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Abstract

In this work, the active pharmaceutical ingredient (API), L-histidine (L-his), was
used to be the model substance. There are two known polymorphic forms of L-his, the
stable polymorph, A, and the metstable (unstable) polymorph, B. The formation of
polymorphs is usually determined by thermodynamics, crystallization and dissolution
kinetics, and transformation kinetics. This research aims to understand and predict the
crystallization and dissolution kinetics of these polymorphs. The behavior of the
crystallization in aqueous and water-ethanol solutions (anti-solvent crystallization) was
also studied.

Experimental measurements of the growth rate of form A and the dissolution
rate of form B in aqueous solution were performed at 10, 25, and 40 °C. The growth
and dissolution kinetics were measured using desupersaturation and deundersaturation
techniques, respectively. Both the growth and dissolution rates increase with increasing
temperature. At all temperatures studied, the dissolution rate of form B is faster than the
growth rate of form A, indicating that the solution-mediated transformation (SMT) of the
polymorphs of L-his is likely to be controlled by the growth rate of form A.

The nucleation and growth mechanisms of form B in a water-ethanol system
were determined based on the induction time measurements. The induction times were

experimentally determined at different supersaturations. The experimental results of



induction time were correlated using the models of mononuclear and polynuclear
mechanisms. The results showed that the primary nucleation mechanism of form B is
identified as a polynuclear mechanism, and the growth mechanism is identified as two-
dimensional nucleation-mediated growth. Moreover, the formation of the polymorphs
from crystallization in water-ethanol solutions as a function of supersaturation and
ethanol volume fraction was studied. The results showed that form B was obtained
initially at higher ethanol volume fraction and supersaturation. A mixture of forms A and

B was obtained at lower ethanol volume fraction and supersaturation.

Keywords : Crystal Dissolution, Crystal Growth, Crystal Nucleation, Polymorphism,

A polymorph of L-histidine, B Polymorph of L-histidine



1. Introduction to the Research Problem and Its Significance

Recently, the solid forms of drug are very important in pharmaceutical industries.
These forms of active pharmaceutical ingredient (API) are used more frequently than
other dosage forms. This is since the liquid forms metabolize quickly in the bloodstream
requiring increased dosage as part of the treatment, while solid forms provide a longer
therapeutic effect with a reduced dosage (Suarez et al., 2001) which provide an easier
management. The prolonged action of a solid form depends on its physical state
because crystals in the crystalline form have longer time of action than amorphous
crystals.

The key problem in production of the solid forms of APIs is that many APls
occur as several crystal polymorphs (the same chemical in a different crystal structure)
and/or solvates and psuedopolymorphs (the same chemical, but with a water or solvent
molecule in the crystal structure). Polymorphs and solvates can have different
mechanical, thermal, physical, and chemical properties. 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 many cases, if both polymorphs crystallize at approximately
similar rates, the two polymorphs may crystallize simultaneously from the solution, also
called concomitant polymorphism (Bernstein et al., 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 polymorphs. Methods of inhibiting
particular polymorphs or solvates are necessary to create polymorphically pure
compounds. This study aims to make conclusions about methods to produce a
polymorphically pure APl compounds by crystallization. The crystallization and

dissolution kinetics were studied to be the data for supporting this conclusion. L-histidine



(L-his) was the model substance of APl compound. L-his crystal has previously been
shown to exhibit polymorphism and exists in the solid phase as a stable polymorph A

and a metastable polymorph B (Kitamura, 1993; Roelands et al., 2006).

2. Theory and Literature Review
2.1 Polymorphism

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. Solvates in the contrary, incorporate molecules of one or more
solvents. Polymorphs and solvates can have different mechanical, thermal, physical,
and chemical properties, such as compressibility, melting point, crystal habit, color,
density, dissolution rate, solubility, bio-availability or chemical reactivity (Yu, Reutzel-
Edens et al.,, 2000; Yu, Chew et al.,, 2007). In recognition of a different need, all
industries related to pure or formulated solids, especially the pharmaceutical industry
know about the importance of polymorph or solvate monitoring and control (including
formation, prediction, transformation, and stability) (Mangin et al., 2009; Yu, Chew et al.,
2007). Later require a deep understanding of the kinetics (crystallization, dissolution,
and transformation kinetics) and thermodynamics of the polymorphic or solvate system.

Polymorphism and solvates are of great importance phenomenon, particularly in
the pharmaceutical industry as different polymorphs and solvates can exhibit different
properties with great influence on the bio-availability, stability, filtration, drying, grinding,
and tableting properties of the drug substance (Chen et al., 2011; Parmar et al., 2007).
Generally, the thermodynamically stable polymorph or solvate is more desirable
commercial dosage form than metastable polymorph or solvate. This indicates that the
unknown polymorphs or solvates that formed during production or uncontrolled
transformation is highly undesirable. However, e.g. in the case of APl which usually has

low solubility in water, the stable polymorph which also shows the lowest solubility,



might have an insufficient bio-availability (Ulrich and Frohberg, 2012). Therefore, to
improve a certain properties such as a higher bio-availability the metastable polymorphs
or solvates, which shows higher solubility, have to be developed (Capes and Cameron,
2006; Mangin et al., 2009). The example of the solubility of the polymorphic compound
that follows this system is shown in Figure 1. This figure is the solubility data of Ol-form
(metastable form) and B-form (stable form) of L-glutamic acid. L-glutamic acid is one
example of a monotropic system. 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 Ol-form. Another example of the
solubility data is shown in Figure 2. This is the data for L-phenylalanine which is one
example of an enantiotropic system. 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.
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Figure 1. Solubility curves for two polymorphic forms of L-glutamic acid.

(Kee et al., 2009)
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Figure 2. Solubility curves of L-phenylalanine polymorph. (Mohan et al., 2001)

2.2 Polymorphic Crystallization

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, (T,
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.

Crystallization is a separation and purification process used to produce a wide
variety of materials in the fine chemical, food, and pharmaceutical industries. In the
pharmaceutical industry crystallization is used as a separation and purification
processes for intermediates and often serves as the final step in the manufacture of

APIs (Chen et al., 2011). Several crystallization methods are known to crystallize a less



stable (metastable) polymorph or solvate of a drug, which is the form most suitable in
the field of pharmaceuticals (Capes and Cameron, 2006; Chen et al., 2011). These
include high pressure crystallization (Griesser et a., 1997), spray drying (Beckmann and
Otto, 1996), crystallization from a melt or a quenched amorphous state (Stowell et al.,
2002), crystallization from solution (Bobrovs et al., 2014; Lu et al., 2007). However, they
have been found to be difficult to control precisely to avoid the formation of more than
one polymorph (Capes and Cameron, 2006; Zencirci et al., 2009).

It is necessary to prepare the appropriate polymorph for the desired application.
Therefore, the formation of the desired polymorph has to be controlled in polymorphic
crystallization and such a process should be robust and reproducible. Usually, the
formation of the polymorph is determined by thermodynamics, crystallization and
dissolution kinetics, and transformation kinetics. Thermodynamics are used to identify
whether the crystal phase is the stable or metastable polymorph. Kinetics are used to
determine how fast these crystal phases can be crystallized at a certain driving force.
Polymorphic crystallizations consist of the competitive nucleation and crystal growth of
the polymorphs and the transformation from the metastable polymorph to the stable
polymorph, wusually via a solution-mediated transformation (SMT) mechanism,
particularly in crystallization from solution. This consists of the nucleation and crystal
growth of the stable polymorph and the dissolution of the metastable polymorph (Jiang
et al.,, 2010; Mangin et al.,, 2009; O’'Mahony et al., 2012; Wantha and Flood, 2013a).
Therefore, the mechanism and kinetics of each elementary step in the crystallization
process needs to be understood to predict and control the formation of the appropriate
polymorph.

Accurate modeling of the SMT can be performed by creating separate models of
each of the mechanisms involved and combining these models within the framework of
the population balance equation (PBE) (Févotte et al., 2007; Wantha and Flood, 2013b).
This is a two-step method. Firstly, the rates of the crystallization processes (nucleation

and growth) and the rate of dissolution of each polymorph are obtained through specific



experiments. Secondly, 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.

2.3 Crystal Nucleation and Growth

Crystallization from solution is usually the result of two processes; crystal
nucleation and crystal growth. 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. Nucleation is
classified into primary and second nucleation (Figure 3). 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.

Up until now there have been numerous techniques for determination of the
nucleation rate for the crystallization process have been proposed in the literature, for
example, methods using combined particle (crystal) counting and process time
measurements (Lindenberg and Mazzotti, 2011; Wantha and Flood, 2012), mixed-

suspension mixed-product removal (MSMPR) experiments in combination with particle
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size distribution (PSD) measurements (Garside et al., 2002; Mersmann, 2001), induction
time measurements (Lindenberg and Mazzotti, 2009; Teychené and Biscans, 2008; Zhi
et al., 2011), and metastable zone experiments (Mitchell and Frawley, 2010; Nagy et al.,
2008). The method that has been widely used is the method of induction time
measurement (Lindenberg and Mazzotti, 2009; Teychené and Biscans, 2008; Zhi et al.,
2011). In refs. (Teychené and Biscans, 2008; Zhi et al., 2011), the theoretical
expressions have been used to show the dependence of the induction time on the
supersaturation for different crystal growth mechanisms. These expressions have been
shown to be correct in identifying the nucleation and growth mechanisms. Therefore, in
this research the nucleation and growth mechanisms were determined by induction time
measurements.

