solubility of y-pL-met. This
means that from 60 min until 5,400 min the dissolution of a-pL-met crystals is not
rapid enough to maintain the solute concentration at or close to the solubility of
a-pL-met. This can demonstrate that the dissolution rate of a-pL-met is slower than the
crystallization rate of y-prL-met. The transformation process in this period depends on
the simultaneous growth of y-pr-met and the dissolution of o-pL-met. The
supersaturated solution is created by the slower dissolution of a-pL-met, but the solute
concentration drop is more rapid due to the faster growth of y-pL-met. These two
processes are occurred simultaneously until the a-pL-met crystals are completely
dissolved, which means that the transformation is complete. The transformation time
in this case is approximately 5,400 min.

The results in the case where a-prL-met crystals were seeded to a
supersatured solution where the supersaturation level is within the SNT for y-pL-met
are shown Figures 5.10-12. Figure 5.10 shows the typical change in the XRPD
patterns for this case. There is noise (or a lot of the small peaks) in the XRPD
patterns. A possible explanation is a reduction in the performance of the XRPD in
Suranaree University of Technology. After the changes to the machine the XRPD
works, and patterns of sample are the same as previous measurements, but there is
some noise in the spectra and all peak intensities are reduced. However, the ratios of
the peak or peak areas are still the same. This indicates that the quantification of the

polymorphic fraction still works.
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Figure 5.10 shows that the change in the XRPD patterns is similar to
the previous case, but the transformation time is longer. It seems that the nucleation of
y-pL-met does not start during the initial period which indicates that the
transformation does not occur during this period either. This can be confirmed from
the fact that the characteristic peaks of y-pL-met appear clearly at around 2 - 3 days
(48 - 72 h). This indicates that there is an induction time which is required for the
nucleation of y-pL-met. This is reasonable because the seed was added to the
supersatured solution where the supersaturation level is within the SNT of y-pL-met.

The measured solute concentration and the solid phase composition
(fraction of y-pL-met) obtained from the seeded batch crystallization at 25 °C and
Co = 37.0 g pL-met/kg water (where the initial supersaturation level is within the SNT
for y-pL-met) are shown in Figure 5.11. The magnification of the rapid decrease of the
solute concentration in Figure 5.11, in the range of 0 - 70 min, is shown in

Figure 5.12.
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Figure 5.11 Solute concentration and fraction of y-pL-met in the crystal phase during

the polymorphic transformation of a-prL-met into y-pL-met at 25 °C and

Co = 37.0 g p-met/kg water. The solid lines are given to guide the eye.

Figure 5.11 clearly illustrates the transformation process where

a-pL-met seeds are added to the supersaturated solution. Since the seed was added to a

supersaturated solution within the SNT region, there is an induction time for the

nucleation of y-pL-met. As shown in Figure 5.11, the induction time (the time where

the fraction of y-pL-met starts to increase from zero) is more than 2 days (2,880 min);

due to the measurement uncertainty the induction time is around 2 - 3 days.
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Figure 5.12 The magnification of the solute concentration in Figure 5.11 in the
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As shown in Figure 5.11, initially the solute is supersaturated with
respect to both polymorphs, and a-pL-met crystals were seeded. However the initial
supersaturated solution is within the SNT region so that the only growth of a-pL-met
was occurred initially. This leads to the solute concentration dropping to the solubility
of a-pL-met within 40 min (Figure 5.12). At this point, the solution is in equilibrium
with respect to a-pL-met, and the solution will remain at this equilibrium until the
crystallization time reaches the induction time for the nucleation of y-pL-met (around
2 - 3 days). When the system reaches this induction time, y-pL-met crystals start
nucleating (the fraction of y-pL-met starts to increase from zero) and growing, which
causes o-pL-met to start dissolving when the supersaturation ratio of o-pL-met
becomes S, < 1. This is the start of the SMT of a-pL-met into y-pL-met, where the

behavior of the SMT is similar to the previous case. The solute concentration is
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balanced by the decrease in the solute concentration due to the growth of y-pL-met
crystals and the increase the solute concentration due to the dissolution of a-pL-met
crystals. In this case, after the start of the transformation, the solute concentration
drops slowly to the solubility of y-pL-met (not remaining constant at the solubility of
a-pL-met), while the fraction of y-pL-met increases slowly until it reaches 1 (complete
transformation). This can be explained in a similar way to the previous case. Namely,
the dissolution rate of a-pL-met is slower than the growth rate of y-pL-met. Therefore,
the transformation process depends on the simultaneous growth of y-pL-met and the
dissolution of a-pL-met. These two processes simultaneously occur until o-prL-met
crystals are completely dissolved, which means that the transformation is complete. In
this case, the transformation is complete at approximately 8 days (11,520 min). The
transformation time is around 5 - 6 days, which is the time between the induction time
and the complete transformation time. The transformation time is longer than the
previous case due to a slower crystallization of y-pL-met.
5.5.3 Discussion

The transformation experiments showed the SMT of o-pL-met into
y-pL-met at 25 °C is a dissolution controlled process, where the mass transfer of solute
to the growing phase rapidly depletes the solute concentration to the value consistent
with the minimum level of supersaturation required to maintain the growth of the
stable polymorph (Dharmayat et al., 2008). This is since the solute concentration
drops immediately to the solubility of the stable polymorph as shown in Figures 5.8
and 5.11. In the literature there are a lot of studies showing that the growth of the
stable polymorph was the limiting step, for example L-glutamic acid (Garti and Zour,

1997; Ono, Kramer et al., 2004; Scholl et al., 2006; Dharmayat et al., 2008),
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L-histidine (Kitamura, 1993), taltireline (Maruyama et al., 1999), and carbamazepine
(Qu et al., 2006). The SMT of glycine is at least one example where the dissolution of
the metastable polymorph was the limiting step (Ferrari et al., 2003).

The conclusion here indicates that the assumption behind the
dissolution measurement in Chapter IV is not true. Namely, in Chapter IV the
dissolution rates were measured based on y-pL-met seed crystals and then assuming
the same dissolution rate for both a-pL-met and y-prL-met due to the dissolution being
considered as a single step (a diffusion controlled process). This result showed that
the dissolution rate of a-pL-met was faster than the growth rate of y-pL-met. But the
results of the SMT experiments in this chapter showed that the dissolution rate of
a-pL-met is slower than the growth rate of y-pr-met. Therefore, in reality the
dissolution rate of a-pL-met is slower than y-pL-met based on the result of this chapter.
This leads to the conclusion that the dissolution process of the polymorphs of pL-met
is a two step process. These are the surface reaction and the detachment of the species
followed by transfer of these species toward the bulk solution across the diffusion
layer which surrounds the crystals (Kramer and van Rosmalen, 2009). The value of
the dissolution rate constant of a-pL-met at 25 °C was estimated from the simulation

of the SMT process as shown in Chapter VI.

5.6 Conclusions

The kinetics of the SMT of a-pL-met into y-pL-met in water at 25 °C via
seeded batch crystallization process was studied by the change of the solute
concentration and y-pL-met fraction with time during the crystallization process. The

solute concentration profile was measured by off-line sampling using the dry
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substance method. Off-line quantitative measurement of the fraction of y-pL-met in
suspension was accomplished with XRPD by setting up a calibration curve using the
mixtures of a-pL-met, y-pL-met, and NaCl. NaCl was the internal standard sample and
the composition was fixed to a constant value. A linear calibration line was obtained.
The SMT is a two step process, consisting of the dissolution process of a-pL-met and
the crystallization process (nucleation and growth) of y-pL-met. The dissolution of
a-pL-met is the rate controlling step during the transformation since the solute
concentration drops immediately to the solubility of the stable y-pL-met at the start of
the transformation. The transformation time for the case where the seed was added to
the supersaturated solution in the SNT region is longer than the case in which the seed
was added to the supersaturated solution above the SNT region. There is the induction
time for the nucleation of y-pL-met for the first case, but for the second case y-pL-met

is nucleates quickly (there is little or no induction time).
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CHAPTER VI
POLYMORPHIC TRANSFORMATION OF
pL-METHIONINE IN AQUEOUS SOLUTION:

MODELING

6.1 Abstract

Models of the crystallization and the solution-mediated transformation (SMT)
of the metastable a-pL-met into the stable y-pr-met in water at 25 °C were developed
using the concept of the population balance equation (PBE). The growth, dissolution,
and nucleation kinetic expressions obtained in Chapters III and IV were used in the
models. It was found that the PBE models did not satisfactorily describe the SMT
process of prL-met when the measured crystallization and dissolution kinetics were
used; there were large mismatches between the simulation and experimental results.
Improving the model of the dissolution kinetics of a-pr-met (which in fact appear
different to those of the y-form) enabled these mismatches to be lowered, and this was
done by re-estimating only a single dissolution kinetic parameter Kp,. The result
showed that the dissolution rate constant of a-pL-met is smaller than the growth rate
constant of y-pL-met. Based on this result and the profiles of the solute concentration,
the SMT is a dissolution controlled process in this system. The result confirms that
the dissolution rates of a-pL-met and y-pL-met are not the same, and therefore that the

dissolution mechanism of the polymorphs of pL-met is a two step process.
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6.2 Introduction

The transformation of the polymorph can be carried out only from the less
stable polymorph to the more stable one. During solids processing, in particular
during suspension crystallization processes, the presence of a liquid phase often
promotes the occurrence of the phase transformation. This is usually called solution-
mediated transformation (SMT) (Mangin, Puel, and Veesler, 2009). The basic
phenomena involved in SMT consists of the nucleation and crystal growth of the
stable polymorph and the dissolution of the metastable polymorph (Jiang, Jansens,
and ter Horst, 2010; Dharmayat et al., 2008). There are two mechanisms that could
control the transformation rate: either the dissolution of the metastable polymorph or
the growth rate of the stable polymorph (Mangin, et al., 2009; Roelands, 2005). The
growth of the stable polymorph is limiting if during the transformation the solute
concentration remains at the solubility level of the metastable polymorph. On the
other hand, if the solute concentration drops immediately to the solubility level of the
stable polymorph the dissolution rate of the metastable polymorph is limiting.

The easy way to study the SMT mechanism is crystallization with seeding,
which is commonly found in industrial crystallization. The SMT process can be also
studied via unseeded crystallization in which the metastable polymorph forms first,
which is followed by transformation to the more stable polymorph (Ostwald’s rule).
Therefore, crystallization processes involving polymorphs consist of the competitive
nucleation and crystal growth of the polymorphs, and the transformation from the
metastable to the stable polymorph. To study the mechanisms of SMT and identify

which mechanism is the limiting step the polymorphic composition of the slurry has
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to be followed in time, in combination with the concentration of the solute in the
solution.

To control the formation of a desired polymorphic form, the crystallization
kinetics and the kinetics of the SMT process should be known, as well as the effect of
the processing conditions on the kinetics (Morris, Griesser, Eckhardt, and Stowell,
2001). The experimental study of the polymorph crystallization and the SMT process
to find the optimal operating conditions is expensive and time consuming. Adequate
process simulations will shorten the required time. Moreover, process simulations will
help to understand the mechanisms of the polymorph crystallization and the SMT, and
give valuable information on the process parameters which are difficult to determine
experimentally. Therfore, in this work both the experiment and process simulation
were studied. The experimental study of the SMT of a-pL-met into y-pL-met is
described in Chapter V. The validation of the experimental and simulation methods is
evaluated in this chapter.

The population balance equation (PBE) model is an appropriate method to
simulate the crystallization and SMT processes. It can be used for a wide range of
objectives, for example to describe the behavior of the crystallization and SMT of the
polymorphs, to estimate the unknown parameters characterizing the phenomena
involved, and to determine the mechanisms which govern the transformation. The
PBE model can be used for this purpose in at least two ways, either where the kinetic
rate expression of each mechanism is estimated from a combination of the PBE model
and the results from SMT experiments, or by separately distinguishing each
mechanism experimentally and then combining them within the PBE model. After the

validation of the PBE model with the SMT experiment, this allows for a deeper
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understanding of the SMT process and, for faster and more robust process
development of the polymorphic systems (Scholl, Bonalumi, Vicum, and Mazzotti,
2006).

There are numbers of publications that employed the combination of the PBE
model and SMT experiments to estimate the kinetic parameters of the SMT process.
For example, Ono, Kramer, ter Horst, and Jansens (2004) presented the PBE model
for the SMT of r-glutamic acid from the a-polymorph to the B-polymorph. Unseeded
batch cooling crystallizations were used to investigate the SMT process. The process
was modeled only in the SMT region (after the nucleation of the a-polymorph).
Therefore, only the kinetic parameters representing the SMT process, which consisted
of the dissolution of the metastable a-polymorph and the secondary nucleation and
subsequent growth of the stable B-polymorph, were estimated. Primary nucleation of
the B-polymorph was neglected because the maximum value of the supersaturation
ratio of the B-polymorph was not sufficient for primary nucleation. The simulation
was used to obtain the crystal size distribution of the different polymorphs which is
difficult or impossible to obtain experimentally.

The SMT of -glutamic acid from the a-polymorph to B-polymorph was also
studied by Scholl, Bonalumi et al. (2006). The whole of the unseeded batch
crystallization experiment data (which included the SMT process) were combined
with the PBE model. All kinetic parameters, which included the kinetics of the
nucleation and growth of both polymorphs, were estimated. The dissolution process
of the metastable a-polymorph was estimated from Sherwood correlation. There are
the differences in the estimated kinetic parameters representing the SMT process

between this work and the work of Ono et al. (2004). In particularly, in this work the
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surface nucleation of the stable B-polymorph on the surface of the metastable
a-polymorph was considered and this is the major impact on the transformation
process. Both groups estimated the kinetic parameters by fitting the model without
validation that the parameters found represent the real kinetics. Therefore there is no
way of knowing which is better.

The same system studies by Scholl, Bonalumi et al. (2006) was simulated by
Cornel, Lindenberg, and Mazzotti (2009). In this study, only the secondary nucleation
(surface and attrition based nucleation) of the stable f-polymorph was estimated from
the simulation. The growth rate of the stable B-polymorph was determined from the
independent seeded batch desupersaturation experiments. The growth and nucleation
kinetic parameters of the metastable a-polymorph were collected from experimental
results in the literature (Scholl, Lindenberg, Vicum, Brozio, and Mazzotti, 2007,
Lindenberg and Mazzotti, 2009). The dissolution process of the metastable
a-polymorph was estimated from Sherwood correlation. This study indicates that
surface and attrition based nucleation of the stable B-polymorph governs the
transformation. The growth and nucleation rates that were presented in this study
show some discrepancy with the studies of Scholl, Bonalumi et al. (2006) and Ono
et al. (2004). The work of Schéll, Bonalumi et al. (2006) can be used to analyze and
understand the details of the transformation process behavior better than the other two
works. This is since the different kinetics (except the nucleation kinetics) were
measured independently, and the range of the operating conditions are wider than the
other two works, for example the effect of stirring and seed mass.