The classical nucleation theory (CNT) of primary nucleation has been described
as follows by Kuldipkumar et al. (2007). The rate of primary nucleation can be described

according to the following equation:
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J = Aexp

where A is the pre-exponential factor, y is the interfacial free energy between crystal
and solution, v is the molecular volume of the crystal, k' is the Boltzmann constant, T is
the absolute temperature, S is the supersaturation (S =C/C*), f.is the surface shape
factor, and f, is the volume shape factor.

For a mononuclear nucleation mechanism, Mullin (2001) suggested that the
induction time period t, , is inversely proportional to the nucleation rate (t,, = 1/JV), and

then Eq. (1) can be rewritten as

B

Tinsy ©)

Int,, = A,

when

—In—
A, nAV (3)

B 4 f537/3v2
27 23

where V' is the volume of the system. A plot of In (,4) against 1/(In S)2 results a straight
line of slope B, and intercept of axis y of A . The different slopes suggest that the
homogeneous (at high supersaturation) and heterogeneous (at low supersaturation)
nucleation mechanisms may exist (Mullin, 2001).

Eq. (2) is valid when the induction time is dominated by the time required for the
critical nuclei formation; that is, the nucleation is due to a mononuclear nucleation
mechanism (Zhi et al., 2011). However, Eq. (2) will be invalid if the induction time is

dominated by the time required to grow the nucleus to be a detectable size (Zhi et al.,



2011). Therefore, the polynuclear mechanism should be adopted to characterize the
nucleation.
The induction time for the formation of a new phase by the polynuclear

mechanism is usually expressed as (Kuldipkumar et al., 2007):

1/n
t. = L (5)
ind an JG n-1

where « is the volume fraction of the detected new phase, G is the growth rate of
nucleus, a, is the shape factor, and n = mb + 1, where m refers to the dimensionality of
growth, and b = 0.5 or 1 denotes that the crystal growth is controlled by volume
diffusion or by surface integration process, respectively. Because B polymorph of L-his
is a plate crystal (Kitamura, 1993), a two-dimensional growth (m = 2) can be assumed.
Because growth of the L-his crystal is controlled by surface integration process (Wantha
and Flood, 2015), b = 1.

For the polynuclear nucleation mechanism, the pre-exponential factor in Eq. (1)
depends on the supersaturation (Zettlemoyer, 1969). Therefore, the steady-state

nucleation rate is written as

B
(Ins)’

J =K;Sexp (6)

where K| is the nucleation rate constant.
The general growth kinetics can be expressed as a function of supersaturation

by the power-law model (Mersmann, 2001; Mullin, 2001)

G =K (S-1)° =Ko (7)



where K is growth rate constant, g is the growth rate order and indicates the growth
mechanism. In general, a growth rate order of g = 1 indicates that mass transfer
becomes a rate-controlling mechanism, and a growth rate order between 1 and 2
indicates that the surface integration step is rate-controlling and represents the “birth
and spread” growth mechanism, while g > 2 represents a spiral growth mechanism.
Substituting Egs. (6) and (7) into Eq. (5), and taking the logarithm of the induction time

(with m = 2 and b = 1), the following relationship can be obtained:

B
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(24
v e

The parameters of A,, B, and g can be obtained by correlating the induction time with
the supersaturation. The nucleation and growth mechanisms can be identified by
comparing the coefficient of determination R2 or values of g (Eq. (8)).

Crystal growth from solution is a two-step process (Randolph and Larson, 1988)
(see Figure 4). The first step (mass transfer by diffusion or convection) involves the
transfer of molecules from the bulk solution to the crystal surface. The second step
concerns the insertion of the molecules into the crystal surface - a reaction step. The
growth rate depends on the level of driving force for crystal growth which is the
supersaturation. The dissolution process is usually considered to be controlled by the
mass transfer of solute molecules from the crystal surface to the bulk, however it may
also involve a reaction step. The dissolution rate depends on the level of driving force
for dissolution which is the undersaturation. Crystal growth rate data of industrial
crystallization processes are usually correlated empirically with supersaturation using a

power-law model of the form as shown in Eq. (7).
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There are at least two main groups of techniques used to measure crystal
growth rate. The first group is the single crystal growth methods, where the growth
kinetics of different crystal faces are usually determined by optical or atomic force
microscopy (Kitamura and Ishizu, 2000; Pantaraks and Flood, 2005). The second group
is the methods involving growth in a multiparticle system (Kitamura et al., 1994; Srisa-

nga et al., 2006). These techniques usually involve measuring the change in the mass



or size of a group of crystals at a fixed temperature and supersaturation. When a large
number of crystals are analyzed to obtain an accurate mean crystal growth rate and the
extent of growth rate dispersion the first technique may be more time consuming than
the second technique. The desupersaturation experiment is another technique which is
based on measuring the change of the particle size distributions (PSDs) and solute
concentrations with time in a seeded isothermal batch experiment (Garside et al., 2002;
Schdll et al., 2007; Wantha and Flood, 2011). The advantage of this method is that a
large set of growth data can be obtained from a single experiment. The dissolution rate
can be measured using 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
(Gougazeh et al.,, 2009; Gutjahr et al., 1996; Wantha and Flood, 2013b). In this
research, the growth and dissolution rates were measured using the desupersaturation

and deundersaturation experiments, respectively.

2.4 Factor Effect on Polymorphic Crystallization

In many situations, the isolation of a metastable polymorph before it undergoes
a solvent-mediated phase transformation to the more stable form is difficult and
challenging (Wang et al., 2000). Therefore, several studies were investigated the use of
additives (Davey et al., 1997; Gu et al.,, 2002) and substrates (Mitchell et al., 2001;
Bonafede and Ward, 1995) to either encourage the preferential nucleation of one
polymorph or to disrupt the crystal growth of the other form. However, the limited
success of these methods is due to they do not take into account kinetic factors that are
likely to play a dominant role during crystallization. As a consequence, to take
advantage of the excellent properties of a metastable polymorph or solvate a kinetic
stabilization by inhibiting the formation of a more stable polymorph or solvate is required

(Gu et al., 2002).



The advanced methods to obtain desired metastable polymorphs or solvates are
the use of external field or surface templating (Ulrich and Frohberg, 2012). The selective
nucleation of a desired polymorph can be achieved by controlling the supersaturation
and nucleation temperature, and choice of solvent or use of additives (Lu et al., 2010;
Prashad et al., 2010). Another technique for selective nucleation is seeding experiments
with great care by ensuring the absence of the stable polymorph nuclei while the
nucleation of the metastable polymorph or solvate (Beckmann, 2000).

The other influential factors are supersaturation (Kitamura and Nakamura, 2002),
stirring rate (Cashell et al., 2004), mixing rate of reactant solutions (in the case of
reactive crystallization) (Kitamura et al., 2002), addition rate (Kim et al., 2003), and
solvents (Bobrovs et al., 2014; Kitamura and Nakamura, 2002). In this work the effect of

solvent was studied.

2.5 L-Histidine

Histidine (see Figure 5) is one of the essential amino acids. It is produced for
use in a variety of products including as a food additive, an active pharmaceutical
ingredient, in animal feed, and as a precursor for other chemicals. L-histidine (L-his)
crystal has been known to have two polymorphs, form A and form B (Kitamura, 1993;
Roelands et al., 2006). The crystal structure of form A and form B of L-his is shown in
Figure 6. The molecular conformation is quite similar. Experimentally it is determined
that form A is the stable form, and form B is the metastable (unstable) form. Form A is
produced from the completed transformation of form B into form A in aqueous solution,
and form B is produced from anti-solvent crystallization, where water is used as the
solvent and ethanol is the anti-solvent (Kitamura, 1993; Roelands et al., 2006). The
polymorphic transformation between form B and form A is particularly significant to the

processing of histidine.
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(Roelands et al., 2006)

3. Research Objectives

The objective of this reserch is to study and characterize the crystallization
processes of the polymorphs of L-his in aqueous solution and water-ethanol solution.
This includes measurement and analysis of the solid properties of each polymorph,
measurement and analysis of the nucleation, growth, and dissolution kinetics of each
polymorph. The effects of temperature, supersaturation (or undersaturation for

dissolution), and solvent on these kinetics are studied.



4. Experimental Methods
4.1 Materials

Pure powder of L-his powder (>99%, Sigma-Aldrich), and ethanol (>99%, Carlo
Erba Reagent) were used without further purification. Water used in the experiment was

deionized water.