The combination of the PBE model and the SMT experiment were also

applied to study systems in which there are more than two polymorphs. For example,
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the SMT of three polymorphs of p-mannitol was investigated and simulated by
Cornel, Kidambi, and Mazzotti (2010). All kinetic parameters, which included the
kinetics of the nucleation, growth, and dissolution of a- and B-polymorphs, and the
nucleation and growth of y-polymorph, were estimated from the simulation. This
study showed that the experimental results obtained and their simulation allowed
prediction of the behavior of the SMT process.

There is at least one publication that applied the kinetic expressions of each
mechanism to the PBE model. For example, Févotte, Alexandre, and Nida (2007)
applied the growth and nucleation kinetic expressions of the stable anhydrous citric
acid (aCA) and the dissolution kinetic expression of the metastable monohydrate
citric acid (mCA), which were obtained independently from experiments (Caillet,
Sheibat-Othman, and Févotte, 2007) to the PBE model of the SMT of aCA to mCA
and then compared this with the SMT experimental results. The results showed
mismatches between the simulations and experiments, and the mismatches increased
with decreasing seed amounts. The modification of the nucleation kinetic of the stable
mCA to be the secondary nucleation (based on aCA interparticles impacts or birth of
mCA particles on aCA surface) reduced the mismatches between the simulations and
experiments.

As described above, applying the kinetic parameters of all the relevant
crystallization and dissolution processes to PBE models of the SMT process has not
yet been proven to agree with experiments performed to measure the SMT. The main
drawback of this technique is that the results can be skewed by incorrect parameter
estimation of other parameters such as the crystal growth rate kinetics, which may

lead to non-realistic estimates of nucleation rates. Due to the disadvantage of this
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technique, in this work the crystallization (nucleation and growth) and dissolution
kinetics of each polymorph were experimentally determined in Chapter III and IV and
then were applied to PBE model of SMT in this chapter in order to estimate the time
of the transformation, polymorphic fraction profile, concentration profile, etc., which

were compared with the results from SMT experiment in Chapter V.

6.3 Theory

6.3.1 Population Balance

The population balance equation (PBE) is a widely used tool in
engineering, including crystallization, comminution, precipitation, polymerization,
aerosol and emulsion processes, among others (Kumar, 2006). The PBE is an
equation of continuity for discrete entities having a particular characteristic or
characteristics. In crystallization, the population consists of the particles or crystals
within the crystallization unit (or a particular subsection of the unit) and the
characteristic of most significance is the particle size based on a particular linear
dimension.

In practice, crystallizations are carried out in one or more regions that
can each be considered to be well mixed. In this case the PBE may be averaged over
the spatial region of interest. The full form of the PBE for well-mixed system is given

by (Randolph and Larson, 1988; Flood, 2009)

on a(log V) a(Gn) Qin iMin, i Q()ut Mot i
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The number density distribution (#/m”-m) is defined as
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dN

n= L (6.2)
where N is the cumulative number distribution (#/m”) as a function of particle size, L
(m), G is the crystal growth rate (m/s), B is the birth term (#/m’m's), D is the death
term (#/m’-m-s), Oy, is the flow rate of the inlet stream i (m’/s), Ouu; is the flow rate
of the outlet stream i (m’/s), V is the crystallizer volume (m’), and ¢ is the time (s).
Note that the parameters are no longer functions of the spatial variables because the

system is assumed to be uniform across the entire (well-mixed) spatial region.
For a batch crystallizer with size independent crystal growth, there are

no inlet or outlet streams, and it can be assumed that there are no birth or death terms

in the system and no volume change on crystallization. The full form of the PBE

becomes
on_ o _, (6.3)
Ot oL

The first term in equation (6.3) describes the change in the number density over time
and the second term accounts for the difference in number of crystals entering and
leaving a size class 0L due to crystal growth.

For crystallizations of the polymorphic compounds the PBE has to be

applied for each of the polymorphs so that the equation (6.3) becomes

MG (6.4)
o L

where i denotes the i™ polymorph.
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6.3.2 Mass Balance
The growth of crystals reduces the supersaturation of the solution. This
is due to the addition of dissolved solute to the surface of the crystals. The rate of this
consumption depends on the solution supersaturation (which determines growth and
nucleation kinetics), the total particle count, and the size distribution. Therefore, a
mass balance for the crystallization system is written for the phase change. That is, the
rate at which solute is lost from the solution phase must be equal to the rate at which

mass is transferred to the solid phase. The solute mass balance is given by
C(t)=C,+C,,-C,, (6.5)

where C, i1s the initial solute concentration (kg/m3), Cso 1s the seed crystal
concentration (kg/m3), and C;, is the mass concentration of the crystal at time ¢
(kg/m’), i.e. a suspension density. The change of the solute concentration at time ¢
(kg/m3), which is a function of the solution supersaturation (due to the crystal
growth), the total particle count, and the size distribution is given by (Wey and

Karpinski, 2002; Scully, 2010)

& spkG[nrdL (6.6)
dt 0
where p is the crystal density (kg/m®) and £, is the volume shape factor.

For the crystallization of the polymorphic compound the mass balance

(equations (6.5) and (6.6)) become

Ct)=Cy+>.C..o—2.C.., (6.7)
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©._ ) pikv,iGiInl.deL (6.8)
There is only one solute concentration for the liquid phase since both polymorphs
crystallize from the same molecule.

6.3.3 Method of Moments

Based on the fact that the equations describing the system typically
involve partial differential equation in the PBE, an integral equation that represents
the mass of crystal as a function of the crystal population density, and an algebraic
equation for the calculation of the growth rate from the concentration of the solute
(which is dependent on the mass of crystal), it is typically impossible to find
analytical solutions for most realistic cases.

Randolph and Larson (1988) proposed the method of moments to
reduce the dimensionality of the system by taking different averages of the number
density with respect to L, for example by finding the moments about the origin for the
distribution. This results in the partial differential equation representing the PBE to be
converted to a series of ordinary differential equations, which simplifies the solution
greatly. This method can be applied to the PBE for the completely mixed system
(equation (6.1)), which is first order in time (¢) and first order in length (L), which
reduces to a series of ordinary differential equations in time only.

It should be noted that some information about the system will be lost
if the moment form of the PBE is solved. After the moment form of the PBE is
solved, then the key engineering properties of the system can be determined
(for example the total number of crystals, the average crystal size, the total surface

area of crystal, and the total volume and mass of crystals) however there is not
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sufficient information to fully describe the number density distribution at each point
in time. However, this is not a significant drawback because in the engineering sense
the engineering properties of the system alone are sufficient to make design and
operational decisions (Flood, 2009).

The definition of the /™ moment of the function f{L) about the origin

for a distribution is given by (Randolph and Larson, 1988)
= j L f(LydL (6.9)

In the case of the well-mixed system, the number density distribution which is a
function of time and particle size (i.e. n(¢, L)), determines the moment forms. Taking
the moments of the distribution will present different averaging over the length

variable, L, thus producing a series of moments u;(t, L) [[ =0, 1, 2, ..., oo].

p,(t,L) = TL-/n(L)dL (6.10)

Note that the lower limit on the integral may only take a non-negative value because
the independent variable in the integral is the particle size.

The transformation of the PBE (equation (6.1)) into the moment form
can be done by multiplying each term in equation (6.1) by I/ and then integrating over
the entire range of the distribution, zero to infinity. Finally, the full form of the PBE
in the moment form of the well-mixed system, when the growth is size independent,

is given by (Randolph and Larson, 1988; Flood, 2009)
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where y; is the /™ moment around the origin (#'m/m’), and J is the nucleation rate
(#/m’s).

For a batch crystallizer with size independent crystal growth, assuming
no birth and death terms considered in the system, and no volume change on
crystallization. The balances are

du,

TiZOIjJ"'jGﬂj—l (612)

The equations for the first four moments can be simplified to the following equations.

% _7 (6.13)
% = Gy, (6.14)
% =2Gy, (6.15)
% = 3G, (6.16)

Solving the above four equations gives knowledge of the zeroth, first, second, and

third moments, which represents knowledge of the total number of crystals, the
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average crystal size, the total surface area of crystal, and the total volume and mass of

crystals respectively. The number mean particle size can be calculated by

L=* (6.17)

and the solid concentration is calculated by
C, = pk, 14, (6.18)

For the crystallization of polymorphic compounds the moment form of the PBE
equation (6.12)) becomes

du. . 4
al] =0"J, + jGi/ui,jfl (6.19)

6.3.4 Numerical Solution of the Ordinary Differential Equations
In this work Euler’s method (or the first-order method) (Chapra and
Canale, 2006) was used to solve all the time derivatives of the moment equations.

This method is devoted to solving ordinary differential equations of the form
d
=Sy (6.20)
dx

This differential equation is used to estimate the slope in the form of first derivative at
x;. This means that the slope at the beginning of the interval is taken as an
approximation of the average slope over the whole interval (Figure 6.1). The slope at

x; s estimated from the first derivative (Figure 6.1) as in equation (6.21).
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slope at x, :ﬂ _ YTV _Vin T (6.21)
Moy X = h
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Figure 6.1 Euler’s method.

After the comparison of equations (6.20) and (6.21), the following relationship is

obtained.

Vi = Vit S (6, 0)h (6.22)

where 4 is the step size. This equation means that a new value of y can be predicted
using the slope (f(x;, y;)) to extrapolate linearly over the step size. This indicates that
the solution of y can be calculated initially using the initial value of y; at x; and then
the new value y;; is calculated from the step size 4. From Figure 6.1, the accuracy of
this method depends on the step size; if the step size is a very small value then the

solution should be very accurate.
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6.4 Modeling Methods

6.4.1 Mathematical Development
Model assumptions
1. In this work the studies of the SMT of a-pL-met into y-pL-met in
aqueous solutions were simulated using seeded batch crystallizations at 25 °C
(the batch system is shown in Figure 6.2). The system is considered to be a well-
mixed system, the growth is size independent growth, and it can also be assumed that
there is no volume change due to crystallization, and no agglomeration or breakage

(birth and death terms) in the crystallizer.

1 Thermometer
Sampling port Niad /

7jfr—|\[]\ Solution level

0O |0—— Crystal
0 WO |_— Impeller

/
Water (% S
bath G o

Figure 6.2 Seeded batch crystallization system.
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2. The seed crystals of a-pL-met were considered to be mono-sized
particles. This means that all particles of seed have the same size, and the total
number of particles (or uo) is constant until the particles have completely dissolved.

3. Both the nucleation and growth of y-pL-met were applied in the
mathematical models. However, only the growth and dissolution of a-pL-met were
considered in the mathematical models. The nucleation of a-pL-met was not
considered because only y-pL-met was seen to crystallize from clear aqueous solutions
(Matsuoka, Yamanobe, Tezuka, Takiyama, and Ishii, 1999), suggesting that the
nucleation threshold must be large for a-prL-met.

4. The aqueous solutions were considered to be dilute solutions
because very low amounts of the solute dissolved in water; for example the initial
solute concentrations (40.5 or 37.0 g pr-met/kg water) used and the solubility of
a-pL-met (35.63 g pL-met/kg water) and y-pL-met (33.6 g pL-met/kg water), was less
than 5 %. Therefore, the density of the solution was assumed to be the density of
water.

5. The solute and solid concentration profiles as shown in Figure 5.8
or 5.11 in Chapter V are the key properties which were used to describe the behavior
of the SMT of a-pL-met into y-pL-met in aqueous solutions. Therefore, the solute
concentration in equation (6.7) and the solid concentration in equation (6.18) together
with the differential equations of the first four moments are sufficient for modeling

the SMT of this system.
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Mathematical models

The following are the mathematical models for describing the behavior
of the crystallization and SMT of a-pL-met into y-pL-met in aqueous solutions at
25 °C with seeding of a-pL-met crystals.

For a-pL-met, the time derivative of the 0™ moment can be calculated

as

% =0 forall  where ug; >0 (6.23)
t
Ua0=0 for all other ¢ (6.24)

The first of these equations is equal to zero because the mono-sized seed of a-pL-met

crystals leads to the total number of particles (or u,,) being constant until the particles

have completely dissolved (g0 =0 when u,; =0 or L.= 0) and the fact that there is

no nucleation of a-pL-met.

The time derivative of the 1°* moment of a-pL-met can be calculated as

-D if § <1
d/’la,l — alua,O’ 1 a (625)
dt G, if S, >1

where S is the supersaturation ratio and D is the dissolution rate (m/s). Again based on

the mono-sized crystals, the 2™ and 3™ moments of a-pL-met can be calculated as

Moz = HooLa (6.26)
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—3
Moy =ty oLa (6.27)

The number mean crystal size and the solid concentration of a-pL-met can be

calculated using equations (6.28) and (6.29) respectively.

Lo =Zat (6.28)
ﬂa,O
Ca,s = paka,wua,?s (629)

For y-pL-met, the time derivative of the 0" moment can be calculated

as

du, _ 0, if §, <1 (6.30)
dt J,, ift>¢,,and S, >1

v

where #;,41s the induction time for the nucleation of y-pL-met. The time derivative of
the 1%, 2™, and 3™ moments of y-pL-met can be calculated using equations (6.31),

(6.32), and (6.33) respectively.

du,

Tty =G,u,, (6.31)
du,

o =2 (632)
d

s 3G u,, (6.33)

dt
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The number mean crystal size and the solid concentration of y-pL-met and the solute

concentration can be calculated using equations (6.34), (6.35), and (6.36) respectively.

L, =*r (6.34)
lLl;/,O
C,,=pk i, (6.35)

c=C+C,,,—C,,—C,, (6.36)
The mass fraction of y-pL-met (w,) is calculated as
W, = (6.37)
T C,+C,,

When the initial solid concentration of y-bL-met, C,, is equal to zero (no seed of
Y-DL-met).
6.4.2 Crystallization and Dissolution Kinetics
This section considers the equations that describe the crystallization
and polymorphic transformation of prL-met within the mathematical model developed
in the above section. This includes the growth, nucleation, and dissolution kinetics.
The kinetic expressions of the nucleation of y-pL-met is collected from
Chapter III, the growth of y-pL-met and the growth and dissolution of a-pL-met are
collected from Chapter IV. The units of all parameters in those chapters are converted
to the units which are shown in this chapter. The expressions of these kinetics are

shown below.
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0, if §, <1
J, = -B 6.38
7 ASy exp(m], if t> Lo and Sy >1 ( )
4
0, if §, <1
G, = ‘ (6.39)
K., (S, -1, ift>1¢,,and S, >1
i <
_ 0, if §, <1 (6.40)
“ K (S, =D, if S, >1
i >
_Jo if S, 21 (6.41)
“ O Kp,(1=8,), if S, <1

where J is the nucleation rate (#/m’ss), G is the growth rate (m/s), and D is the

dissolution rate (m/s).

Table 6.1 Crystallization and dissolution kinetic parameters.

Mechanism Kinetic parameter | Value of kinetic parameter
A 3.4700x10"" #/m’-s
y-pL-met nucleation
B 0.0813 (-)
y-pDL-met growth K, 3.1450x107 m/s
a-pL-met growth Kg, 8.0767x107 m/s

o-pDL-met dissolution Kp, 5.8550x107 m/s
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6.4.3 Material Properties for the Mathematical Model
The physical properties of the polymorphs used in the models are
shown in Table 6.2. As described in the model assumption number 4, the density of
the solution was assumed to be the density of water, which at 25 °C is approximately

equal to 1,000 kg/m”.

Table 6.2 The physical properties of the polymorphs used in the models.

Physical property o-pL-met Y-pDL-met

Solubility in water at 25 °C, C* (kg/m®) 35.63 33.60
Crystal density, p (kg/m’) 1,340 1,340
Volume shape factor, k, (based on spherical average

) 0.524 0.524
length as the measured crystal size) (-)
Area shape factor, k, (based on spherical average

3.142 3.142

length as the measured crystal size) (-)

6.4.4 Initial Conditions
The initial conditions for numerical solution of the mathematical

models are shown in Table 6.3 and 6.4. Due to the mono-sized seed approximation for

o-pL-met the first four moment were calculated as N

T -2
a0 Na,OLa,Oa Na,OLa,O, and
_3 1 . .o .
Ny oLao, respectively for the initial values of pao, #a1, #a2 and pas. The larger

induction time in Table 6.4 is due to the smaller initial supersaturation in this

experiment.



204

Table 6.3 Initial conditions for the model at 25 °C with initial solute concentration of

40.5 kg/m’ and the induction time in the period of 0 - 30 min.

Initial condition a-pL-met y-DL-met
Solid concentration, C; (kg/m’) 2.0 0.0
Mean crystal size, Lo (m) 145.623x10°° 0.0
Zero moment, o (#/m’) 921,404,220 0.0
First moment, x| (#m/m’) 1.3418x10° 0.0
Second moment, u, (#m*/m’) 19.5395 0.0
Third moment, 3 (#m’/m’) 0.0028 0.0

Table 6.4 Initial conditions for the model at 25 °C with initial solute concentration of

37.0 kg/m’ and the induction time is in the period of 2 - 3 days.

Initial condition a-pL-met y-DL-met
Solid concentration, Cj (kg/m3) 4.0 0.0
Mean crystal size, Lo (m) 145.623x10°° 0.0
Zero moment, u (#/m3) 1,842,808,440 0.0
First moment, x| (#m/m’) 2.6837x10° 0.0
Second moment, u, (#m*/m’) 39.0825 0.0
Third moment, 3 (#m’/m’) 0.0057 0.0

6.4.5 Numerical Solution Procedures
The ordinary differential equations (6.23), (6.25), and (6.30) to (6.33)
combined with the algebraic equations (6.24), (6.26) to (6.29) and (6.34) to (6.41)

were solved numerically using the initial values of the first four moment (included the
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initial mean crystal size), solid concentrations, and solute concentration as shown in
Tables 6.3 and 6.4 using MATLAB 7. The ordinary differential equations were solved
using Euler’s method as described in Section 6.3.4.

The solution procedure is outlined as follows

1. The solution starts by inputting the simulation time (total time),
time step, induction time, initial moment data, initial mean crystal sizes, initial solid
concentrations, and initial solute concentration.

2. The initial run inputs the rates that are used at time ¢ = 0. This
includes calculating the initial supersaturations, growth rates, nucleation rate, and
dissolution rate of the polymorphs. Values of the solubility, crystals densities, and
shape factors of the polymorphs and the induction time are also input.

3. For the remaining time steps, the growth, nucleation, and
dissolution rates of the polymorphs are calculated. These values are used to work out
the change in the moments over time using equations (6.23), (6.25), and (6.30) to
(6.33). These equations are solved by Euler’s method (equation (6.22)) together with
the initial values of each moment.

4. The new values of u,o and u,; are then used to calculate Lo in
equation (6.28), and this size is then used to calculate u,, in equation (6.26) and w3
in equation (6.27). The value of u,3 is then used to calculate C,; in equation (6.29).
The new values of of u,0 and u, are used to calculate L, in equation (6.34). The new
value of u, 3 is used to calculate C, in equation (6.35). The values of C,, and C,, are
then used to calculate C(f) in equation (6.36) and w, in equation (6.37). The new
values of 140, a1, Uy0, Uy15 Uy, and u,3 are also used as the initial values of these

moments for the next time step.
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The accuracy of Euler’s method depends on the time step. Therefore,
the optimum time step has to be evaluated. The optimum time step was evaluated by
changing the time step until the change in the solution is small or there is no change.
The two adjacent time steps that give little or no change in the solution contain the
optimum time step, but of these two the time step that has the maximum time step
scale should be used to reduce the calculation time. In this work, the solution in terms
of the solute concentration during the first 60 min (which changes rapidly) was
selected to optimize the time step. The values of the simulated solute concentration
obtained from various time steps are shown in Figure 6.3. Considering Figure 6.3, it
can be seen that the solute concentration profiles of the time step of 1 to 30 s have
only small differences, so that the time step of 30 s is selected to simulate the

crystallization and SMT of a-pL-met into y-pL-met.
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Figure 6.3 The simulated solute concentration profiles during the first 60 min for the

simulation at 25 °C with initial solute concentration of 40.5 kg/m’.
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6.4.6 Parameter Estimation

As the results from Chapter V, the SMT process is dissolution
controlled which indicates that the dissolution rate constant of a-pL-met should be
smaller than the growth rate constant of y-pL-met. Unfortunately, in Chapter IV the
dissolution rates were measured based on y-pL-met seed crystals and then assuming
the same dissolution rate for both a-pL-met and y-prL-met due to the dissolution being
considered as a single step (diffusion controlled). This result showed that the growth
rate constant of y-pL-met was smaller than the dissolution rate constant of a-pL-met.
This means that the results in Chapter V indicate the assumption in Chapter IV is not
true. Therefore, in this chapter the dissolution rate of a-pL-met was estimated form the
combination of the modeling method in this chapter with the SMT experimental data
obtained from Chapter V. Considering equation (6.41), only the parameter Kp, has to
be estimated. However, the induction times (for both the experiment with Cy = 40.5
kg/m® and Cy = 37.0 kg/m’) obtained from Chapter V are not consistent with earlier
measurements so that the induction time have to be estimated also. The induction time
measurements have very wide scatter, so that the estimated parameters are likely to lie
within the scatter of the measured values; however it appears that the mean of the
scattered values is not a good estimate for the modeling. These parameters were
estimated using a nonlinear optimization algorithm to minimize the sum of square
errors between the experimental and the simulated values of the solute concentration

C and the mass fraction of y-pL-met w,. The sum of square errors (SSE) is written as

N, Na,; N, Ng;

SSE=Y"Y(Cor—cof + 3 (wer —w (6.42)

i=1 j=1 i=1 j=1
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where N, is the number of experiments, and N;; is the number of the data points per
experiment. C*” and C*™ are the experimental and simulated solute concentrations,
respectively, and w*” and w*" are the experimental and simulated mass fraction
of y-pL-met, respectively. The experimental data given in Figure 5.8 and 5.11
in Chapter V were used for the optimization. The MATLAB nonlinear unconstrained
multivariable optimization algorithm fminsearch was used to minimize equation

(6.42) by varying the parameter Kp, and the induction times.

6.5 Results and Discussions

In the first part of the modeling all of the kinetic parameters obtained from
Chapter III and IV were applied to the PBE models. The simulated and experimental
solute concentrations and fractions of y-pL-met are shown in Figures 6.4 to 6.7. The
estimated induction times for the case of Cy = 40.5 and 37.0 kg/rn3 are 15 min and
2.5 days, respectively.

It can be seen that there are very large mismatches between the models and
experiments as shown in Figures 6.4 and 6.6, particularly the mismatch is large for the
mass fraction of y-pL-met. The mismatch for the case of Cy = 40.5 kg/m3 (which is
outside the nucleation threshold for y-DL-met) is larger than the case of Cy = 37.0
kg/m’. However, the trends of the solute concentrations and mass fractions of
y-pL-met are similar to the experimental results. This indicates the mathematical
model developed in this work can be used to describe the SMT process of pL-met. The
simulated transformation times are faster than the experimental times. The simulated
transformation time for the case of C, = 40.5 kg/m3 is 262.5 min while the

experimental transformation time is around 5,400 min. In the case of Cy = 37.0 kg/m3,
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the simulated transformation time is 5,827 min while the experimental transformation

time is around 11,520 min.
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Figure 6.4 Comparison between simulated and experimental solute concentration
and fraction of y-pL-met in the crystal phase during the polymorphic
transformation of o-pL-met into y-pr-met at 25 °C and Cy = 40.5 kg/m’.
The dissolution kinetics obtained from Chapter IV were applied to the

simulation.
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Figure 6.5 The magnification of the comparison between simulated and
experimental solute concentration in Figure 6.4 on the

range of 0 - 60 min.

The large mismatches between the simulation and experimental results may be
due to the incorrect the dissolution rates of a-pL-met obtained from Chapter IV, which
were measured based on the assumption that the same dissolution rate would be
obtained for both a-pL-met and y-prL-met due to dissolution being considered as a
single step (diffusion controlled) process, and only the dissolution rates of y-pL-met
were measured. This result shows that the dissolution rate constants of a-pL-met are
larger than the growth rate constants of y-prL-met, which indicates the growth of
y-pL-met is the limiting step for the SMT process. However, the experimental results
of the SMT in Chapter V show that the dissolution of a-pL-met is the limiting step
which indicates the dissolution rate constant of a-prL-met is smaller than the growth

rate constant of y-pL-met. This means that the dissolution rates obtained from
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Chapter IV are not the real dissolution rates of a-pL-met which may result in the large
mismatches between the models and experiments. These mismatches may be
decreased by using the real dissolution rate of a-prL-met in the mathematical models.
In this work these mismatches will be decreased by estimation of the dissolution
kinetic parameter (the parameter Kp,) from the combination of the PBE models and

SMT experimental data while the other kinetics were unchanged.
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Figure 6.6 Comparison between simulated and experimental solute concentration
and fraction of y-pL-met in the crystal phase during the polymorphic
transformation of o-pL-met into y-pL-met at 25 °C and Cy = 37.0 kg/m’.
The dissolution kinetics obtained from Chapter IV were applied to the

simulation.
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experimental solute concentration in Figure 6.6 on the

range of 0 - 70 min.

In the second part of the models, all of the kinetic parameters obtained from
Chapter III and IV were applied to the modeling except the dissolution kinetics of
a-pL-met. The dissolution kinetic of a-prL-met (the parameter Kp,) and the induction
times were estimated from the combination of the PBE models and SMT experimental
data using the optimization technique as shown in Section 6.4.6. The estimated
induction times for the case of Cyp = 40.5 and 37.0 kg/m’ are 25 min and 3 days,
respectively, and the estimated Kp, is 7.4766x10™ m/s.

The estimated values of Kp, and the induction times were applied to the PBE
models. The simulated and experimental solute concentrations and fractions of
y-pL-met of this part are shown in Figures (6.8) to (6.11). It can be seen that the

mismatches between the modeling and experiments decrease. Both the profiles of
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simulated solute concentrations and fractions of y-pL-met agree with the experimental
data. However, there are still some deviations between the simulation and
experimental results. This deviation may be due to primary nucleation kinetic of
y-pL-met used in the model (which was collected from Chapter III) which was
measured at higher supersaturation (higher than 1.17 or the solute concentration is
higher than 39.3 kg/m®) while the nucleation of y-pL-met in the SMT process occurred
at the solubility of a-pL-met (35.63 kg/m3). This means that the supersaturation in the
SMT process is insufficient for the primary nucleation of y-pL-met crystals. Moreover,
Ono et al. (2004), Févotte et al. (2007), and Cornel et al. (2009) proposed that
secondary nucleation of the stable polymorph (based on the metastable interparticles
impacts or birth of the stable polymorph on the surface of the metastable polymorph)
should be accounted for in the SMT process instead of primary nucleation. Therefore,
changes in nucleation kinetics based on these two reasons may reduce these

deviations between the simulation and experimental results.
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Figure 6.8 Comparison between simulated and experimental solute concentration

and fraction of y-pL-met in the crystal phase during the polymorphic

transformation of o-pr-met into y-pr-met at 25 °C and Cy = 40.5 kg/m’.

The dissolution kinetics were estimated from the combination of the

modeling method with the SMT experimental data.
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Figure 6.9 The magnification of the comparison between simulated and
experimental solute concentration in Figure 6.8 on the

range of 0 - 60 min.

Figures 6.5, 6.7, 6.9, and 6.11 show the simulated solute concentration profiles
in the period of 0 - 70 min for both cases do not change with the change of the value
of Kp,. This is since only the growth of a-pL-met occurs in this period and this has no

dependence on the dissolution rate parameter (see more detail in Chapter V).
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Figure 6.10 Comparison between simulated and experimental solute concentration
and fraction of y-pL-met in the crystal phase during the polymorphic
transformation of a-pL-met into y-pL-met at 25 °C and Co = 37.0 kg/m’.
The dissolution kinetics were estimated from the combination of the

modeling method with the SMT experimental data.

The plots of the first four moments (uo, w1, 12, and us3) for each polymorph for
the case when the dissolution kinetic parameter was estimated are shown in
Appendix C. These moments are related to the total number of crystals, the average
crystal size, the total surface area of crystal, and the total volume and mass of crystals.
Therefore, these data can be used to describe and understand the crystallization and

SMT process better.



217

37.5 e e e -
[ ®  Experimental result
—— Simulation result
o e Solubility of a-pr-met ]
37.0¢ ]

36.5 |

Solute concentration (kg/m’)

Figure 6.11 The magnification of the comparison between simulated and
experimental solute concentration in Figure 6.10 on the

range of 0 - 70 min.

The kinetic expressions of the growth of y-pL-met (equation (6.39)) and the
dissolution of a-prL-met (equation (6.41)) are a linear function of the driving force
(concentration difference) for the growth or dissolution. Therefore, at the same level
of driving force the estimated Kp, value of 7.4766x10° m/s and the measured Ka,
value of 3.1450x10” m/s have to be compared for indicating the controlling process.
This comparison shows the estimated Kp, value is far lower than the measured K¢,
value, which indicates the dissolution of a-pL-met is the limiting step. The simulated
and experimental solute concentrations also confirm that the dissolution of a-pL-met is
the limiting step (see details in Chapter V). Therefore, both the results obtained from
Chapter V and this chapter confirms that the dissolution kinetics of a-pL-met and

y-pL-met are not the same. The assumption (in Chapter IV) that the dissolution of
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pL-met polymorphs is a single step (diffusion controlled) is not true. The real
mechanism of the dissolution must consist of a surface reaction and the detachment of
the species followed by transfer of these species toward the bulk solution across the
diffusion layer which surrounds the crystals, as discussed in a recent study (Kramer
and van Rosmalen, 2009).