4.2 Preparation of Polymorphs A and B

The pure form of each polymorph was prepared by the following methods. Form
B crystals were crystallized from an anti-solvent crystallization at room temperature as
described elsewhere (Kitamura, 1993; Roelands et al., 2006). Previous studies have
suggested using mixtures of water and ethanol (at greater than 40 percent volume
ethanol) to produce from B. In this research, a saturated aqueous solution of L-his was
prepared and from B crystallized by adding a volume of ethanol that was two times the
volume of the original saturated solution. Form A crystals were obtained when the
transformation from form B to form A was completed in aqueous solution at room
temperature, as described elsewhere (Kitamura, 1993; Roelands et al., 2006). Pure
crystal polymorphs of each form were also characterized by X-ray powder diffractometry
(XRPD) and optical microscopy. Photomicrographs of crystals of form A and form B are
shown in Figure 7. The shape of form A crystal is rod-like. The shape of form B crystal
is plate-like. The characteristic peaks of XRPD of form A and B are shown in Figure 8.
The XRPD patterns of pure forms A and B show some distinct differences.

The seed crystals of the pure form A were obtained by collecting sieved crystals
in the size range of 125-250 ym. The crystal seed of the pure form B were obtained by
collecting sieved crystals in the size ranges of 250-355 ym. The seed of form B were
prepared at a larger size since the dissolution rate experiments involve a decrease in
size of the seed crystals, and the decrease in size is relatively rapid; thus the

dissolution experiments require large seed crystals to obtain reproducible results.



Figure 7. Photomicrographs of product crystals: obtained from the completed
transformation of form B into form A in aqueous solution at 25 °C (a), obtained from

water-ethanol system at 25 °C, 50 % volume ethanol (b).
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Figure 8. XRPD patterns of forms A and B.



4.3 Crystal Growth and Dissolution Rates Measurement

The growth rate of form A was determined via seeded batch desupersaturation
experiments using time dependent measurements of both solute concentrations and
particle size distributions (PSDs) (Garside et al., 2002; Wantha and Flood, 2011;
Gougazeh et al., 2009). Experiments were performed at 10, 25, and 40 °C ina 0.5 L
batch crystallizer (see Figure 9) agitated by a centrally located four-blade impeller driven
by an overhead stirrer at 250 rpm. The solute concentration in the clear liquor sample
was measured periodically using the refractive index method, and the crystal size
distribution of crystalline samples was measured by analyzing a population of greater
than 30 crystals under a microscope. Growth rate was determined as the time rate of
change of the mean crystal size. To ensure that nucleation did not occur during the
experiment the secondary nucleation thresholds were determined using a method
described previously (Wantha and Flood, 2011), and the initial supersaturation for each
growth experiment was performed within the metastable region. Nucleation was not
detected by the naked eye in any seeded batch crystallization for growth determination.
In addition, analysis using optical microscopy did not detect any crystals smaller than
the initial seed population at any time, again suggesting that nucleation did not occur

during the experiment.
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Figure 9. The 0.5 L Batch crystallizer.



Desupersaturation experiments were performed on solutions that had previously
been heated to 20 °C above the experimental temperature (this is also at least 5 °C
above the saturation temperature) for 30 to 40 min to ensure that the solution is
homogeneous, and that there was no ghost nuclei remaining in the solution. The
solutions were then cooled to the experimental temperature, and when the temperature
reached the experimental temperature, a quantity of dry seed was fed to the crystallizer.
A small volume of the suspension was sampled at specific times, and filtered quickly
before determination of the crystal size distribution and solute concentration.

Deundersaturation experiments for determining the dissolution rates of form B
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 form B.

All dry crystal samples were obtained quickly by vacuum filtration (using a
membrane with a pore size of 0.45 um) of a suspension sample and were washed with
cold ethanol to remove water at the crystal surface. The crystal products were
suspended in a saturated ethanol solution at ambient temperature, and a solution
droplet was placed on a cover slip under a microscope. The population of crystals was
recorded with a micrograph and the crystal size distributions were measured from the
photomicrographs. The two largest visible lengths of each crystal were observed and
the crystal size was calculated from the geometric mean of these two lengths. The
micrographs were calibrated using a standard, and the number of crystals measured in
each sample was greater than 30.

The solubility data of form A and form B in water were obtained from a previous
study (Kitamura, 1993). To analyze the repeatability of experimental results, each kinetic

measurement was performed at least three times.

4.4 Induction Time Measurement
Nucleation mechanisms were determined via the induction time measurement

method. Induction time measurements of L-his in the water-ethanol solution were



performed at 25 °C in a 0.25 L batch crystallizer (see Figure 10). A series of saturated
solution (aqueous solution of L-his) was prepared and heated to 5 °C above saturation
temperature for 30 to 40 min to ensure that no ghost nuclei remained in the solution.
Then the solution was cooled to experimental temperature and kept at this temperature.
When the temperature reached the experimental temperature, ethanol was added to the
solution. The induction time was then measured by recording the appearance of the
crystals by eye. Three reproducible experiments were carried out for the different
supersaturation levels tested. The crystals obtained at the initial stage of crystallization

were characterized by microscope and XRPD.
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Figure 10. The 0.25 L Batch crystallizer.

5. Results and Discussion

Photomicrographs of seed crystals and product crystals from a growth
experiment of form A of L-his at 25 °C are shown in Figure 11. This figure shows that
there is no nucleation occurring during the growth process because no particles smaller
than the seed crystals are detected. The obtained crystal size distribution (CSD) also
confirmed this. The distribution was accurate because the photos were calibrated using
a standard and a large sample (> 30 crystals) was used. The shape of all crystals from
the growth experiments is a rod-like shape which confirms that the seed and product

crystals are form A. After the growth process the concentration reaches the solubility of



form A and then remains constant, as shown in Figure 12. This indicates that there was

no phase transformation during the growth processes of form A.

Figure 11. Photomicrographs of seed crystals and product crystals at various times from

the growth experiment of form A at 25 °C: seed (a), 30 min (b), 100 min (c).
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Figure 12. Desupersaturation curves from a batch run at different temperatures.

Photomicrographs of seed crystals and product crystals from a dissolution
experiment of form B of L-his at 25 °C are shown in Figure 13. In this research the
dissolution experiments were performed for relatively short batch times to avoid the
transformation process. The shape of all crystals from the dissolution experiments is a
plate-like, which confirms that the seed and product crystals are form B. After the
dissolution process the concentration reaches the solubility of form B and then remains

constant for some period of time, as shown in Figure 14. This also confirms that there



was no phase transformation during dissolution of form B during the relatively short
batch times used (ca 30 min). If the crystals remained in solution for an extended period
the concentration would drop to the solubility of form A due to the transformation of form

B into form A.

Figure 13. Photomicrographs of seed crystals and product crystals at various times from

the dissolution experiment of form B at 25 °C: seed (a), 5 min (b), 13 min (c).
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Figure 14. Deundersaturation curves from a batch run at different temperatures.

Figure 12 shows the desupersaturation curves from the growth experiments of

form A. The desupersaturation rate increases with increasing temperature since both the



rate of mass transfer and the rate of integration of solute into the crystal surface
increase with increasing temperature. This indicates that the growth rate of form A
increases with increasing temperature as expected (see further in Figure 16). Figure 14
shows that the rate of the reduction of the undersaturation increases with increasing
temperature, which indicates the dissolution rates of form B increases with increasing
temperature as expected (see further in Figure 18).

The crystal size distributions (CSDs) were measured from micrographs of
samples taken at particular times. The counted number of crystals for each sample was
greater than 30. The number mean crystal size was determined by the total crystal
length divided by total counted number of crystals. The number mean crystal size 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
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
be calculated from the change of the mean crystal size divided by the change of the
time of each measurement, with these being correlated with the average of the
measured supersaturation at the same time. In this research the change of mean crystal
sizes with time is fitted with any continuous function that fits the data well, and then the

mean growth and dissolution rates were calculated by the following definition

— dL
G(t)=— (10)
(t) |

dL
D(t)=——2o (11)
(t) |

where L is mean crystal size (um) and t is time (min). é(o-e)and B(O-D) can then be
found from é(t) and B(t), respectively, using the measured concentration data as a

function of time.



Figure 15 shows the desupersaturation curves and time dependence of mean
crystal sizes of form A for the experiments at 25 °C. An exponential decay fits all of the

supersaturation data very well. This equation is given by Eq. (12):

o =0.09608 (12)

Numerical constants in the fitted functions were not rounded to avoid error
propagation when applying further calculations to the final crystal growth rate model. An
exponential rise to a maximum fits all of the mean crystal size (in ym) data well, and the

equation is given by Eq. (13):
L =203+92(1—e %) (13)

The mean growth rate is determined as the first derivative of mean crystal sizes

(Eq. (13)) with respect to time, which is given by Eq. (14).

G= % — 2.832¢ 700308 (14)
t

The growth rates were calculated using the mean crystal size. The crystal
growth experiments allowed growth rates (Eq. (14)) to be determined as a function of
relative supersaturation (Eq. (12)), as shown in Figure 16. The growth rates at 10 and
40 °C are determined using the same method, and the results are shown in Figure 16.
It can be seen that, at constant temperature, the growth rates increase with increasing
supersaturation. This figure also indicates that the growth rate are strongly temperature

dependent.
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Figure 15. Desupersaturation curves and time dependence of crystal sizes of form A for
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Figure 16. Mean growth rates for form A as a function of relative supersaturation.