The model proved that the kinetic parameters obtained from the experiments
performed on a single polymorphic form can be used to describe the whole
crystallization and SMT process. The agreement between the simulation and the
experimental results depends on the accuracy of the experimental method to obtain
kinetic parameters, or the use of appropriate kinetics in the model. In the best possible
case the kinetic parameters could be estimated from experiments that are independent
from the SMT experiments, however this was not possible here; in particular a single
parameter in the dissolution rate kinetics needed to be estimated based on the SMT
results. The combination of the experiments and models helps to understand and

predict the crystallization and SMT behaviors.

6.6 Conclusions

The population balance equation (PBE) model for crystallization and the SMT
of the metastable a-pL-met into the stable y-pL-met in water at 25 °C was derived and
validated using the SMT experimental data obtained from Chapter V. The results
showed that there are large mismatches between the simulation and experimental
results. Particularly above the nucleation threshold there were large deviations
between the simulation results and the experimental results. Improvement of the

simulation results could be achieved by improving the dissolution kinetics of
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a-pL-met. This was done by estimating the dissolution kinetic parameter Kp,. The
simulation results showed that the estimated Kp, value at 25 °C is 7.4766x10° m/s
which indicates that the dissolution rate constant of a-prL-met is smaller than the
growth rate constant of y-pL-met. The results indicate that the PBE can be used to
describe the whole crystallization and SMT process. This result together with the
profiles of the solute concentration leads to the conclusion that the SMT in this system
is a dissolution controlled process. This result also confirms that the dissolution rates
of a-pL-met and y-prL-met are not the same and the dissolution mechanism of the
polymorphs of pr-met is a two steps process. This includes the surface reaction and
the detachment of the species, and followed by transfer of these species toward the

bulk solution across the diffusion layer which surrounds the crystals.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Polymorphs are crystalline solids which are chemically identical but have
different crystal structures. Each polymorph has its own mechanical, thermal,
physical, and chemical properties, such as compressibility, melting point, crystal
habit, color, density, dissolution rate, and solubility. Polymorphism gives the
scientist or engineer a chance to select the form which best matches the needs of
the product. On the other hand, polymorphism is sometimes an undesired
phenomenon because the different properties of different polymorphs can make
variable materials that do not meet the prescribed specifications when the system
is not polymorphically pure in the desired polymorph. Usually, the unstable
polymorph is not acceptable from the point of view of obtaining polymorphically pure
compounds suitable for sale, particular in the food industry and other material
products. On the other hand, in the field of pharmaceuticals, metastable polymorphs
may be more desirable than the stable one. Therefore, the production of specific and
well-defined polymorphs is important in a variety of industrial applications.

It is advantageous to choose the proper polymorph for the desired application.
Therefore, in the crystallization processes involving polymorphs, the formation of the
desired polymorph has to be controlled and such a process should be robust and

reproducible. The formation of the polymorph is usually determined by thermodynamics,
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and crystallization and dissolution kinetics, and transformation kinetics.
Thermodynamics are used to identify whether the phase is the stable or metastable,
while kinetics determine how fast these phases can be crystallized at a certain driving
force. Therefore, to control polymorphism, the thermodynamics and kinetics in a
crystallization process should be understood, predicted, and controlled. This thesis
focuses on the understanding and prediction of the thermodynamics, kinetics, and
transformation behavior of the polymorphs of pL-methionine (pr-met). The following
conclusions can be made for this thesis.

1. Polymorphically pure crystals of the two commonly known polymorphs of
pL-met, a-pL-met and y-pL-met, were prepared by reaction crystallization of sodium
methioninate (Na-Met) aqueous solutions with HCI, and cooling crystallization of
aqueous solutions of pr-met, respectively. The solubility of both o-pL-met and
y-pDL-met in water increases with increasing temperature, and the solubility of
o-pL-met is higher than that of y-pL-met as expected from a metastable polymorph.
The melting temperature and enthalpy of fusion of y-prL-met are higher than those of
o-pL-met. The Gibbs free energy of a-pr-met is higher than y-pL-met. The solubility
data, DSC thermograms and Gibbs free energies of the two polymorphs strongly
suggest that the system is a monotropic polymorph system where y-pL-met is the
stable polymorph while a-pL-met is the metastable polymorph for all temperatures
below the melting points of the compounds. The solubility data was used as the basic
information to design the experiments of the crystallization (nucleation and growth

kinetics measurements) and transformation processes.
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2. The secondary nucleation threshold (SNT) of y-pL-met in aqueous solution
was determined in an agitated batch system prior to the crystal growth experiments to
ensure no nucleation would take place in the crystallizer. The weakly temperature
dependent of the width of the SNT was found. Slightly smaller induction times were
found at higher temperatures. The direct determination of the rate of nucleation based
on measurements of particle (crystal) counts as a function of time was used to
determine the nucleation rates of y-pL-met in aqueous solution for the temperature
range 18 - 35 °C. The nucleation rates were found to exponentially increase with
respect to the supersaturation of pL-met and increase with increasing temperature. The
measured nucleation kinetics can be described by the classical nucleation theory
(CNT) and allowing approximate interfacial energies to be estimated by fitting the
measured data to CNT.

3. The growth and dissolution rates of y-pL-met and the growth rates of
o-pL-met in aqueous solution were measured in an agitated batch crystallizer for the
temperature range 5 - 40 °C. The growth rates were measured within the SNT region.
The growth history of the crystal surface, where the crystals grown more quickly at
higher supersaturation have a rougher surface on a microscopic level than the seed
crystals they were grown from, results in the initial growth rate (during the first
20 min of the batch) being significantly higher than subsequent crystal growth. There
is no effect of the seed mass on the growth rates. The growth rates were a linear
function of the relative supersaturation of pL-met in the system. The dissolution rate
was a linear function of the relative undersaturation of pL-met in the system. The
growth and dissolution rate constants increase with increasing temperature and follow

an Arrhenius relationship.
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4. The solution-mediated transformation (SMT) of a-pL-met into y-pL-met in
water at 25 °C was studied via a seeded batch crystallization process. The change of
the solute concentration and the fraction of y-pL-met with time during the
crystallization process were used to describe the behavior of the SMT. Off-line XRPD
quantitative measurement was used to determine the fraction of y-pL-met in
suspension. The SMT process consists of the dissolution process of a-pL-met and the
crystallization process (nucleation and growth) of y-pL-met. The transformation is a
dissolution controlled process, where the mass transfer of solute to the growing phase
rapidly depletes the solute concentration to a value consistent with the minimum level
of supersaturation required to maintain the growth of the stable polymorph. This since
the dissolution rate of the metastable polymorph is relatively slow. The transformation
time is also quite slow. The transformation rate is faster if the initial solute
concentration is higher, particularly if it is above the nucleation threshold of the stable
polymorph. This study shows that the crystallization and dissolution kinetics are very
important and helpful to understand and control crystallization processes involving
polymorphs.

5. The combination of the population balance equation (PBE) models and the
experimental results of the SMT of a-pL-met into y-pL-met in water at 25 °C were
investigated. The experimented growth, dissolution, and nucleation kinetics were
accounted for in the models. It was found that there were large mismatches between
the simulation and experimental results if kinetic parameters were taken from
experiments not involving SMT. Improving the model of the dissolution kinetics of
a-pL-met (which in fact appear different to those of the y-form) enabled these

mismatches to be lowered, and this was done by re-estimating only a single
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dissolution kinetic parameter Kp,. The estimated dissolution rate constant of a-pL-met
is smaller than the growth rate constant of y-pL-met. This result together the profiles
of the solute concentration also confirm that the SMT is dissolution controlled process

in this system.

7.2 Recommendations

The following recommendations may help for a deeper understanding of the
SMT process, and also useful for future studies of the phenomenon of SMT.

1. The dissolution rate of a-pL-met is an important kinetic parameter for
describing the SMT process, but this was not measured independently of the SMT in
this work. This is since the crystals of a-pL-met prepared from reaction crystallization
are very small, and it is impossible to accurately measure the dissolution rate of these
crystals because the dissolution rate to zero size is very fast, and because the time rate
of change in size for very small crystals is difficult to determine with high accuracy.
There are ways to prepare a larger size of the crystals of a-prL-met which can be used
to measure the dissolution rate; for example growth of the crystals that were obtained
from the reaction crystallization to a larger size. However, the dissolution rate for
a-pL-met at 25 °C was estimated from a combination of the PBE models with the
SMT experimental results in the present work. Therefore, the dissolution rate of
a-pL-met may be measured in future work; and this could be compare with the value
estimated in the present work.

2. The nucleation rate of a-pL-met was not studied because the crystallization
and SMT processes were performed in aqueous solutions in which only y-pL-met

crystallized. However, if the crystallization and SMT processes are studied in sodium
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methioninate (Na-Met) aqueous solution all kinetics should be studied. This is since
the reaction crystallization from Na-Met aqueous solution produces o-pL-met first,
and this form then transforms to y-pL-met. Therefore, the whole process will be
described by the nucleation kinetics of a-pL-met and y-pL-met, the growth kinetics of
a-pL-met and y-pL-met, and the dissolution kinetics of a-pr-met. This should be
studied further.

3. Usually, the SMT process occurs at the solubility of the metastable
polymorph. This indicates that the supersaturation in the SMT process is insufficient
for the primary nucleation of the stable y-prL-met crystals. Therefore, the secondary
nucleation (based on the metastable interparticle impacts or birth of the stable
polymorph on the surface of the metastable polymorph) of the stable y-pL-met
polymorph should be accounted for in the SMT process instead of primary nucleation.
This may reduce the deviation between the simulation and experimental results.

4. For the further work, all the kinetic parameters of the whole crystallization
and SMT process should be estimated from the combination of the simulation and
SMT experiment. This may help to prove the agreement between the estimates values
and the values obtained from the experiments performed on a single polymorphic

form.
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A.1 Confidence Interval for Mean Values

In this work all uncertainty limits, and the upper- and lower-confidence
bounds of the error bar plots for the mean (average) values were calculated based on
the 90% confidence level. Since all sample sizes in this work are small (less than 30
samples per sample), confidence intervals for mean are calculated by using a
probability density function called the t-distribution (Doebelin, 1995; Montgomery
and Runger, 2004). It should be noted that for a large sample size (more than or equal
to 30 samples), the t-distribution becomes close to the z-distribution (the standard
normal distribution).

The confidence interval for the mean value is defined as (Doebelin, 1995;

Montgomery and Runger, 2004)

Cofidence interval = x +¢ (A1)

S
al2,n-1 —\7—;

where the mean value (x)and the standard deviation (s) of the sample are given by

Y= (A.2)

(A.3)

Note that x, —x is the distance of an individual point from the mean which is a

measure of the scatter. » is the number of samples and ¢ is the percentage point of the
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t-distribution (see Table A.1). 1 - a is the confidence coefficient, for example o = 0.1
for a 90% confidence interval (100(1-a)%). The t-distribution has an adjustable
parameter v, the degrees of freedom. In this case v = n - 1. If we look at the ¢ table
(Table A.1) the ¢ value is located in the (n - 1)® row and the a/2 column for a 2-trail
interval. If » =5 and « = 0.1, this value is 2.132. Assume that we have a 5-point data

set with x =53and s = 8.77, and we choose 90% confidence interval (see Table A.1),

Cofidence interval =53 + 2.132% =53+8.36 (A.4)

This means that the best estimate of x is 53, and the true value is somewhere between

44.64 and 61.36.

Table A.1 Percentage points ¢, of the t-distribution.

y * 0.100 0.050 0.025 0.010 0.005
1 3.078 6.314 12.706 31.821 63.657
2 1.866 2.920 4.303 6.965 9.925
3 1.638 2.353 3.182 4.541 5.841
4 1.533 2.132 2.776 3.747 4.604
5 1.476 2.015 2.571 3.365 4.302
6 1.440 1.943 2.447 3.143 3.707
7 1.415 1.895 2.365 2.998 3.499
8 1.397 1.860 2.306 2.896 3.355

Note: The full form of this table can be found in a number of references

(Doebelin, 1995; Montgomery and Runger, 2004).
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B.1 Confirmation of the Log-Normal Distribution

The particle size distribution (PSD) can be confirmed as a log-normal
distribution by fitting the data with the log-normal distribution equation or plotting the
data on log-normal probability paper. In this appendix, these two methods are
described.

The log-normal distribution equation is given by (Flood, 2009)

~a_ | .~ ((nL-InLY
f(L)_Lexp{ 0.5[ 5 j} (B.1)
when
1
‘= Jzzino, (B2)
b=Ino, (B.3)

where f(L) is the density distribution, L is the particle size, L'is the median of the
distribution, and o, is the geometric standard deviation of the distribution. Therefore,
after the data are fitted with the log-normal distribution equation, the L'and o, can be
estimated. The PSD of the product crystals obtained at 45 min for the growth
experiment of y-oL-met at 25 °C and ogy = 0.114 (as shown in Figure 4.5 in
Chapter 1V) is used to be an example for this fitting. The PSD is shown in Table B.1
and fitted with equation (B.1) which is shown in Figure B.1. Figure B.1 shows the
PSD is fitted well with the log-normal distribution equation, which the estimated

value of o, is equal to 1.51.
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Table B.1 Particle size distribution of product crystals obtained at 45 min for the

growth experiment of y-pL-met at 25 °C and oy = 0.114.

Particle size (um) %\Volume in size range %\Volume undersize
18.0000 0.0000 0.0000
24.0000 0.0000 0.0000
30.0000 0.0000 0.0000
40.0000 0.0000 0.0000
55.0000 0.0000 0.0000
80.0000 0.0000 0.0000
103.5775 0.0312 0.0312
120.6678 0.4409 0.4720
140.5780 0.9609 1.4329
163.7733 1.8982 3.3311
190.7959 3.3519 6.6830
222.2773 5.3429 12.0259
258.9530 7.7865 19.8124
301.6802 10.4517 30.2642
351.4575 13.0734 43.3375
409.4479 15.5232 58.8607
477.0068 14.6431 73.5038
555.7130 11.9846 85.4885
647.4056 8.2039 93.6924
754.2275 4.6996 98.3920
878.6750 1.6080 100.0000
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Figure B.1 Particle size distribution of product crystals obtained at 45 min for the

growth experiment of y-pL-met at 25 °C and oy = 0.114.

The distribution can also be confirmed by plotting the data on log-normal
probability paper. If the plot is linear the distribution is a log-normal distribution. The

value of g, can be read from the graph, and is given by (Allen, 1997)
Ino, =InLy, —InLy, =InLy, —InL (B.4)

or

(B.5)

L
o =% —
¢ L

50

Ly
Lyg
where Lig, Lsg, and Lgs are the sizes at 16, 50, and 84 percent undersize, respectively.