Figure 17 shows deundersaturation curves and time dependence of crystal sizes
of form B for the experiments at 25 °C. An exponential decay fits all of the

deundersaturation data well. This equation is given by Eq. (15):



o, =0.0706e 1 (15)

An exponential decay also fits all of the mean crystal size data well, and the

equation is given by Eq. (16):
L = 246 +185¢ 1% (16)

The mean dissolution rate is determined as the first derivative of mean crystal

sizes (Eq. (16)) with respect to time, which is given by Eq. (17).

5 _ _£ _ 19.116_0'1035t
dt

The dissolution rates were calculated using the mean crystal size. The
dissolution experiments allowed dissolution rates (Eq. (17)) to be determined as a
function of relative undersaturation (Eq. (15)), as shown in Figure 18. The dissolution
rates at 10 and 40 °C are determined using the same method, and the results are
shown in Figure 18. It can be seen that, at constant temperature, the crystal dissolution
rates increase with increasing undersaturation. At constant undersaturation, the

dissolution rates increase with increasing temperature.
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The growth (or dissolution) kinetics can be expressed as a function of
supersaturation (or undersaturation) for each set of conditions by the power-law model

(Gougazeh et al., 2009)

(‘3:%: k.o (18)
5:_%: k0 (19)

where 6 and 5 are the mean growth and dissolution rates (um min_1), respectively; kg
and kp are the growth and dissolution rate constants (um min-1); Og and Op are the
relative supersaturation and undersaturation; and n and m are the growth and
dissolution rate orders, respectively. The experimental results of the growth of form A
and dissolution of form B were fitted with Eqgs. (18) and (19) using the fitting routine
from the software Sigmaplot 13.0, and the results are shown in Figs. 19, 20, and 21.
95% confidence intervals for each parameter in the model are given by the fitting
routine and are presented along with the values of the parameters in Table 1. The value
of the growth rate order is used in understanding of the controlling mechanism. In
general a growth rate order of g = 1 indicates that mass transfer becomes a rate
controlling mechanism and a growth rate order between 1 and 2 indicate surface
integration step is at least partially rate controlling (Mullin, 2001). It can be seen that in
the case of the growth of form A the growth orders are 1.44 £ 0.062, 1.23 £ 0.14, and
1.67 * 0.02, respectively, for 10, 25, and 40 °C. This indicates that the surface
integration process plays an important role in explaining the growth process of form A.
For the case of the dissolution of form B, the dissolution rate orders are 1.21 £ 0.10,
0.98 * 0.05, and 1.10 % 0.23, respectively, for 10, 25, and 40 °C. This indicates that at
25 and 40 °C the mass transfer process plays an important role in explaining the

dissolution process of form B, and at 10 °C the surface disintegration is also important.



In crystallization of polymorphs from solution, the SMT is usually the most
important process which describes the transformation from the metastable polymorph to
the stable polymorph. A SMT from form B to form A will take place when crystals of
form B are nucleated in, or put into a saturated aqueous solution. The dissolution of
form B and growth of form A are the main kinetics of SMT. As shown in Fig. 19 the
dissolution kinetics of form B are faster than the growth kinetics of form A. This leads to
the SMT of form B into form A being a growth controlled process. This means that the
mass transfer of solute from the crystal surface to the bulk solution (due to the
dissolution of form B) rapidly proceeds to maintain the solute concentration at or close
to the solubility of form B. However, the growth of form A and dissolution of form B
occur simultaneously during SMT until form B crystals are completely dissolved, which
means that the transformation is complete. Then the concentration will drop slowly to
the solubility of form A due to the growth of form A. This conclusion agrees with the
previous SMT study of L-his by Kitamura (1993). In the literature there are a lot of
studies showing that the growth of the stable polymorph is the limiting step, for example
L-glutamic acid (Dharmayat et al., 2008; Garti et al., 1997; Ono et al., 2004), taltireline
(Maruyama et al., 1999), and carbamazepine (O’Mahony et al., 2012; Qu et al., 2006).
The SMT of DL-methionine (Wantha and Flood, 2013a) and glycine (Ferrari et al., 2003)
are at least two examples where the dissolution of the metastable polymorph was the

limiting step.

Table 1. Results from kinetics parameter estimation at a 95% confidence level.

T (°C) Growth of from A Dissolution of form B

ke (um min™) 9[- ko (um min™) d[-]
10 13.64 + 3.123 1.44 +0.062 366.4 + 62.44 1.21+£0.10
25 50.69 + 8.143 1.23+£0.14 260.0 £ 7.589 0.98 £ 0.05

40 352.8 £24.09 1.67£0.02 566.6 £ 139.6 1.10£0.23
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The induction times of B polymorph of L-his in the water-ethanol solution are
shown Figure 22. Each point represents the mean of experimental data at least three
measurements. It can be observed that the induction time decreases with increasing
supersaturation ratio. The numbers in the bracket represent the volume fraction of
ethanol added to the solution. It can be observed that the induction time decreases with
the increasing fraction of ethanol. This indicates that the nucleation rate of L-his
increases with an increasing supersaturation ratio and fraction of ethanol. The
nucleation kinetic of the metastable form B is one of the important parameters for

characterization of the polymorphic transformation of L-his.
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Figure 22. Measured induction times as a function of supersaturation ratio for different
volume fraction of ethanol added at 25 °C. Numbers in the bracket represent the volume
fraction of ethanol added.

A plots of In (t_)) against 1/(In S)2 of the nucleation experiments of B polymorph

ind
of L-his in aqueous-ethanol solution at 25 °C are shown in Figure 23. The result shows
that the fitted line with Eq. (2) is not very good (R2 = 0.6747). However, Mullin (2001)
suggested that the line would be separated into two straight lines corresponding to the
mechanisms of homogeneous and heterogeneous nucleation. This plot is shown in
Figure 24. This result is similar to other research that has been reported previously
(Scholl et al., 2006; Zhi et al., 2011). 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 in Table 2.

These two lines are separated based on the system nucleating at low
and high supersaturations. The shorter induction time was recorded as supersaturation
increases. This is probably because a higher solution supersaturation effectively

reduces the size of critical nucleus, and hence, shortens the induction time. Moreover,

the results show that at a higher solution concentration, the onset of crystallization



occurs at a shorter induction period. A higher supply of fresh solution at higher solution
concentrations results in a prolonged lifetime of nuclei, which then enhances the crystal
growth.

The measured nucleation kinetics follows the trends expected from CNT. As
indicated in Table 2 (mononuclear mechanism), the lowest coefficient of determinations,
Rz, is 0.96. This means that the correlation between the induction time and Eq. (2) is

not very good.
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Figure 23. Dependence of induction time on supersaturation ratio of B polymorph of L-

his in water-ethanol solution at 25 °C. Data are fitted using Eq. (2).
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Figure 24. Dependence of induction time on supersaturation ratio of B polymorph of L-
his in water-ethanol solution at 25 °C. Data are fitted using Eq. (2). The fitted line is

separated into two straight lines.

Table 2. Parameters and coefficient of determination in Eq. (2).

Nucleation Eq. (2)

An B R’
Homogeneous -1.636 50.75 0.9763
Heterogeneous 2.488 4.285 0.9603

In comparison with the polynuclear mechanism, it is necessary to correlate the
induction time with Eq. (8). Parameters and the coefficient of determinations in Eq. (8)
are listed in Table 3. A plots of In (t,,) against 1/(In 8)2, and data are fitted using Eq. (8)
as shown in Figure 25.

It can be seen from Table 3 that the coefficient of determination, RZ, is above
0.99. This means that the correlation between the induction time and Eq. (8) is very

good. This indicates that nucleation mechanism of B polymorph of L-his in the water-



ethanol system at 25 °C is governed by the polynuclear mechanism, where the
metastability is lost by nucleation and growth of nuclei. Moreover, g = 1.81 indicates
that the growth of B polymorph of L-his in the water-ethanol system at 25 °C is a “birth
and spread” growth mechanism, which belongs to the two-dimensional nucleation-

mediated growth (Myerson, 2001).
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Figure 25. Dependence of induction time on supersaturation ratio of B polymorph of

L-his in water-ethanol solution at 25 °C. Data are fitted using Eq. (8).

Table 3. Parameters and coefficient of determination in Eq. (8).

Parameters In Ap B g R*

8.299 -22.28 1.810 0.9926

Figure 26 shows a typical change in the XRPD patterns of the initial product
crystals relative to the fraction of ethanol for crystallization at 25 °C. It can be seen that
the characteristic peaks of each polymorph change with fraction of ethanol because of
the generation of polymorphs B or a mixture of polymorphs A and B. From Figure 26,

the characteristic peaks at ethanol volume fraction of 0.5, 0.7, and 0.9 are the peaks for



polymorph B. This indicates that the crystals obtained at the initial stage of
crystallization were polymorph B. At ethanol volume fraction of 0.3 and 0.4 the
characteristic are the peaks for a mixture of polymorphs A and B. This indicates that the
crystals obtained at the initial stage of crystallization were a mixture of polymorphs A
and B. All the results are shown Table 4. This table shows that the crystallization at
temperature of 25 °C the polymorph B was obtained when ethanol volume fraction was

greater than 0.5 (S, = 6.818).
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Figure 26. XRPD patterns of the crystals obtained at various ethanol volume fractions

for temperature of 25 °C.



Table 4. Effect of ethanol on crystallization behavior of L-his.

Temperature Ethanol volume Supersaturation, Initial crystal

(°C) fraction [-] S, [ form

25 0.30 2.368 A+B
0.40 3.368 A+B
0.50 6.818 B
0.55 9.909 B
0.60 13.63 B
0.65 16.67 B
0.70 27.27 B
0.75 37.50 B
0.80 50.00 B
0.85 75.00 B
0.90 150.0 B

6. Conclusions

The growth kinetics of form A and dissolution kinetics of form B were measured
at 10, 25, and 40 °C in an agitated batch crystallizer. The results showed that both the
growth and dissolution rates increase with increasing temperature. The growth of form A
is a surface integration controlled process and dissolution of form B is a mass transfer
controlled process except at low temperature. At all temperatures studied, the
dissolution rate of form B is faster than the growth rate of form A. This indicates that the
transformation is a growth controlled process.

The nucleation and growth mechanisms of form B were determined by the
induction time measurements. The experimental data can be separated into two straight
lines corresponding to the mechanisms of homogeneous and heterogeneous nucleation.

Induction time increases with decreasing supersaturation and ethanol fraction. The



nucleation is governed by a polynuclear mechanism. The growth mechanism is two-
dimensional nucleation-mediated growth. A further nucleation mechanism for the form A
will also be determined. This should allow a complete model of the SMT to be achieved.

For the effect of ethanol, the results showed that the crystals obtained at the
initial stage of crystallization were polymorph B at higher ethanol volume fraction and
supersaturation, and a mixture of polymorphs A and B at lower ethanol volume fraction

and supersaturation.
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1 Introduction

The essential amino acid histidine (his) is produced for a varie-
ty of products, e.g., as a food additive, an active pharmaceutical
ingredient, in animal feed, and as a precursor for other chemi-
cals. The L-histidine (L-his) crystal has previously been shown
to exhibit polymorphism and it exists in the solid phase as a
stable polymorph A and a metastable polymorph B [1, 2]. Form
A is produced from the completed transformation of form B
into form A in aqueous solution, and form B is produced from
anti-solvent crystallization, where water is used as the solvent
and ethanol as the anti-solvent [1,2]. The polymorphic trans-
formation between forms B and A is particularly significant to

the processing of histidine.

Since it is necessary to prepare the appropriate polymorph
for the desired application, the formation of the desired poly-
morph has to be controlled in polymorphic crystallization and
such a process should be robust and reproducible. Usually, the
formation of the polymorph is determined by thermodynam-
ics, crystallization and dissolution kinetics, and transformation
kinetics. Thermodynamics is used to identify whether the crys-
tal phase is the stable or metastable polymorph. Kinetics ena-
bles to determine how fast these crystal phases can be crystal-
lized at a certain driving force. Polymorphic crystallizations
consist of the competitive nucleation and crystal growth of the
polymorphs and the transformation from the metastable poly-
morph to the stable polymorph, usually via a solution-mediat-
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Growth and Dissolution Kinetics of A and B
Polymorphs of L-Histidine

The growth rate of the stable polymorph A and the dissolution rate of the unstable
polymorph B of L-histidine (L-his) in aqueous solution were experimentally deter-
mined at varying temperatures. The growth and dissolution kinetics were meas-
ured by means of desupersaturation and deundersaturation techniques, respec-
tively. Both the growth and dissolution rates increase with higher temperature. At
all temperatures studied, the dissolution rate of form B is faster than the growth
rate of form A, indicating that the solution-mediated transformation of the poly-
morphs of L-his is likely to be controlled by the growth rate of form A. Both
kinetics of the polymorphs of L-his will be used to characterize the polymorphic
transformations and the overall crystallization rate of L-his.
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ed transformation (SMT) mechanism. This involves nucleation
and crystal growth of the stable polymorph and dissolution of
the metastable polymorph [3-6]. Therefore, the mechanism
and kinetics of each elementary step in the crystallization pro-
cess needs to be understood to predict and control the forma-
tion of the appropriate polymorph.

Accurate modeling of the SMT can be performed by creating
separate models of each of the mechanisms involved and com-
bining these models within the framework of the population
balance equation (PBE) [6-8], which is a two-step method.
Firstly, the rates of the crystallization processes, i.e., nucleation
and growth, and the rate of dissolution of each polymorph are
obtained through specific experiments. Secondly, the rates of
crystallization and dissolution of each polymorph are then
combined in the PBE in order to estimate the time of the trans-
formation, polymorphic fraction profile, concentration profile,
etc., which can then be compared with the results from an
SMT experiment. For assistance in the characterization of the
polymorphic transformation, modeling of the SMT, and overall
crystallization rate of L-his, the crystallization (growth) and
dissolution kinetics of each polymorph of L-his were experi-
mentally determined in this work.

Crystal growth from solution is a two-step process [9]. The
first step, namely, mass transfer by diffusion or convection, in-
volves the transfer of molecules from the bulk solution to the
crystal surface. The second step concerns the insertion of the
molecules into the crystal surface, thus being a reaction step.
The growth rate depends on the level of driving force for crys-
tal growth which is the supersaturation. The dissolution pro-
cess is usually considered to be controlled by the mass transfer
of solute molecules from the crystal surface to the bulk, how-
ever, it may also involve a reaction step. The dissolution rate
depends on the level of driving force for dissolution which is
the undersaturation.

Chem. Eng. Technol. 2015, 38, No. 6, 1022-1028
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There are at least two main groups of techniques used to
measure crystal growth rates. The first group involves the sin-
gle-crystal growth methods, where the growth kinetics of differ-
ent crystal faces are usually determined by optical or atomic
force microscopy [10,11]. The second group comprises the
methods considering growth in a multiparticle system [12, 13].
These techniques usually measure the change in the mass or
size of a group of crystals at a fixed temperature and supersatu-
ration. When a large number of crystals are analyzed to obtain
an accurate mean crystal growth rate and the extent of growth
rate dispersion, the first technique may be more time-consum-
ing than the second one.

The desupersaturation experiment is another technique
which is based on measuring the change of the particle size dis-
tributions (PSDs) and solute concentrations with time in a
seeded isothermal batch experiment [14-16]. The advantage of
this method is that a large set of growth data can be obtained
from a single experiment. The dissolution rate can be deter-
mined 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 [17-19].

In this work, the growth rates of form A and dissolution
rates of form B of L-his in aqueous solution were experimen-
tally determined. The growth and dissolution rates were mea-
sured using the desupersaturation or deundersaturation experi-
ments in an isothermal batch crystallizer. The influence of
supersaturation or undersaturation and temperature on the
growth and dissolution rates was investigated. Finally, crystalli-
zation and dissolution kinetic studies have been initiated to
attempt characterization of the polymorphic transformation in
solution.

2 Experimental
2.1 Materials

L-his (>99 %, Sigma-Aldrich) and ethanol (>99 %, Carlo Erba
Reagent) were used without further purification. All solutions
were prepared with deionized water. The pure form of each
polymorph was generated by the following methods. Form B
crystals were crystallized by anti-solvent crystallization at room
temperature as described elsewhere [1, 2]. Previous studies sug-
gested to employ mixtures of water and ethanol (> 40 vol % eth-
anol) for producing the B-form. In this work, a saturated aque-
ous solution of L-his was prepared and the B-form crystallized
by adding a volume of ethanol that was two times the volume
of the original saturated solution. Form A crystals were ob-
tained when the transformation from form B to form A was
completed in aqueous solution at room temperature, as de-
scribed elsewhere [1,2].

Pure crystal polymorphs of each form were also character-
ized by X-ray powder diffractometry and optical microscopy.
The seed crystals of the pure form A were obtained by collect-
ing sieved crystals in the size range of 125-250 um. The crystal
seeds of the pure form B were gained by collecting sieved crys-
tals in the size range of 250-355pum. The seeds of form B were
prepared at a larger size since the dissolution rate experiments

Chem. Eng. Technol. 2015, 38, No. 6, 1022-1028
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involve a decrease in size of the seed crystals, which occurs rel-
atively rapid; thus, the dissolution experiments require large
seed crystals to obtain reproducible results.

2.2 Crystal Growth and Dissolution Rate
Measurement

The growth rate of form A was determined via seeded batch de-
supersaturation experiments using time-dependent measure-
ments of both solute concentrations and particle size distribu-
tions (PSDs) [14, 16, 19]. Experiments were performed at 10 °C,
25°C, and 40 °C in a 0.5-L batch crystallizer (see Fig. 1) agitated
by a centrally located four-blade impeller driven by an over-
head stirrer at 250 rpm. The solute concentration in the clear
liquor sample was measured periodically by the refractive index
method, and the crystal size distribution of crystalline samples
was obtained by analyzing a population of more than 30 crys-
tals under a microscope. The growth rate was calculated as the
time rate of change of the mean crystal size.