The data in Table B.1 are plotted on the log-normal probability paper as shown in



237

Figure B.2. The curve is linear, and the estimated value of o, is equal to 1.49 which is
close to the value obtained from the fitting with the log-normal distribution equation
(~1.32% lower). To reduce the calculation time all values of o, that were obtained in

this thesis were estimated from fitting the log-normal distribution equation.
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100 200 300 400 500 600 700800 1000
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Figure B.2 Plot of the PSD of product crystals obtained at 45 min for the
growth experiment of y-pL-met at 25 °C and o9 = 0.114 on

log-normal probability paper.
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The plots of the change of u, 11, 12, and 3 for each polymorph are shown in
this appendix. These can be used to describe and understand the crystallization and
solution-mediated transformation (SMT) process better. For example for a-prL-met,
during the SMT process w0 (Figure C.1 or Figure C.9) which represents the total
number of particles is constant until the particles have completely dissolved (u,0= 0)
or the completeness of the SMT. This is due to the seed crystals of a-pL-met were

considered to be mono-sized particles. The value of u,; (Figure C.2 or Figure C.10)
which is related to the average particle size (L = U,/ 1, ) decreases with respect to

time until it reaches zero when the particles have completely dissolved. However, at
the early period the average particle size increases with respect to time. This is since
only the growth of o-pL-met occurred in this period. The profiles of >
(Figure C.3 or Figure C.11) and u,3 (Figure C.4 or Figure C.12) are similar trends
with u, 1. These two moments are related to the total surface area of crystals, and the
total volume and mass of crystals, respectively.

For y-pL-met, the total number of particle, u,o, (Figure C.5 or Figure C.13)
increases rapidly at the start of the SMT until it reaches the constant value. This is due
to the occurrence of the nucleation of y-pL-met at the start of the SMT. After that the
solute concentration drops to the level that the supersaturation is not sufficient for the
nucleation, and then the nucleation is stopped which leads to the total number of
particle is a constant value. After the start of SMT, the values of u, (Figure C.6 or
Figure C.14), u,» (Figure C.7 or Figure C.15), and u, 3 (Figure C.8 or Figure C.16)
increase with respect to time due to the growth of y-pL-met. The full details of the
SMT process are described based on the change of the solute concentration and the

fraction of y-pL-met in Chapter V.
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Figure C.1 The change of u, o with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cy = 40.5 kg/m® and Kp, = 7.4766x10” m/s.
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Figure C.2 The change of u, with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cy = 40.5 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.3 The change of u,» with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Co = 40.5 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.4 The change of u, 3 with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Co = 40.5 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.5 The change of u, with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cp = 40.5 kg/m® and Kp, = 7.4766x10” m/s.
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Figure C.6 The change of u,,; with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cy = 40.5 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.7 The change of u,, with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cp = 40.5 kg/m® and Kp, = 7.4766x10” m/s.
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Figure C.8 The change of u, 3 with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cy = 40.5 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.9 The change of u, with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cy = 37.0 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.10 The change of u,; with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cp = 37.0 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.11 The change of u,» with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cp = 37.0 kg/m® and Kp, = 7.4766x10” m/s.
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Figure C.12 The change of u, 3 with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Cp = 37.0 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.13 The change of yu, with time during the SMT of a-pL-met into y-pL-met
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Figure C.14 The change of u,; with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Co = 37.0 kg/m’ and Kp, = 7.4766x10™ m/s.
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Figure C.15 The change of u,, with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Co = 37.0 kg/m’ and Kp, = 7.4766x10” m/s.
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Figure C.16 The change of u,3 with time during the SMT of a-pL-met into y-pL-met

at 25 °C, Co = 37.0 kg/m’ and Kp,, = 7.4766x10° mys.
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The example of MATLAB code for simulating the solution-mediated

transformation (SMT) of polymorphs of bL-met is shown below.

Main code (SMT_DL_MET.m)

%%%%%%% %% %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
%%% Main Code — The Simulation of the SMT of bL-Methionine

%%%%%%% %% %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
clc

clear all

tic

format long e

run initial_mom; %input the initial moments

%%Specific simulation time which unit is sec

it=1; %iteration number
t end=7*24*60*60; %end time
t inc=30; %time step

time=(t_inc*[0:t_end/t_inc]);

time(end)=[];

%%Run code once to get initial rate

run constants;

m=ma, %1 means the calculation apply to alpha moment
run alpha_growth; %calculate the growth of alpha

run alpha_dissolution; %calculate the dissolution of alpha



run gamma_nuc; %calculate the nucleation of gamma
run gamma_growth; %calculate the growth of gamma
run dmj_dt; %calculate the change in moment

maO0(it+1)=ma0(it)+(dma0_dt(it)*t_inc);

mal(it+1)=mal(it)+(dmal_dt(it)*t_inc);

if ma0(it+1)<=0||mal(it+1)<=0  %calculate the mean particle size
La_mean(it+1)=0;

else
La_mean(it+1)=mal(it+1)/ma0(it+1);

end

ma2(it+1)=ma0(it+1)*La_mean(it+1)"2;

ma3(it+1)=ma0(it+1)*La_mean(it+1)"3;
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ca(it+1)=crystal_density*kva*ma3(it+1); %calculate the solid concentration of alpha

m=mg; %2 means the calculation apply to gamma moment

run alpha_growth;

run alpha_dissolution;

run gamma_nuc;

run gamma_growth;

run dmj_dt;
mgO(it+1)=mgO0(it)+(dmg0_dt(it)*t_inc);
mgl(it+1)=mgl(it)+(dmgl_dt(it)*t _inc);
mg2(it+1)=mg2(it)+(dmg2_dt(it)*t_inc);

mg3(it+1)=mg3(it)+(dmg3_dt(it)*t_inc);

cg(it+1)=crystal_density*kvg*mg3(it+1);%cal. the solid concentration of gamma
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c(it+1)=c(1)+cs-ca(it+1)-cg(it+1); %calculate the solute concentration
xg(it+1)=cg(it+1)/(cg(it+1)+ca(it+1));  %calculate the mass fraction of gamma
if mgO(it+1)<=0||mg1(it+1)<=0 %calculate the mean particle size
Lg_mean(it+1)=0;
else
Lg_mean(it+1)=mg1(it+1)/mgO0(it+1);
end
%%Loop code for all time steps to obtain evolution of system
for it=2:t_end/t_inc;
m=ma;
run alpha_growth;
run alpha_dissolution;
run gamma_nuc;
run gamma_growth;
run dmj_dt;
ma0(it+1)=ma0(it)+(dma0_dt(it)*t_inc);
mal(it+1)=mal(it)+(dmal_dt(it)*t _inc);
if ma0(it+1)<=0||mal(it+1)<=0
La_mean(it+1)=0;
else
La_mean(it+1)=mal(it+1)/ma0(it+1);
end
ma2(it+1)=ma0(it+1)*La_mean(it+1)"2;

ma3(it+1)=ma0(it+1)*La_mean(it+1)"3;



252

ca(it+1)=crystal_density*kva*ma3(it+1);
m=mg;
run alpha_growth;
run alpha_dissolution;
run gamma_nuc;
run gamma_growth;
run dmj_dt;
mgO(it+1)=mgO0(it)+(dmg0_dt(it)*t_inc);
mgl(it+1)=mg1(it)+(dmgl_dt(it)*t_inc);
mg2(it+1)=mg2(it)+(dmg2_dt(it)*t_inc);
mg3(it+1)=mg3(it)+(dmg3_dt(it)*t_inc);
cg(it+1)=crystal_density*kvg*mg3(it+1);
c(it+1)=c(1)+cs-ca(it+1)-cg(it+1);
xg(it+1)=cg(it+1)/(cg(it+1)+ca(it+1));
if mgO(it+1)<=0||mg1(it+1)<=0
Lg_mean(it+1)=0;
else
Lg_mean(it+1)=mg1(it+1)/mg0(it+1);
end
it
end
%%l ast entry set to zero to ensure equal vector length
ma0(end)=[]; mal(end)=[]; ma2(end)=[]; ma3(end)=[]; mgO(end)=[]; mgl(end)=[];

mg2(end)=[]; mg3(end)=[]; ca(end)=[]; cg(end)=[]; c(end)=[]; xg(end)=[l;
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La_mean(end)=[]; Lg_mean(end)=[];

Initial moment (initial_mom.m)

%%%%%%% %% %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
%%Initial Moment

%%%%%%% %% %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
ma=1; %1 means the calculation apply to alpha moment
ma0=921404220;

mal=921404220*145.623e-6;

ma2=921404220%*(145.6234e-6)"2;

ma3=921404220*(145.623e-6)"3;

La_mean=mal/mao;

mg=2; %2 means the calculation apply to gamma moment
mg0=0;

mg1=0;

mg2=0;

mg3=0;

Lg_mean=0; %this means no particles in the initial stage

Constants and initial concentrations (constants.m)

%%%%%%%% %% %% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %
%%% Constants and Initial Concentrations

%%%%%%% %% %%% %% %% %% %% %% %% %% % %% %% %% %% % %% %% %
c(1)=40.5; %initial solute concentration in kg/m3

cs=2; %initial solid concentration in kg/m3
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ca(1)=2; %initial solid concentration of alpha in kg/m3
cg(1)=0; %initial solid concentration of gamma in kg/m3
xg(1)=0; %initial mass fraction of gamma

cai=35.63; %solubility at 25 degree C in of alpha in kg/m3
cgi=33.60; %solubility at 25 degree C in of alpha in kg/m3
crystal_density=1340; %crystal density in kg/m3 and both forms are the same
kva=0.524; %volume shape factor for alpha and assume spherical nuclei
kvg=0.524; %volume shape factor for gamma and assume spherical nuclei
kaa=3.142; %area shape factor for alpha and assume spherical nuclei
kag=3.142; %area shape factor for gamma and assume spherical nuclei
KDa=5.8550e-7; %dissolution rate constant of alpha in m/s
KGa=8.0767e-7; %growth rate constant of alpha in m/s
KGg=3.1450e-7; %growth rate constant of gamma in m/s
A=3.4700e+11; %pre-exp. factor for nucleation kinetic of gamma in #/m3/s
B=0.0813; %thermodynamic parameter for nucleation kinetic of gamma
t ind=25*60; %induction time for nucleation of gamma in sec

Growth of a-pL-met (alpha_growth.m)

%%%% %% %% % %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
%%% Alpha Growth

%%%% %% %% % %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
sa(it)=c(it)/cai; %supersaturation with respect to alpha

for m=mg %ignore alpha growth if solving gamma moments

G_alpha(it,1)=0;
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end

if sa(it)<=1
G_alpha(it,1)=0;

else
G_alpha(it,1)=KGa*(sa(it)-1);

end

Dissolution of a-pL-met (alpha_dissolution.m)
%%%%%%%%%%%%%%% %% %% %% %% %% %% % %% % % %% % % %% % %%
%%% Alpha Dissolution
%%%% %% %% % %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
sa(it)=c(it)/cai; %supersaturation with respect to alpha
if sa(it)>=1||ca(it)<=0

D_alpha(it,1)=0;
else

D_alpha(it,1)=KDa*(1-sa(it));

End

Nucleation of y-pL-met (gamma_nuc.m)

%%%%%0%% %% % %% %% %% %% %% %% %% %% % %% %% %% %% % %% %% %
%%% Gamma Nucleation

%%%%%%%% %% %% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %
sg(it)=c(it)/cqgi; %supersaturation with respect to gamma

for m=ma %ignore alpha nucleation if solving gamma moments

J_gamma(it,1)=0;
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end
if sg(it)<=1
J_gamma(it,1)=0;
elseif it>=(t_ind /t_inc)+1 & sg(it)>1
J_gamma(it,1)=A*sg(it)*exp(-B/((log(sg(it)))"2));
else
J_gamma(it,1)=0;

end

Growth of y-pL-met (gamma_growth.m)
%%%% %% %% % %% %% %% %% %% %% %% % %% % % %% % % %% % % %% % %%
%%% Gamma Growth
%%%%%%% %% %% %% %% %% %% %% %% %% %% % %% % % %% % % %% % %%
sg(it)=c(it)/cqgi; %osupersaturation with respect to gamma
for m=ma %ignore alpha growth if solving gamma moments
G_gamma(it,1)=0;
end
if sg(it)<=1
G_gamma(it,1)=0;
elseif it>=(t_ind/t_inc)+1 & sg(it)>1
G_gamma(it,1)=KGg*(sg(it)-1);
else
G_gamma(it,1)=0;

end
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Rate of change of moment (dmj_dt.m)
%%%%%0%% %% %%% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %
%%% Calculation Rate of Change of Moments
%%%%%0%% %% %% %% % %% %% %% %% % %% %% %% %% %% %% % %% %% %
%%Calculatre the rate of change of alpha moments
if mal(it)>0

ma0(it)=921404220;

dma0_dt(it)=0;
else

ma0(it)=0;

dma0_dt(it)=0;
end
dmal_dt(it)=G_alpha(it)*ma0(it)-D_alpha(it)*ma0(it);
%%Calculatre the rate of change of gamma moments
if it>=(t_ind/t_inc)+1

dmgO_dt(it)=J_gamma(it);
else

dmgO0_dt(it)=0;
end
dmgl_dt(it)=G_gamma(it)*mgO0(it);
dmg2_dt(it)=2*G_gamma(it)*mg1(it);

dmg3_dt(it)=3*G_gamma(it)*mg2(it);
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Available online 18 November 2010 The Secondary Nucleation Threshold (SNT) of y-oi-methionine (pi-met) in aqueous solution was
measured for the temperature range 10-61 “C. The width of the SNT is weakly temperature dependent
with slightly smaller induction times at higher temperatures. Seeded batch crystallizations of y-pL-met
were performed isothermally at 10, 25, and 40 “C in an agitated batch crystallizer, and within the SNT
region to avoid nucleation. The effect of the initial supersaturation and seed mass on crystal growth were
also studied at 25 “C. The initial growth rate (during the first 20 min of the batch) is significantly higher
than subsequent crystal growth, aphenomenon previously seen with other species. The measured growth
ratesare independentof seed mass, as expected, for the usable portion of the growth rate data. The growth
rates were found to linearly depend on the relative supersaturation of the total pi-met in the system. The
growth rate constants increase with increasing temperature and follow an Arrhenius relationship. The
growth kinetics of they-pL-met will be used to study in order to begin characterization of the polymorphic
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transformations and the overall crystallization rate of pL.-met.
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1. Introduction

Polymorphism occurs when a compound can exist in more than
one crystalline form [1]. These crystalline forms contain the same
molecules but have a different arrangement of molecules within
the crystalline lattice. Polymorphs can have different mechanical,
thermal, physical, and chemical properties, which greatly influence
their suitability for a wide variety of uses, particularly for phar-
maceutical products, and affects their suitability for further
processing.

Crystallization processes where polymorphs form may consist
of competitive nucleation, crystal growth, and the transformation
from the metastable to the stable form. In most cases, the most
important factor for the control of polymorphic crystallization is
the nucleation process. However, the mechanism of each elemen-
tary step in the crystallization process needs to be clear in relation
to the operational conditions in order to selectively crystallize
polymorphs. The most important process in crystallization of
polymorphs is Solution-Mediated Transformation (SMT) which
consists of the dissolution of the metastable form and the growth of
the stable form [2].

The crystal growth process is described by two successive
mechanisms, mass transfer (by diffusion or convection) of solute
molecules from the bulk solution to the crystal surface and

* Corresponding author. Tel.: +66 44224497, fax: +66 44224609,
E-mail address: adrianfl@g.sut.ac.th (A.E. Flood).