Overhead
stirrer
Ej p—
Thermometer
Sampling port

15 °C]

Clamp

/ and stand

Water Bath Pitched
Blade —_|

Turbine

Figure 1. Crystallizer setup.

To ensure that nucleation did not occur during the experi-
ment, the secondary nucleation thresholds were determined
using a method described previously [16], and the initial super-
saturation for each growth experiment was performed within
the metastable region. Nucleation was not detected by the
naked eye in any seeded batch crystallization for growth deter-
mination. In addition, analysis by optical microscopy did not
detect any crystals smaller than the initial seed population at
any time, again suggesting that nucleation did not occur during
the experiment.

Desupersaturation experiments were performed in solutions
that had previously been heated to 20 °C above the experimen-
tal temperature which is also at least 5°C above the saturation
temperature, for 30 to 40 min to ensure that the solution is ho-
mogeneous, and that there were no ghost nuclei remaining in
the solution. The solutions were then cooled to the experimen-
tal temperature, and when the temperature reached the experi-
mental one, a quantity of dry seeds was fed to the crystallizer.
A small volume of the suspension was sampled at specific times
and filtered quickly before determination of the crystal size dis-
tribution and solute concentration.

Deundersaturation experiments for determining the dissolu-
tion rates of form B were studied by a similar method to the
growth experiments, except the experiments were performed at
10°C, 25°C, and 40 °C, and under the solubility of form B.

www.cet-journal.com
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All dry crystal samples were obtained quickly by vacuum fil-
tration of a suspension sample by means of a membrane with
0.45 pum pore size and were washed with cold ethanol to re-
move water at the crystal surface. The crystal products were
suspended in a saturated ethanol solution at ambient tempera-
ture, and a solution droplet was placed on a cover slip under a
microscope. The population of crystals was recorded with a mi-
crograph and the crystal size distributions were measured from
the photomicrographs. The two largest visible lengths of each
crystal were observed and the crystal size was calculated from
the geometric mean of these two lengths. The micrographs
were calibrated with a standard, and the number of crystals
measured in each sample was greater than 30.

The solubility data of forms A and B in water were obtained
from a previous study [1]. To analyze the repeatability of exper-
imental results, each kinetic measurement was performed at
least three times.

3  Results and Discussion

Photomicrographs of seed crystals and product crystals from a
growth experiment of L-his form A at 25°C are presented in
Fig. 2. Obviously, no nucleation occurs during the growth pro-
cess because no particles smaller than the seed crystals are de-
tected. This is also confirmed by the obtained crystal size distri-
bution (CSD). The distribution was accurate because the
photos were calibrated by a standard and a large sample (> 30
crystals) was used. The shape of all crystals from the growth ex-
periments is a rod-like which proves that the seed and product
crystals are form A.

After the growth process, the concentration reaches the solu-
bility of form A and then remains constant, as demonstrated in
Fig.3. This indicates that there was no phase transformation
during the growth processes of form A.

Photomicrographs of seed crystals and product crystals from
a dissolution experiment of L-his form B at 25 °C are displayed
in Fig.4. In this work, the dissolution experiments were per-
formed for relatively short batch times to avoid the transforma-
tion process. The shape of all crystals from the dissolution ex-
periments is plate-like, which confirms that the seed and
product crystals are form B.

After the dissolution process, the concentration reaches the
solubility of form B and then remains constant for some time,
as shown in Fig.5. This also proves that there was no phase
transformation during dissolution of form B within the rela-
tively short batch times of ca. 30 min. If the crystals remained
in solution for an extended period, the concentration would

Technology
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Figure 3. Desupersaturation curves from a batch run at different
temperatures.

drop to the solubility of form A due to the transformation of
form B into form A.

As mentioned above, Fig.3 presents the desupersaturation
curves from the growth experiments of form A. The desupersa-
turation rate increases with higher temperature since both the
rate of mass transfer and the rate of integration of solute into
the crystal surface rise with higher temperature. This indicates
that the growth rate of form A increases with rising tempe-
rature as expected; see further in Fig.8. Fig.5 reveals that the
rate of undersaturation reduction increases with higher tem-
perature, which indicates that the dissolution rates of form B
enhance with rising temperature as expected; see further in
Fig.9.

The CSDs were measured from micrographs of samples
taken at particular times. The counted number of crystals for
each sample was greater than 30. The number mean crystal size
was determined by the total crystal length divided by the total
counted number of crystals. The number mean crystal size
was used to calculate the growth rate because the growth rate
data can only be obtained from batch growth using the popula-
tion balance, which is a number-based balance. If the volume
or mass mean sizes are employed then the result is not suitable
for the population balance, and therefore far less suitable.

The growth and dissolution rates can be calculated from the
change of the mean crystal size divided by the change of the
time of each measurement, with these being correlated to the
average of the measured supersaturation at the same time. In
this work, the change of mean crystal sizes with time is fitted
with any continuous function that match the data well, and

Figure 2. Photomicrographs of seed crystals and product crystals at various times from the growth experiment of form A at 25 °C: seed
(a), 30 min (b), 100 min (c).

www.cet-journal.com
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Figure 4. Photomicrographs of seed crystals and product crystals at various times from the dis-
solution experiment of form B at 25 °C: seed (a), 5 min (b), 13 min (c).
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Figure 5. Deundersaturation curves from a batch run at differ-
ent temperatures.

then the mean growth and dissolution rates were calculated by
the following definitions:

— dL

G(t) = @ (1)

t

— dL

D(t) =4 @

t

where LY is the mean crystal size (um) and ¢ is the time (min).
G(0g) and D(0p) can then be found from G(t) and D(t), re-
spectively, using the measured concentration data as a function
of time.

Fig. 6 illustrates the desupersaturation curves and time de-
pendence of mean crystal sizes of form A for the experiments
at 25°C. An exponential decay fits very well all supersaturation
data according to Eq. (3):

0¢ = 0.0960e0-0258 (3)

1) List of symbols at the end of the paper.
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Numerical constants in the fitted
functions were not rounded to
avoid error propagation when ap-
plying further calculations to the
final crystal growth rate model. An
exponential rise to a maximum fits
well all mean crystal sizes (um) ac-
cording to Eq. (4):

L=203492(1—e20%) (4

The mean growth rate is deter-
mined as the first derivative of

Relative supersaturation / (-}
Mean crystal size / um

- . - 200
0 50 100 150 200

Time / min

Figure 6. Desupersaturation curves and time dependence of
crystal sizes of form A for the experiments at 25 °C.

mean crystal sizes (Eq. (4)) with respect to time, which is given
by Eq. (5):

_ dL

G= - 2.832¢0-0308¢ (5)

The growth rates were calculated by the mean crystal size.
The crystal growth experiments allowed growth rates (Eq. (5))
to be determined as a function of relative supersaturation
(Eq.(3)), as shown in Fig.8. The growth rates at 10°C and
40°C are determined using the same method, and the results
are presented in Fig. 8. It can be seen that, at constant tempera-
ture, the growth rates increase with increasing supersaturation.
This figure also indicates that the growth rates are strongly
temperature dependent.

Fig.7 displays deundersaturation curves and time depend-
ence of crystal sizes of form B for the experiments at 25°C. An
exponential decay fits well all deundersaturation data as given
by Eq. (6):

op = 0.0706e~ 1% (6)

An exponential decay also matches well all mean crystal size
data according to Eq. (7):

L = 246 + 185¢ 103 )
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Figure 7. Deundersaturation curves and time dependence of
crystal sizes of form B for the experiments at 25 °C.
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Figure 8. Mean growth rates for form A as a function of relative
supersaturation.

The mean dissolution rate is determined as the first deriva-
tive of mean crystal sizes (Eq. (7)) with respect to time, which
is expressed by Eq. (8):

— dL
D=-4= 19.11e 01035 (8)

The dissolution rates were calculated by the mean crystal
size. The dissolution experiments allowed dissolution rates
(Eq. (8)) to be determined as a function of relative undersatura-
tion (Eq.(6)), as indicated in Fig.9. The dissolution rates at
10°C and 40 °C are determined with the same method, and the
results are shown in Fig. 9. At constant temperature, the crystal
dissolution rates increase with higher undersaturation. At con-
stant undersaturation, the dissolution rates grow with rising
temperature.

The growth (or dissolution) kinetics can be expressed as a
function of supersaturation (or undersaturation) for each set of
conditions by the power-law model [17, 20]

G =L ko ©)
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Figure 9. Mean dissolution rates for form B as a function of rela-
tive undersaturation.

D=——=kpo} (10)

where G and D are the mean growth and dissolution rates
(ummin"), respectively, kg and kp are the growth and dissolu-
tion rate constants (um min™'), og and op, denote the relative
supersaturation and undersaturation, and n and m are the
growth and dissolution rate orders, respectively. The experi-
mental results of the growth of form A and dissolution of form
B were matched with Egs. (9) and (10) using the fitting routine
from the software Sigmaplot 13.0. The results are depicted in
Figs. 8 and 9.

Confidence intervals of 95 % for each parameter in the mod-
el are given by the fitting routine and listed together with the
parameter values in Tab. 1. The growth rate order is employed
for understanding the controlling mechanism. In general, a
growth rate order of n =1 indicates that mass transfer becomes
a rate-controlling mechanism, and a growth rate order between
1 and 2 means that the surface integration step is at least par-
tially rate-controlling [21]. It can be seen that in the case of
the growth of form A the growth orders are 1.44+0.062,
1.23+0.14, and 1.67 £0.02, respectively, for 10°C, 25°C, and
40°C. This indicates that the surface integration process plays
an important role in explaining the growth process of form A.
For the case of the dissolution of form B, the dissolution rate
orders are 1.21£0.10, 0.98 +0.05, and 1.10 £ 0.23, respectively,
for 10°C, 25°C, and 40°C. This signifies that at 25°C and

Table 1. Results from kinetics parameter estimation at a 95%
confidence level.

T Growth of from A Dissolution of form B

kg [pmmin™]  n[-] kp [ummin™]  m [-]
10°C  13.64 +3.123 1.44 £0.062 366.4 +£62.44 1.21 £0.10
25°C  50.69 +8.143 1.23 £0.14 260.0 £7.589 0.98 £0.05
40°C  352.8 £24.09 1.67 £0.02  566.6 £139.6 1.10 £0.23
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40°C the mass transfer process plays a key role in elucidating
the dissolution process of form B, and at 10 °C the surface dis-
integration is also important.

In crystallization of polymorphs from solution, the SMT is
usually the most important process which describes the trans-
formation from the metastable polymorph to the stable poly-
morph. An SMT from form B to form A will take place when
crystals of form B are nucleated in or put into a saturated aque-
ous solution. The dissolution of form B and growth of form A
are the main kinetics of SMT. As illustrated in Fig. 10, the dis-
solution kinetics of form B are faster than the growth kinetics
of form A, i.e., the SMT of form B into form A is a growth-con-
trolled process. This means that the mass transfer of solute
from the crystal surface to the bulk solution due to the dissolu-
tion of form B rapidly proceeds to maintain the solute concen-
tration at or close to the solubility of form B. However, the
growth of form A and dissolution of form B occur simulta-
neously during SMT until form B crystals are completely dis-
solved, which signifies that the transformation is complete.
Then the concentration will drop slowly to the solubility of
form A due to the growth of form A. This conclusion agrees
with the previous SMT study of L-his by Kitamura [1].

In literature, a lot of studies demonstrate that the growth of
the stable polymorph is the limiting step, e.g., L-glutamic acid
[22-25], taltireline [26], and carbamazepine [5,27]. The SMT
of DL-methionine [6] and glycine [28] are at least two exam-
ples where the dissolution of the metastable polymorph was
the limiting step.

4  Conclusions

The kinetics of growth and dissolution of the polymorphs of
L-his which contribute to the rate of transformation between
the polymorphs was analyzed. The growth kinetics of form A
and dissolution kinetics of form B were measured at 10°C,
25°C, and 40°C in an agitated batch crystallizer. The results
demonstrate that both the growth and dissolution rates in-
crease with higher temperature. The growth of form A is a sur-

=
N

10°C
& Dissolution rate
o Growth rate

=
© [=]
T

Mean dissolution or growth rate / ym min™
o

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Relative undersaturation or supersaturation / (-)

face integration-controlled process and dissolution of form B is
a mass transfer-controlled process except at low temperature.
At all temperatures studied, the dissolution rate of form B is
faster than the growth rate of form A. This indicates that the
transformation is a growth-controlled process. Further crystal
growth and nucleation experiments will be performed on form
B, and the nucleation rate for the form A will also be measured.
This should allow a complete model of the SMT to be
achieved.
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The nucleation and growth mechanisms of the B polymorph of L-histidine (L-his)
in a water-ethanol system were determined based on induction time measure-
ments. The induction times were experimentally determined at different supersa-
turations and correlated using the models of mononuclear and polynuclear mech-
anisms. The primary nucleation mechanism of the B polymorph of L-his was
identified as a polynuclear mechanism and the growth mechanism was found to
be a two-dimensional nucleation-mediated growth. These mechanisms of the B
polymorph of L-his will be used to characterize the polymorphic transformations
and the overall crystallization rate of L-his.
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1 Introduction

In crystallization from a 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 into the
less stable polymorph first if its crystallization kinetics is faster,
and then the less stable polymorph may transform into the
more stable one [1]. This phenomenon of formation of the
kinetically controlled polymorph over the thermodynamically
favored form is known as Ostwald’s rule of stages [2]. More-
over, if both polymorphs crystallize at similar rates, a mixture
of the two polymorphs is initially obtained which is called con-
comitant polymorphism [3].

In the case of Ostwald’s rule, there are two different steps
that can be identified as fundamental mechanisms governing
the transformation process [4]. The first step is the nucleation
and growth 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.

To control polymorph formation, the mechanism of each
elementary step in the crystallization process needs to be
understood. Accurate kinetic information allows process mod-
eling and enables process design, optimization, and control.
Therefore, the determination of crystallization, i.e., nucleation
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of Chemical Engineering, Faculty of Engineering, Burapha University,
169 Long-Hard Bangsaen Road, Muang District, Chonburi 20131,
Thailand.
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and growth, and the dissolution mechanism are important for
characterizing the crystallization behavior and transformation
of the polymorphs.

In this study, the nucleation and growth mechanisms of the
B polymorph of L-histidine (L-his) in a water-ethanol system
are described. L-His, an essential amino acid, is of great impor-
tance in food, pharmaceutical, and feed industries and serves as
a precursor for other chemicals. There are two known poly-
morphic forms of L-his crystals: a stable polymorph A and a
metastable polymorph B [5,6]. A mixture of forms A and B
results from cooling crystallization of L-his in aqueous solu-
tion. Then the pure form A is generated from the completed
transformation of form B into A. Form B is produced from
anti-solvent crystallization whose volume fraction of the anti-
solvent is greater than 0.4, where water is used as the solvent
and ethanol as the anti-solvent. The polymorphic transforma-
tion between these two forms is particularly significant to the
processing of histidine.

The determination of the nucleation and growth rates is of
key importance for the development of process models that
can be used for process design and optimization, including
models of the SMT. Up to now, numerous techniques for deter-
mination of the nucleation are available, and growth rates for
the crystallization process have been proposed in the literature,
e.g., methods using combined particle (crystal) counting and
process time measurements [7,8], mixed-suspension mixed-
product removal (MSMPR) experiments in combination with
particle size distribution (PSD) measurements [9, 10], induc-
tion time measurements [11-13], and metastable zone experi-
ments [14, 15]. The most commonly applied method is induc-
tion time measurement [11-13]. In [12,13], theoretical
expressions have been used to prove the dependence of the
induction time on the supersaturation for different crystal

www.cet-journal.com
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growth mechanisms. These expressions have been shown to be
correct in identifying the nucleation and growth mechanisms.

In this study, the nucleation and growth mechanisms of the
B polymorph of L-his in a water-ethanol solution were deter-
mined by induction time measurements. The induction times
were assessed in an isothermal batch crystallizer at different
supersaturations and 25°C. The influence of supersaturation
on the induction times was investigated. Finally, the experi-
mental results of induction time were correlated by the models
of mononuclear and polynuclear mechanisms to identify the
nucleation and growth mechanisms.

2 Theory

The classical nucleation theory (CNT) of primary nucleation
has been described as follows by Kuldipkumar et al. [16]. The
rate of primary nucleation can be defined according to the fol-
lowing equation:

—_4f3y32
] = Aexp fsi‘yvz (1)
277263 T (InS)

where A" is the pre-exponential factor, y is the interfacial free
energy between crystal and solution, v is the molecular volume
of the crystal, k is the Boltzmann constant, T is the absolute
temperature, S is the supersaturation, f; is the surface shape fac-
tor, and f, is the volume shape factor.

For a mononuclear nucleation mechanism, Mullin [17] sug-
gested that the induction time period t,4 is inversely propor-
tional to the nucleation rate (t;,q = 1/JV). Therefore, Eq. (1) can
be rewritten as:

B
In(tyg) = Ay +——— 2
(tna) (inS)? @
when
1
af3ydy?
- 27;‘2:@ T @

where V'is the volume of the system. Plotting of In(#;,4) against
1/(InS)? results in a straight line of slope B, and intercept of axis
y of Ap,,. The different slopes suggest that the homogeneous (at
high supersaturation) and heterogeneous (at low supersatura-
tion) nucleation mechanisms may exist [17].

Eq. (2) is valid when the induction time is dominated by the
time required for the critical nuclei formation, i.e., the nuclea-
tion is due to a mononuclear nucleation mechanism [13].
However, Eq. (2) will be invalid if the induction time is domi-
nated by the time required to grow the nucleus to a detectable
size [13]. Therefore, the polynuclear mechanism should be
adopted to characterize the nucleation.