0022-0248/% -see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jcrysgro.2010.11.046

integration of solute molecules into the surface (a reaction step)
[3]. Crystals can grow without significant birth of new crystals
(nuclei) in a metastable zone which is often exhibited by super-
saturated solutions. When the supersaturation is sufficiently high,
secondary nucleation in the presence of prior crystals occurs; the
limit of this regime is referred to as the metastable limit for
secondary nucleation [4] or the Secondary Nucleation Threshold
(SNT), depending on the method of measurement. The secondary
nucleation threshold is the upper limit of the metastable zone with
regard to secondary nucleation. Nucleation is typically avoided or
minimized in crystallization processes because it is difficult to
control and gives a bad product size distribution. In batch processes
the operation is usually undertaken in the metastable zone, and
crystallization is initiated through the addition of seed crystals,
thus avoiding large amounts of nucleation.

pi-methionine (pL-met) is an essential amino acid in the human
diet, and is also used as dietary component in poultry and animal
feeds. It is also used in active pharmaceutical ingredients, and as a
precursor to other amino acids. pi-met has previously been shown
to exhibit polymorphism and exists in the solid phase as o-pL-met,
B-pi-met, and y-oi-met [5,6]. a-pi-met and p-or-met forms are
almost equally stable [5], and the crystal structures of each
polymorph are known [7]. Single crystals of both forms were
grown from an ethanol-water solution by slow evaporation and
occur as soft plates. B-pL-met was discovered accidentally while
attempting to grow o-pi-met crystals of greater plate thickness.
Moreover, o-pi-met crystals can be obtained by the reaction
crystallization of aqueous solutions of sodium methioninate
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(Na-met) using liquid acids such as hydrochloric, acetic, nitric,
sulfuric, or formic acids [6]. Matsuoka et al. [6] reported the third
polymorph, y-pi-met, as well as its preparation method and crystal
structure. y-pi-met crystals were obtained by reaction crystal-
lization of agueous solutions of Na-Met with a solid benzoic acid, or
by cooling crystallization of aqueous solutions of pi-met.

The transformation of oi-met crystals in solution has been
reported to consist of the Solid-State Transformation (SST) of
y-pL-met to «-pi-met in the charged crystals and Solvent-Mediated
Transformation (SMT) of a-pi-met to y-pi-met, which is caused by
the dissolution of #-pi-met and crystal growth of y-pi.-met [8]. This
indicates that the crystallization kinetics (particularly dissolution
of g-pL-met and growth of y-pi-met) for the polymorphs produced
also have to be studied in order to characterize the phase trans-
formation in the system.

There is no published data on the SNT and crystal growth
kinetics of y-pL-met in agueous solution. Therefore, in the present
study the growth rate of the y-pi-met in aqueous solution was
measured to attempt to begin to characterize the polymorphic
transformationin solution. The SNT of this system was determined
to ensure that the system is operated under convenient non-
nucleating conditions.

2. Materials and methods
2.1. Materials

pL-met ( > 99%, Acros Organics) and deionized water were used
to prepare the supersaturated solution in all experiments. y-p.-met
was prepared by cooling crystallization of aqueous solutions of
pL-met as follows. pi-met (21 g)wasdissolved in 350 mLofwaterin
a 0.5 L batch crystallizer maintained above 60 “C. This solution was
continuously agitated by an overhead stirrer at 300 rpm, and the
solution was cooled and maintained at 25 °C, after which the
crystals were removed and filtered. Since these crystals were too
large for use as seed crystals a further crystallization was per-
formed. The solution at 25 “C was heated to 30 “C, then cooled to
5 “C and held at this temperature for 24 h. After 24 h, the suspen-
sion was filtered, washed, and dried. y-o.--met was identified using
X-ray powder diffractometry (Bruker axs, D5005). The pure
y-pi-met crystals were sieved, and the cut between 180 and
250 um was used as seeds for crystal growth rate measurement.

2.2. Secondary nucleation threshold measurement

Secondary nucleation threshold experiments were performed at
10, 25, 40, and 61 °C in a 0.5 L batch crystallizer for a range of
supersaturated solutions containing y-pi-met seed crystals using a
method similar to that of Srisa-nga et al. [4]. A series of super-
saturated solutions were prepared and heated to 20 “C above the
experimental temperature for a period of 30 to 40 min to ensure
that no ghost nuclei remained in the solution. Approximately 3 mg
of sieved y-pi-met crystals, 75-105 pm in size, was added to each
solution to induce secondary nucleation. Nucleation was observed
by the naked eye at particular time intervals, with nucleation
being indicated by precipitation or clouding due to the very fine
nuclei particles. The clouding occurring in the experiments was
clearly visible and the distinction between solutions that had
precipitated at a particular measurement time and those had not
precipitated wasclear. The highest concentration solution that had
not nucleated at a particular time and the lowest concentration that
had nucleated were both recorded. All experiments were dupli-
cated to check reproducibility.

2.3. Crystal growth rate measurement

The growth kinetics of y-pi.-met were studied via seeded batch
desupersaturation experiments using time dependent measure-
ments of both Particle Size Distributions (PSDs) and solute con-
centrations [9,10]. Experiments were performed at 10, 25, and 40 “C
in a 0.5L batch crystallizer agitated at 350 rpm by an overhead
stirrer, and performed within the SNT region to avoid nucleation.
The solute concentration in the clear liquor was measured period-
ically using dry substance determination [10], and the PSD of
crystalline samples was measured using a Malvern Mastersizer/E
(Malvern Instrument, Mastersizer S). Volume percentdistributions
were converted mathematically to number density distributions in
order to determine the number mean growth rate of the crystals,
which is most suitable for use in population balance modeling.
Nucleation was not detected in any seeded batch crystallization for
growth determination. Growth rate was determined as the time
rate of change of the number mean crystal size.

Desupersaturation experiments were performed on supersatu-
rated solutions within the SNT region that had previously been
heated to 20 “C above the experimental temperature for a period of
30 to 40 min to ensure that no ghost nuclei remained in the
solution. The solutions were then cooled to the experimental
temperature, after which a quantity of dry seeds were fed to the
crystallizer. A small volume of the suspension was sampled at
particular times during the batch to determine the PSDs and solute
concentration. All experiments were duplicated to determine
reproducibility.

3. Results and discussion
3.1. Secondary nucleation threshold

The effect of induction time on the measured SNT at different
temperatures is shown in Fig. 1. In this figure, the upper point on
each vertical line represents the lowest absolute supersaturation
that had nucleated and the lower point represents the highest
absolute supersaturation that had not nucleated. This means that
the true value of the SNT must lie between these two points. The
mean value of these two points is an approximation for the true SNT
at this experimental time. This figure shows the time dependence of
the SNT, with the SNT decreasing as the induction time increases. In
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Fig. 1. The time dependence of the secondary nucleation zone width based on
pL-met concentrations at temperatures of 10, 25, 40, and 61 “C. The dashed line
represents the model for dataat 10and 25 “C. The solid line represents the model for
40 and 61°C.
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terms of absolute supersaturation, initial time SNT is about 11.8 gof
oi-met/kg of water for 10and 25 “C,and 12.1 g of p.-met/kg of water
for40and 61 °C. At large induction times, greater than 50 h, the SNT
is about 3.2 g of pi-met/kg of water for 10 and 25 °C, and 2.2 g of
pi-met/kg of water for 40 and 61 “C. After 2 days there were still
some solutions of low supersaturation which had not nucleated.

Since the SNTs at temperaturesof 10and 25,and 40 and 61 "Cdo
not overlap when plotted in terms of absolute value of super-
saturation, the induction time dependence of the SNT is plotted
separately. This indicates that temperature has an effect on the
SNT over the range of temperatures that oi-met is likely to be
crystallized.

The data inFig. 1 were fitted with a hyperbolic decay with three
parameters. Egs. (1) and (2) show the fitted equations, where C
represents the total oi-met concentration (g of p.-met/kg of water)
for the SNT, C* is the solubility, and t;,4 is the observation time in
hours.

0.7266
C—C=31828+ 07266 por 5o < T< d0°C 1
F o085t S D T ) b

0.6519
C—C =21287+ 5319 e dgec<T < T0°C 2
BT R <A 4

The solubility data of a-pi-met and v-oi-met in the temperature
range of 5-70 °C has been measured previously [ 11] and is plotted
as a function of temperature in Fig. 2. The solubility of y-pi-met
(g of p.-met/kg of water) was fitted using a cubic polynomial with
the result shown in Eq. (3), where T represents the experimental
temperature in “C.

C"=18.2345.053 x 107'T+2.436 x 10°T? +8.410 x 10°T*>  (3)

Substitution of Eq. (3)into Eq. (1) gives the SNT concentration as
a function of time between 5 and 40 “C, and substitution of Eq. (3)
into Eq. (2) gives the SNT concentration as a function of time
between 40 and 70 “C.

The induction time dependence of SNT of y-pi-met in agueous
solution is shown in Fig. 2. SNT shows limitations on either the
operating concentration or the batch time to ensure that nuclei are
not formed, so it is very important for control of seeded batch
crystallizations. For example, when the crystallization is performed
at 25 “C and the operating time is within 1 h, the initial concentra-
tion that can operate without a significant birth of new crystals is
up to 37 g of p.-met/kg of water.

The SNT of z-pi-met was not measured in this work since
experiments were performed inregions where only the y-formwill
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Fig. 2. Secondary nucleation thresholds for y-pi-met at operating times of 0.1,0.5,
1.0,and 2.0 h.

nucleate. The SNT technique used by Lu et al. [12] is appropriate for
the metastable form. However, growth experiments for the o-form
can only be performed within the area between the SNT of y-pi-met
and the solubility of o-pi-met. This is reasonable for the tempera-
ture range 5-35 °C.

3.2. Crystal growth kinetics

An example of PSDs from a batch run at 25 °C is shown in Fig. 3.
The PSD is plotted on a log-scale to show that the volume-based
PSD is a log-normal distribution, and hence appears as a normal
distribution on a log-scale. Photomicrographs of seed crystals and
product crystals from a batchrunat 25 “Cwere also analyzed. These
indicated that there is no nucleation occurring during the growth
process because there is only one peakin the PSD and no particles
smallerthan the seed crystals. PSDs of product crystals are uniform,
which lead to a good product quality.

The morphology of y-pi.-met is thin rod-like, prism-like, or
plate-like having a hexagonal cross section [ 6,13]. For this study the
shape of the seed crystals (y-pi-met crystals) obtained from an
aqueous solution is plate-like having a hexagonal cross section, but
the shape is not perfect, After the growth process the morphology
of the crystals has not changed, but the shape is more perfect than
the seed crystals. This means that there is no phase transformation
during the growth of the y-pi-met crystals in aqueous solution.
Similar results are seen at all experimental temperatures (10, 25,
and 40 "C), which indicates that y-p.-met is the stable polymorphic
form at these temperatures. The improved shape and features of
the product crystals show that correct operation of the batch can
lead to improved product quality.

A log-normal volume-based PSD indicates that the number
distribution is also log-normal with the same geometric standard
deviation[14]. The number mean size may then be calculated from
the following equation:

Inx = InXyy —2.51n"a, )

where Xy, is the number mean crystal size, X,y is the median of the
volume distribution, and oy is the geometric standard deviation of
the volume distribution. The PSDs of this work were confirmed by
discretizing the volume density distribution into small elements
(of 1 pm width), and calculating the number of particles in each
element and number mean crystal size. The geometric standard
deviation of the volume distribution was constant over the time

“oVolume in size range

1] 100 1000
Particle size (um)

Fig. 3. Particle size distributions of seed and product crystals from a batch run at
25°Cand oy=0.11.




264

120 L. Wantha, AE. Flood [ Journal of Crystal Growth 318 (2011} 117-121

period of the experiment, indicating common history seed [4].
The mean growth rate was determined as the time rate of change of
the number mean crystal size, The growth rate was calculated
directly from the slope of a plot between the number mean crystal
size and time of each measurement. Fig. 4 is an example of this plot.

Fig. 4 also shows the batch crystallization profiles for the
condition of 0.5 g of y-ni.-met seed crystals having an average size
of approximately 178 um, with the crystallization temperature
being 25 “C and forinitial relative supersaturations (¢ ) equal to 0.09
and 0.11. Fig. 4 shows that an increase in the initial supersaturation
results in an increaseinthe final crystal sizes. This is since the higher
solute concentration in excess of the solubility leads to a higher
amount of solute addition onto the same seed mass. In addition,
experiments varying the seed mass show that an increase of the
total seed surface leads to a faster decrease in supersaturation, and
smaller final crystal sizes. This is since the higher seed surface area
results in an increased solid integration rate through crystal growth.
The higher seed mass leads to a smaller final crystal sizes since the
same amount of solute is added to a larger number of seed crystals.
The desupersaturation rate increases with increasing temperature
since the integration of solute into the crystal surface increases with
increasing temperature.

The growth rates were calculated using the number mean
crystal size. The crystal growth experiments allowed growth
kinetics to be determined as a function of relative supersaturation,
as shown in Figs. 5 and 6. It can be seen that, at constant
temperature, the growth rates increase with increasing super-
saturation. The results of the experiments with different initial
supersaturation (Fig. 5) agree very well for all but the first three
data points of each experiment, where there were different growth
rates predicted for the same supersaturation value. Also the results
of the experiments with different seed mass (Fig. 6) agree very well
for all but at early periods of the experiment, where there is some
differences between data for different seed masses.

The explanation for the difference between the growth rates at
early periods of the experiment is unknown, although earlier this
has been noted in many other species, with the phenomenon
initially being seen for fructose [15]. Many explanations have been
proposed for this behavior including initial fast crystal growth as
seed crystals repair their surface; later crystal growth being slowed
by slow surface adsorption of impurity molecules [15]; and the
effect of growth rate history on the crystal surface [16-19].

The unusually high growth rates during the early period of all
experiments were ignored in subsequent analysis of crystallization
kinetics. The growth kinetics can be described for each set of
conditions by the power-law model [20]
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Fig. 4. Desupersaturation curves and time dependence of crystal sizes from a batch
run at 25 °C with different initial supersaturations.
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Fig. 5. Mean crystal growth rates for y-pi-met as a function of relative super-
saturation at 25 °C with different initial supersaturations.
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Fig. 6. Mean crystal growth rates for y-pi-met as a function of relative super-
saturation at 25 °C with different seed masses.

G=Kgo" (5)
where G is the mean growth rate in pm/min, Kg is the growth rate
constant in pm/min, o is the relative supersaturation, and n is the
growth rate order. The experimental data were fitted using Eq. (5),
with the result shown in Fig. 7. The resulting equations show that
the growth rate order is unity for all conditions. The values of
growth rate constant (K;) obtained from linear regression of the
experimental data (Fig. 7) are 10.39, 18.87, and 27.83 pm/min,
respectively, for 10, 25, and 40 “C. This indicates that the growth
rate constant is strongly temperature dependent. The growth rate
constant can be modeled by Arrhenius relationship of the form [21]

K¢ = kgexp {%ﬂ (6)

where E¢ is the activation energy of growth in kJ/mol, T is the
temperature in K, and R is the ideal gas constant (8.314 J/mol/K).
The results (Fig. 8) indicate an activation energy of growth for
y-pr-met of 24.26 kJ/mol.

The value of the growth rate order is very important in under-
standing the controlling mechanism. In general, a growth rate order
of n=1 indicates that mass transfer becomes more important as a
rate controlling mechanism and a growthrate order between 1 and
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g O 25%, settd temperature dependent, and follow an Arrhenius relationship with
2 @  25°C, set#d an activation energy of 24.26 kJ/mol. Further crystal nucleation,
2 B 25°C, set#5 | growth, and dissolution experiments will be performed on the
=2 ¥ 25:@ set#f o-form. This should allow a complete model of the SMT between
s 8 40°C, set#] the polymorphs to be achieved.
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2 indicate that the surface integration step is more pronounced
[21]. In the case of y-pi-met growth at all temperature studied, with
growth rate order of 1, indicates that the mass transfer process
plays an important role in explaining the growth process.
Further work needs to be performed in order to characterize
both the crystal growth and dissolution kinetics of the z-form of
oi.-met, and also the nucleation rates of the two polymorphs in
order to fully characterize the phase transitions in the system.

4. Conclusions

The SNT of y-pi-met in aqueous solution decreases with
increasing induction time, The SNT in these measurement units
is temperature independent for all induction times. The crystal-
lization of y-pi-met from aqueous solution should be operated
within the SNT region if nucleation is to be avoided. The initial
growth rate (at higher supersaturation) is significantly higher than
subsequent crystal growth (at lower supersaturation). During the
early periods of the experiments there were much larger growth
rates than that would be expected from extrapolation of the data
determined during the later time periods. This isdue to the effect of
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ARTICLEINFO ABSTRACT

Growth kinetics of the two commaon polymorphs of c-methionine (oe-met ), a-oe-met and y-oe-met, and

Keywards:

Al Dissolution

Al Polymorphism

AL Growth from soluticn
B1. ee-ne-Methianine

E1. -w-Methionine

dissolution kinetics of v-ne-met, were studied in aqueous solution as part ofan attempt to complete an a-
priori model of the solution-mediated transformation (SMT) of polymorphs in this system, which will
then be compared to measured rates of polymorph transformation. The growth rates of a-se-met and
y-ne-met were found to be linearly dependent on the relative supersaturation of ne-met in the system.
The dissolution rate of y-ne-met was found to linearly depend on the relative unde rsaturation of se-met in
the system. Both the growth and dissolution rate constants are temperature dependent and follow an

Arrhenius relationship. AL all temperatures studied, both the growth rate of a-oe-met and the dissolution
rate of y-za-met are faster than the growth rate of v-se-met, indicating that if the dissolution is a diffusion
controlled process, then the SMT of the polymorphs of oe-met is likely to be controlled by the growth rate

ol -zt

= 2011 Elsevier BV. All rights reserved.

1. Introduction

Crystallization processes, which include transformation of
polymorphs consist of the competitive nucleation and cryvstal
growth of the polymorphs, and the transformation from the
metastable form to the stable form, wsually via a solution-
mediated transformation (SMT), which consists of the nucleation
and crystal growth of the stable form and the dissolution of the
metastable form. To understand and control polymorph forma-
tion, the mechanism of each elementary step in the crystallization
process needs to be understood and be able to be modeled for
inclusion in crystal population balances for each polymorph
imvolved in the transformation.

Crystal growth from solution is a two step process [1]. The first
step is the mass transfer (by diffusion and/or convection ) of solute
maolecules from the bulk solution to the surface of the growing
crystal. The second step is the adsorption of solute molecules to
the surface of the crystal, and integration of the adsorbed
maolecules into the crystal lattice if they find a suitable integration
site via a surface diffusion mechanism before they desorb. The
growth rate depends on the level of driving force for crystal
growth, which is the supersaturation. Crystals can grow without
significant birth of new crystals (nuclei) in a region, which lies
between the saturation and nucleation limits, called the meta-
stable zone, which is time dependent.

Dissolution has traditionally been considered as a one step
process, which is diffusion controlled. The dissolution rate depends

® Corresponding authaor. Tel ! 66 44224497, fax 66 44224609
E-mail address: adrianflidgsutacth (AE Flood).

2 202 48% - see front matter & 2011 Ekevier BV. All rights reserved.
dol 10108/ jorysgro200 1.1 00064

on the level of the driving force for dissolution, which is the
undersaturation

oL.-methionine (pi-met) is an essential amino acid, which has
previously been shown @ exhibit polymorphism and exists in the
solid phase as x-oi-met, f-o-met, and y-or-met [2,3). The SMT of b=
met has been studied by Yamanobe et al. [4], which showed that the
transformation of «-oi-met to y-ni-met occurs via the dissolution of
s-ni-met and crystal growth of y-oi-met. To improve understanding
of the behavior of the palymorphic crystallization of o.-met, growth
kinetics, dissolution kinetics, and nucleation kinetics need to be
studied. The crystal growth rates of y-o-met have been reported in
a previows study 5], a5 have nucleation kimetics for vy-oL-met |6]. In
the present study, the growth and dissolution kinetics of «-oi-met
and y-oL-met were measured and analyzed using batch experiments
containing substantial populations of crys@ls. Similar data can also be
obtained using results frem measurements in a small growih cell
under a microscope [7.8) however this technigue may be more time
consuming if a large number of crystals are analyzed to obtain the
extent of growth rate dispersion. The influence of the supersamration
and temperature on crystal growth, and undersaturation and tem-
perature on dissolution, were investigated. The solubility data used
for the @lculation of supersaturation and undersaturation of the bvo
polymorphs was from a recent study [5] The results in the current
article will be wsed with the results of the nucleaton study in order @
a-priori model the SMT of the methionine polymorphs with popula-
tion balances, and compare the model to measured rates of ransfor-
mation; this will be discussed in a later article. Previous research has
showwn that population balance models can be used to fir mechanistic
models of nucleation, dissolution and growth im SMT systems,
howewver it is also imporant @ show how accurate the population
balance models are when measured data are used to describe the
fundamental mechanisms.
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2. Materials and methods
2.1. Materiais

pi=-met { =99%, Acros Organics), NaOH { = 97% Carlo Erba),
MazC0s ( =909.5%, Carle Erba), and HCO (37%, Carlo Erba) were
used without further purification. Deionized water was used to
prepare all solutions. Sodium methioninate (Na-met) was also
required for acidic precipitations of oL-met to prepare «-pL-met,
Aqueous solutions of Ma-met were prepared by a method pre-
viously described [2]. 50 g of pi-met and 13.5g of NaOH were
dissolved in 166.5mL of water, with the addition of 20g of
MNayC0s. After mixing, solutions were stirred with a magnetic
stirrer for 6 h, and about 150 mL of water was removed from the
solution by distillation; the precipitate formed was separated
by filtration over a hot { =100 °C) 8 pm Alter by a vacuum pump.
The filtrate contained 71% sodium methioninate.

2.2 Preparation of the polymaorphic forms of oe-met

d-p-met was prepared wsing reaction crystallization of
Ma-met agueous solutions as follows: concentrated HCI (37%)
was fed slowly into diluted Ma-met agueous solutions (80 mL of
71% Na-met aqueous solution diluted by 40 mL of water) in a
250 mL glass beaker at 35 “C The mixed solutions were continu-
ously agitated by a centrally located four-blade impeller driven by
an overhead stirrer at 300 rpm. The pH of the solutions reached
the isoelectric point of o-met (pH =5.7-5.9) after the full amount
of HO was added. The resulting crystals were collected by
filtration and dried over silica gel. y-oi-met was prepared by
cooling crystallization of aqueous solutions of o.-met, which has
been described in a previous paper |5]. The seed of pure o-o-met
were obtained by collecting sieved crystals in the size range of
64-125 pm. The seed of pure y-o-met were obtained by collect-
ing sieved crystals in the size ranges of 180-250 and 250-300 pm.
Pure crystal polymorphs of each form were also characterized by
Xeray powder diffractometry (XRPD) ( Bruker axs, D5005),

2.3, Crystal growth and dissolution rates measurenent

The growth kinetics of «-oL-met were studied via seeded batch
desupersaturation experiments, as described in a previous
paper |5]. The experiments were performed at 5, 15, and 25 °C
im a 0.5-L stirred glass crystallizer agitated by a centrally located
four-blade impeller driven by an overhead stirrer at 350 rpm.
Experiments were performed within the area between the sec-
ondary nucleation threshold (SNT) of y-o-met [ the stable poly-
morph) and the solubility of «-o-met, to avoid nucleation |5).
Concentration was measured periodically using dry substance
determination [10], and the particle size distribution (PSD) of
crystalline samples was measured using a Malvern Mastersizer/S
(Malvemn Instrument, Mastersizer 5). Volume percent distribu-
rions were converted mathematically to number density distribu-
tions in order to determine the number mean growth rate of the
crystals, which is most suitable for use in population balance
modeling [5,11]. Mucleation was not detected in any seeded batch
crystallizations for growth rate determination. Growth rate was
determined as the time rate of change of the number mean crystal
size using a number of experiments using different seeds and
different starting supersaturation values. Crystal growth rate
at a particular supersaturation was measured to +0.05 pm/min
{95% confidence ).

The dissolution experiments for y-oi-met were studied using a
similar method to the growth experiments, except the experi-
ments were performed at 10, 25, and 40°C, and under the

solubility of y-pi-met. The dissolution rate at a particular under-
saturation was measured to +0.07 pm/min (95% confidence).

3. Results and discussion
3.1. Groweh and dissolution kinerics of the polymorphic forms

Examples of PSDs from dissolution and growth experiments at
25 °C are shown in Figs. 1 and 2, respectively. The PSD is plotied
on a log-scale to show that the volume-based PSD is a log-nomal
distribution, and hence appears as a normal distribution on a log-
scale, Photomicrographs of seed crystals and product crystals
from growth, and final crystals from dissolution experiments at
25°C were also analyzed. The analysis showed that there is no
nucleation occurring during the growth process because there is
only one peak in the PSD and no particles smaller than the seed
crystals. Good guality product crystals were obtained because
these are uniform P5SDs. The product crystals obtained from
growth and the final crystals obtained from the dissolution
processes showed only one peak, which indicates that the growth

% Volume in size range

i 100 1000
Particle size (Lm)

Fig. 1. Particle size distributions of seed and final cystals from a dissslution
experiment at 25°C

uwr

“oVolume in size range

Particle size (pm)

Fig. 2. Particle size distributions of seed and product aystals from a groswth
experiment af 25°C
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and dissolution rates can be easily calculated from the change of
the mean crystal size. The product and final crystals were also
examined by XRPD analysis. The XRPD pattemns of the product
and final crystals were the same as the seed crystals: this
indicates that there was no phase transformation during the
growth and dissolution processes during the relatively short
batch times used. After the growth process of o-oe-met the
concentration reaches the solubility of #-pL-met and then remains
constant for some period of time. At this concentration -p-met
starts to transform to y-ou-met. Therefore the growth rate is
measured from the time of seed addition until the concentration
reaches the solubility of «-oL-met.

A log-normal volume-based PSD indicates that the number
distribution is also log-normal with the same geometric standard
deviation [11]. The number mean crystal size was calculated
using a method described in a previous paper [5]. The mean
growth and dissolution rates were determined as the change of
the number mean crystal size with time. The number-basis was
used to calculate the growth rate because the growth rate data
can only be obtained from batch growth wsing the population
balance, which is a number-based balance. If other mean sizes
(i.e. the volume or mass mean sizes) are used then the result is
not suitable for use in the population balance, and therefore far
less useful. The growth and dissolution rates can calculated from
the slope of the plot between the number mean crystal size and
the time of each measurement, with these being correlared with
the measured supersaturation at the same time point.

The crystals of «-oi-met prepared by precipitation of the
agqueous solutions of Na-met are small and partly aggregated,
which makes them unsuited for determination of average dis-
solution rates. At the same undersaturation values used for y-pi-
met the a-o-met crystals dissolved too quickly for the determi-
nation of the dissolution rate to any suitable accuracy, and the
time rate of change in the mean size of the crystals changed too
rapidly to measure. Where the undersaturation was small enough
that dissolution was sufficiently slow the concentration is so
close to the solubility of x-oL-met that the undersaturation cannot
be predicted to sufficient accuracy. Hence, in the curmrent
study dissolution rates were measured using y-oi-met seed
crystals only.

In a preliminary model of the SMT the dissolution rates of
a-pl=-met and y-o.-met as a function of undersaturation may be
assumed to be the same based on the assumption that dissolution
is a single step (diffusion controlled) process. A bulk diffusion
controlled process does not depend on the crystal structure at the
surface (since diffusion occurs in the liguid phase where the
malecule does not occur in a polymorphic form). The assumption
of common dissolution kinetics does not mean that the dissolu-
tion rates of the two forms will be the same at the same
concentration of ow-met, however: the two forms will have
different undersaturation levels for a particular value of the pu-
met concentration, since they have a different solubility. There is
currently some debate about whether dissolution is really a two
step process, and hence this assumption will be verified in
later work, It is quite possible that this assumption is not
sufficiently accurate: confirmation of the validity of this assump-
tion can be demonstrated when SMT data for the transformation
of #-p-met to y-oe-met is compared to the population balance
maodel.

The crystal growth of either of the two polymorphs is a two step
process (mass transfer © the surface of the crystal, and a reaction
step, which integrates the solute into the crystal surface) [1),
and therefore the growth kinetics of the two forms will not be the
same. The second step (solute integration into the lattice ) depends
on the characteristics of the surface of the crystal, and therefore on
the crystal scructure of the polyvmorph.

The crystal dissolution experiments allowed dissolution
kimetics to be determined as a function of relative undersatura-
tion and the dissolution rates of y-pL-met increased linearly with
increasing undersaturation, as expected. The crystal growth
experiments allowed growth kinetics to be determined as a
function of relative supersaturation and the growth rates of
a-pl-met also increased with increasing supersaturation. The
initial growth rates of x-pi-met (the first one or two growth race
data points) are significantly higher than expected based on
extrapolation of data from subsequent crystal growth measure-
ments, as was found previously in the case of y-o-met |5]. This is
due to the effect of the growth history on the crystal surface, with
crystals grown more quickly at higher supersaturation having a
rougher surface than the seed crystals they were grown [12-15].
A similar phenomenon was also found in the dissolution experi-
ments of y-oi-met; that is the initial dissolution rate of y-o-met
at early periods of the experiment (at higher undersaturation) is
significantly higher than would be expected from subseguent
crystal dissolution { at lower undersaturation). This may be due to
a change in the surface structure of the crystals as dissolution
progressed; the seeds at the initial undersaturation may have a
rougher surface (on a microscopic scale) than they had after a
period of dissolution, leading to a small difference in thermo-
dynamic stability due to the increased surface energy of the
rougher crystals.

The growth rate was assumed to be size independent growth,
which has been the traditional assumption used. This has been
investigated for other species, for example x-L-glutamic acid [16).
The dissolution rate of two different sets of seed crystals, in the
size ranges of 180-250 and 250-300 pm were measured at 25 °C
to determine if any size dependence was found in the dissolution
rate. The results showed that the dissolution rates of both seed
sizes are the same. Therefore, when considering the transforma-
tion kinetics, the growth rate of o-o-met (seed size: 64-125 pm),
the dissolution rates of y-o-met { seed size: 250-300 pm), and the
growth rate of y-o-met (seed size: 180-250 pm) [5] can be
reasonably compared with each other.

The initial crystal disselution and growth rates of all experi-
ments were disregarded in subsequent analysis of crystallization
kinetics, The growth and dissolution kinetics were described for
each set of conditions by the power-law model [17.18]

D =Kgofl i1

T=Kgol 2

where D and © are the mean dissolution and growth rates in pmy/
min, respectively; Kp and K are the dissolution and growth rate
constants in pum/min, respectively; ap and o are the relative under-
saturation and supersaturation, respectively: m and n are the dis-
solution and growth rates orders, respectively. The experimental
results of the dissolution of y-o-met and growth of «-oe-met were
fitted with Eqs. (1)and (2}, and the results are shown in Figs. 3 and 4.
The resulting equations show that the dissolution and growth rate
order are unity for all conditions. The values of the dissolution and
growth rate constants obtained from the linear regression of the
experimenil data are shown in Table 1. The results indicated that the
dissolution and growth rate constants are soongly temperature
dependent The dissolution and growth rate constants can be
modeled by Arrhenius relationship of the form [18,19)

[—E

Kp=kpexp R_TDJ &)
E,

Kq=k — 4

c '“-'EKD_RT 4
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where Ey and E;; are the activation energies of dissolution and growth
in Jimol, respectively; Tis the emperature in K, and R is the ideal gas
constant (8.314 [fmol/K) The dissolution rate constant of y-ol-met
and growth rate constant of x-oL-met were fitted with Egs (3)
and {4), and the results are shown in Fig 5 mgether with the growth
of y-oi-met 5], The values of activation energy of dissolution and
growth obtained from the linear regression of the dissolution and
growth rate constants are shown in Table 1.
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Fig. 3. Mean dissolution rates of m-met as a function of relative undersaturation
and temperature.
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3.2, Discussion

The SMT is usually the most important process in crystallization of
polymorphs from solution. If «-oe-met crystals are put in a saturated
aqueowss solution, a SMT from s-oL-met to y-oe-met will take place.
The dissolution of s-oi-met and growth of y-oe=met are the main
kinetics of SMT. Table 1 shows that the dissolution rate constants of
a-n-met (assuming they are similar to the dissolution rates of y-oi-
met) are likely to be larger than the growth rate constants of y-oL-met
at all temperatures studied. Therefore, the rate of the SMT is likely ™
be controlled by the growth of y-oL-met. This conclusion is similar ©
the SMT of other crystalling substances, for example, w-histidine [20],
and L-glutamic acid [21]. Moreover, the growth rate constant of o-pi-
met is larger than the growth rate cons@nt of v-oi-met, except at low
temperature. This is reasonable because the crystallization kinetdcs of
the metastable forms should be faster than the stable forms when the
metastable forms appear first and then transform o more s@ble
forms [21,22], although the increased crystallization rates of the
metastable form could also be due to larger nuclearion rates for the
metastable form rather than larger growth rates. NMucleation rates in
general have a larger effect on the overall rate of aystallization of a
species since differences in nucleadon rate can have very large effects
on the population density of crystals in the system, however in many
cases the differences in growth rates are sufficiently large that
differences in the growth kinetics are more significant. For instance
it has been shown that, for an equal supersaturation, the growth rate
of a-gycine (the metastable polymorph) is 500 times faster than the
growth rate of y-glycine (the stable polymaorph) [23].

55F O Dissolufion of oe-met
< Growth of ceo=met
o Growth of -oL-mat

In Ky, orn Ky,
g

4.1 31 33 34 35 3.6
1000 (K')

Flg. 5. An Arthenius plot of the growth rate and dissolution rate constants for o-met
for determination of the activation energy of crystal growth and dissolution.

Table 1
Dizsolution and growth kinetic parameters of the polymorphs of e-met
Temperature ("C) a-onL-met r-m-met! -met”
Kz (] min ) Eq (kimal) K (Jumy min ) Eqg (K]l ) K ({yarmyf i} En (k| fmal)
5 a1 56.00 2426 - .16
10 = 1039 1693
13 1923 -
35 4848 1887 35.13
<0 = 2783 57487

* Data from |5].

B Dissolution kinetics of a-m-met or y-m-met are assumed to be the same.
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4. Conclusion

In this work, the kinetics of the processes which contribute to
the rate of transformation between the polymorphs have been
studied. The growth kinetics of the two polymorphs and the
dissolution kinetics of y-o.-met were measured between 5 and
40 °Cin an agitated batch crystallizer. At all temperatures studied,
the growth rate orders of both s-oi-met and y-o-met are 1. The
dissolution rate order of y-oi-met is also 1. The growth and
dissolution rate constants increase with increasing temperature
and follow an Arrhenius relationship. At all temperatures studied,
the growth rate constant for «-o.-met and the dissolution rate
constant for +-o.-met are larger than the growth rate constant for
y-pL-met, indicating that, based on the assumption that the
two forms have the same dissolution rate kinetics, the SMT
of the polymorph of o.-met may be controlled by the growth of
y-DL-met.
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Nucleation kinetics of y-oL-methionine (y-bL-met) were measured in aqueous solution
using direct determination of the rate of nucleation based on measurements of
particle (crystal) counts as a function of time. The number of crystals appearing in a
microdroplet were counted by observation under a microscope. The nucleation rates
increase with increasing temperature, and were found to exponentially increase with
respect to the supersaturation of oL.-met. The measured nucleation kinetics follow the
trends expected from Classical Nucleation Theory (CNT) allowing approximate
interfacial energies to be estimated by fitting the measured data to CNT.

1. Introduction

Crystallization processes which include transformation between polymorphs consist
of the competitive nucleation and crystal growth of the polymorphs and the
transformation from the metastable form to the stable form, usually via a solution
mediated mechanism. The mechanism of each elementary step in the crystallization
process needs to be understood to predict and control polymorph formation. This
analysis has been already began in the current system with results on the crystal
growth rates and secondary nucleation threshold of y-bL-met [1].

Determination of the nucleation rate is of key importance for the development of
process models that can be used for process design and optimization. This is a
difficult step in crystallization process design and development. Numerous
techniques for determination of the nucleation rate for crystallization process have
been proposed in the literature, for example methods using combined particle (crystal)
counting and process time measurements [2,3], mixed-suspension mixed-product
removal (MSMPR) experiments in combination with particle size distribution (PSD)
measurements [4], induction time measurements [5,6] and metastable zone
experiments [7]. An overview about the difference of these techniques can be found
elsewhere [4].

In this work, a previously developed method [2], which is based on the use of particle
(crystal) counts in microdroplets as a function of time, was used to determine the
nucleation kinetics of y-bL-met in aqueous solution. The effects of supersaturation
and temperature on the nucleation rates were studied.

2. Experimental Methods

A saturated solution at the temperature under consideration was prepared at a
temperature T, (see Fig. 1), chosen to prevent nucleation of crystals. To prepare this
solution, a known amount of pL-met was dissolved in 300 mL of water in a 0.5 L
batch crystallizer agitated at 350 rpm by an overhead stirrer maintained at a constant
temperature, To. Note that T is at least 20 °C above Tgat.
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The direct determinations of the rate of nucleation are described as follows. The
principle of this technique is illustrated in Fig. 1 and the experiment setup is
illustrated in Fig. 2. A solution droplet with a volume of 0.2 pL (prepared using a
micropipette) at T, was placed in the nucleation cell at which was maintained at the
selected T4. This temperature was such that the nucleation process was initiated at
the desired supersaturation level. After a specific time interval (Af;) for nucleation, the
temperature T, was raised to a temperature T; at which the supersaturation was at a
sufficiently low level to prevent further nucleation, but allowed existing crystals to
grow to a visible size, During this stage the numbers of crystals that appeared in the
solution droplet was counted using observation under a microscope. After plotting the
total number of crystals detected in the droplet as a function of Afy, the nucleation
rate was determined from the slope of this plot as At; approaches zero divided by the
volume of the solution droplet. Note that the times to change the temperature from Ty
to Ty and T; to T2 depend on the thermal property of the material of the nucleation
cell and the size of droplet. In this case the times were about 5-10 sec because of the
very small size of droplet. At a high nucleation temperature, 35 °C for this work, inert
liquid paraffin was used to cover the solution droplet to reduce the effect of the liquid
evaporation due to very small size of the droplet.
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Fig. 2: Schematic of the experiment setup. The nucleation cell is made from acrylic
and wells are flat-bottom.

Water bath

3. Results and Discussion

Crystals obtained from cooling crystallization from aqueous solutions of pL-met have
previously been found to be the y-polymorph (y-oL-met) [8], and this work obtains the
same polymorph using identification by X-ray powder diffractometry (Bruker axs,
D5005).

The nucleation rates of y-bDL-met in aqueous solution were determined for three
different temperatures: 18, 25 and 35 °C, and at each temperature the nucleation
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rate was determined at various values of supersaturation. For each value of the initial
supersaturation the number of crystals that appeared in the solution droplet was
counted at 4-6 values of the nucleation time At;, and for each value of At; the
measurements were performed with 3-6 replicates. For each value of At; the number
of crystals was counted at particular times during the growth stage, and stopped
when the number of crystals did not change with time. The number of crystals
detected at the end of this period is the number of crystals nucleated during Afy; the
experiment must be performed in this way since newly nucleated crystals are too
small to be detected until growth to a visible size has occurred. The growth occurs at
a supersaturation within the metastable zone (for the time period of the measurement)
and hence no new nuclei are formed during the growth period. Fig. 3 illustrates
photomicrographs of crystals nucleated in a droplet from a measurement at 18 °C
and S = 1.37. The number of crystals nucleated during At; are 47, 84, 114, and 124
crystals respectively for nucleation times of 10, 15, 40, and 60 seconds. During the
measurement the shape and size of droplet did not change, which indicates that
evaporation from the solution droplet did not occur during nucleation measurement.

Fig. 3: Micrographs of crystals nucleated in a droplet at various nucleation times;
measurement at 18 °C and S = 1.37: 10 s (a), 15 s (b), 40 s (c), 60 s (d).

Fig. 4, 5, and 6 show that the mean number of nucleated crystals increases with
increasing nucleation time and supersaturation for the nucleation rate measurements
at 18, 25, and 35 °C, respectively. The plots start from zero crystals (no nucleation)
at Aty = 0 because the measurement start with a clear solution. At higher nucleation
time the mean number of nucleated crystals approach to constant value because the
solution concentration approaches the metastable limit due to the crystal growth
during the experiment. Usually, for each Aty measurement the crystals that appeared
in the solution droplet consist of the new crystals formed and crystals that grow to
larger size. To cancel the effect of the change in supersaturation due to growth the
nucleation rate should be determined for the earlier stages (at small values of Aty) of
the measurement. This also indicates that the nucleation rate is measured at
constant concentration because at very small At; the concentration is nearly constant
because the number of nuclei produced is small. The nucleation rate is determined
from the slope of these plots as At; approaches zero divided by the volume of the
solution droplet (dN/dt-V"). To reduce the difficulty of the determination the plots
were fitted with an exponential rise to a maximum: N = a(1-e™), which fits the




274

18th Intemnational Workshop on Industrial Crystallization

available data very well. This equation gives dN/df = abe™ and therefore
dN/di|,  =ab. This leads to the nucleation rate J = ab/V, where J is the nucleation

rate in #/m’s, ab is the initial slope in #/s, and V is the volume of the droplet in m®,
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Fig. 6: Mean number of crystals as a Fig. 7: Nucleation rate as a function of
function of nucleation time (At;) and supersaturation.
supersaturation at 35 °C.
The dependence of the nucleation rates on the supersaturation and temperature are
shown in Fig. 7. It can be seen that at constant temperature the nucleation rates
increase exponentially with increasing supersaturation. This is since the higher
supersaturation (S = c¢/c* = actual concentration/solubility) leads to a higher driving
force (Ac = c - ¢*) for nucleation. Also, at constant supersaturation the nucleation
rates increase with increasing temperature. This is due to the change in the pre-
exponential constant with temperature and is typical with kinetic processes.

The nucleation rate (J) can be predicted as a function of supersaturation based on
the classical nucleation theory (CNT) according to eq. 1 [9].
J= ASexp{— i] (1)
In"§
where A is a pre-exponential kinetic parameter and B is a thermodynamic parameter.
Assuming spherical nuclei the following relationship is predicted
_16aviy’

3(kT) @
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where v, is molecular volume and is equal to 18.50x10%° m® for pL-met, y is
interfacial energy in J/m?, k is the Boltzmann constant and is equal to 1.38x10% JIK,
and T is temperature in K. The experimental data were fitted eq. 1, with the results
shown in Fig. 7. The model fits the data well. The results show that the measured
nucleation kinetics follow the trends expected from the CNT. The best-fit values of A
and B are shown Tab. 1. Approximate interfacial energy values for all temperatures
can be predicted from the parameter B, and these are also tabulated in Tab. 1. It is
important to note that these may only be approximations to true surface energies.
The y values obtained are comparable to those reported for other poorly water
soluble organic molecules, for example L-histidine [5] (5.1 mJ/m?) and paracetamol
[10] (1.4-2.8 mJ/m?). The values obtained for A are relatively low but are comparable
to values for lysozyme [11] (107 - 10° m™®s™") and L-asparagine [12] (10"' m™s™).

Table 1: The predicted interfacial energy and pre-exponential factor.
Temperature Pre-exp. Factor, A Parameter B Interfacial Energy, y

(°C) (m®s™ [-] (mJ/m?)
18 5.10x10" 0.247 3.03
25 3.47x10" 0.0813 2.14
35 3.08x10" 0.0464 1.84

4, Conclusions

In this work, direct determinations of the rate of nucleation of y-bL-met in aqueous
solution were performed. This method is based on direct particle (crystal) counts as a
function of time. The nucleation rate was determined from the limiting slope of the
plot between the total number of crystals and the nucleation time as the nucleation
time approached zero, divided by the volume of the solution droplet. The results
show that the number of nucleated crystals increases with increasing nucleation time
and supersaturation, and approaches a constant value at higher nucleation time,
because at higher nucleation times there is sufficient growth to deplete the solution.
The determined nucleation rates follow the trends expected from the classical
nucleation theory (CNT). The nucleation rates increase with increasing temperature
and exponentially increase with increasing supersaturation. Based on the CNT, the
kinetic parameter A and thermodynamic parameter B were estimated by fitting the
determined nucleation rates with CNT. The interfacial energy was estimated from the
parameter B and the values are in the range 1.8-3.1 mJ/m®. The interfacial energy
value tends to decrease with increasing solubility.
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