1) List of symbols at the end of the paper.
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The induction time for the formation of a new phase by the
polynuclear mechanism is usually expressed as [16]:

a 1/n
tind = {W] 5

where & is the volume fraction of the detected new phase, G is
the growth rate of nucleus, a,, is the shape factor, and n = mb + 1,
where m refers to the dimensionality of growth, and b= 0.5 or 1
denotes that the crystal growth is controlled by volume diffu-
sion or by surface integration process, respectively. Because the
B polymorph of L-his is a plate crystal [5], a 2D growth (m = 2)
can be assumed. Because the growth of the L-his crystal is con-
trolled by surface integration process [18], b = 1.

For the polynuclear nucleation mechanism, the pre-expo-
nential factor in Eq.(1) depends on the supersaturation [19].
Therefore, the steady-state nucleation rate is written as:

J = KjSexp ((l;f)z> (6)

where K is the nucleation rate constant.
The general growth kinetics can be expressed as a function
of supersaturation by the power-law model [10, 17]:

G =Kg(S— 1)f %)

where Kg is the growth rate constant, and g is the growth rate
order and indicates the growth mechanism. In general, a
growth rate order of g = 1 indicates that mass transfer becomes
a rate-controlling mechanism, and a growth rate order between
1 and 2 signifies that the surface integration step is rate-con-
trolling and represents the “birth and spread” growth mecha-
nism, while g> 2 represents a spiral growth mechanism. Insert-
ing Egs. (6) and (7) into Eq. (5) and taking the logarithm of the
induction time (with m = 2 and b = 1), the following relation-
ship is obtained:

2 1 B
In(fg) = InA, — ?g In($ — 1) 3 InS + Sk )
when
1/3
a
Ay =(——u
P (“nK]Ké) ©

The parameters A, B, and g can be determined by correlat-
ing the induction time with the supersaturation. The nuclea-
tion and growth mechanisms can be identified by comparing
the coefficient of determination R* or values of g (Eq.(8)).

3 Experimental
3.1 Materials
Pure L-his powder (>99%, Sigma-Aldrich), and ethanol

(>99 %, Carlo Erba Reagent) were used without further purifi-
cation. Deionized water was used in all experiments.

Chem. Eng. Technol. 2016, 39, No. 7, 1289-1294
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3.2 Induction Time Measurement

Nucleation mechanisms were determined by induction time
measurement. These measurements of L-his in water-ethanol
solution were performed at 25°C in a 0.25-L batch crystallizer
(Fig.1). A series of saturated solution (aqueous solution of
L-his) was prepared and heated to 5°C above saturation tem-
perature for 30-40 min to ensure that no ghost nuclei remained
in the solution. Then the solution was cooled to experimental
temperature and kept at this level. When the experimental tem-
perature was reached, ethanol was added to the solution. The
induction time was then measured by recording the appearance
of the crystals by eye. Three reproducible experiments were
carried out for the different supersaturation levels tested.

4  Results and Discussion

From a previous study [6], pure-form B crystals were crystal-
lized by anti-solvent crystallization. It was suggested that the
fraction of ethanol added to the saturated solution (L-his in
water) should be greater than 0.4 by volume. Therefore, in this
study, the fraction of ethanol added started at 0.5. Fig.2
presents the photomicrographs of crystals obtained from the
completed transformation of form B into A in aqueous solution
at 25°C (Fig.2a) compared with crystals obtained from the
water-ethanol system at 25°C (Fig.2Db).
Fig.2a demonstrates that the shapes of all
crystals obtained is rod-like, which indi-
cates that the product crystals are form A.
According to Fig.2b, the shape of all crys-
tals obtained from crystallization at
50vol % ethanol is plate-like, which points
to form B of the product crystals.

Pure crystal polymorphs of each form
were characterized by X-ray powder dif-

fraction (XRPD) as displayed in Fig.3. All A form
crystals obtained in this study were also
characterized by microscopy and XRPD.

Watch Glass

Jacket
Water Bath

Magnetic stirrer

Figure 1. Crystallizer setup.

Figure 2. Photomicrographs of product crystals: (a) obtained
from the completed transformation of form B into form A in
aqueous solution at 25°C, (b) from water-ethanol system at
25°C, 50 vol % ethanol.

The induction times of the B polymorph
of L-his in the water-ethanol solution are
given in Fig.4. Each point represents the
mean of experimental data from at least
three measurements. It can be observed
that the induction time decreases with
increasing supersaturation ratio. The num-
bers in the bracket represent the volume
fraction of ethanol added to the solution. It
is obvious that the induction time becomes
shorter with higher fraction of ethanol. It
can be concluded that the nucleation rate
of L-his increases with higher supersatura-
tion ratio and fraction of ethanol. The
nucleation kinetics of the metastable form B form
B is one of the important parameters for
characterization of the polymorphic trans-
formation of L-his. 3 10

A plot of In(t,q) against 1/(InS)? of the
nucleation experiments of the B polymorph

Chem. Eng. Technol. 2016, 39, No. 7, 1289-1294
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Figure 3. X-ray powder diffraction patterns of forms A and B.
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Figure 4. Measured induction times as a function of supersa-
turation ratio for different volume fractions of ethanol added at
25°C.

of L-his in aqueous-ethanol solution at 25°C is illustrated in
Fig. 5. The fitted line with Eq. (2) is not satisfying (R* = 0.6747).
However, Mullin [17] suggested that the line would be separat-
ed into two straight lines corresponding to the mechanisms of
homogeneous and heterogeneous nucleation. The correspond-
ing plot is given in Fig.6. This result is similar those of other
investigations reported previously [13,20].

These two lines are separated based on the system nucleating
at low and high supersaturations. The shorter induction time
was recorded as supersaturation increases. This is probably
because a higher solution supersaturation effectively reduces
the size of a critical nucleus, and hence, shortens the induction
time. Moreover, the results demonstrate that at a higher solu-
tion concentration, the onset of crystallization occurs at a
shorter induction period. A greater supply of fresh solution at
higher solution concentrations results in a prolonged lifetime
of nuclei which then enhances the crystal growth.

The measured nucleation kinetics follows the trends ex-
pected from the CNT. The best-fit values of A, and B are listed

5 T — T :
[ y =0.9543+12.06x
4t R? = 0.6747 { ]
s |
_.E L
s |
2 L -
1} } ]
[ ® Experimental data
I ] Fitted with Eq. (2)

0 i
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1/In’*s

Figure 5. Dependence of induction time on supersaturation
ratio of the B polymorph of L-his in water-ethanol solution at
25°C. Data are fitted using Eq. (2).
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Figure 6. Dependence of induction time on supersaturation
ratio of the B polymorph of L-his in water-ethanol solution at
25°C. Data are fitted using Eq.(2). The fitted line is separated
into two straight lines.

in Tab. 1. As indicated in this table (mononuclear mechanism),
the lowest coefficient of determinations R? is 0.96. This means
that the correlation between the induction time and Eq. (2) is not
very good.

Table 1. Parameters and coefficient of determination in Eq. (2).

Nucleation A B R?
Homogeneous -1.636 50.75 0.9763
Heterogeneous 2.488 4.285 0.9603

In comparison with the polynuclear mechanism, it is neces-
sary to correlate the induction time with Eq.(8). Parameters
and the coefficient of determinations in Eq.(8) are listed in
Tab. 2. A plot of In(t;,q4) against 1/(InS)* and data fitted using
Eq. (8) are displayed in Fig.7.

According to Tab.2, the coefficient of determination R? is
above 0.99 which means an excellent correlation between the
induction time and Eq. (8). This indicates that the nucleation
mechanism of the B polymorph of L-his in the water-ethanol
system at 25°C is governed by the polynuclear mechanism,
where the metastability is lost by nucleation and growth of nu-
clei. Moreover, g = 1.81 signifies that the growth of the B poly-
morph of L-his in the water-ethanol system at 25°C is a “birth
and spread” growth mechanism, which belongs to the 2D
nucleation-mediated growth [21].

Table 2. Parameters and coefficient of determination in Eq. (8).

Parameter Value
InA, 8.299
B -22.28

g 1.810
R 0.9926

Chem. Eng. Technol. 2016, 39, No. 7, 1289-1294
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Figure 7. Dependence of induction time on supersaturation
ratio of the B polymorph of L-his in water-ethanol solution at
25°C. Data are fitted using Eq. (8).

5 Conclusions

The mechanisms of nucleation and growth of the B polymorph
of L-his in water-ethanol solutions were determined and
evaluated by induction time measurements. The experimental
data can be separated into two straight lines corresponding
to the mechanisms of homogeneous and heterogeneous nuclea-
tion. Induction time increases with decreasing supersaturation
and ethanol fraction. Nucleation is governed by a poly-
nuclear mechanism. The growth mechanism reveals a 2D
nucleation-mediated growth. A further nucleation mechanism
for form A will also be determined. This should allow for
achieving a complete model of solution-mediated transfor-
mation.
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Symbols used

shape factor

pre-exponential factor

pre-exponential factor for mononuclear
nucleation mechanism

an [_]
A [m>s]
An -]
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Ap [-] pre-exponential factor for polynuclear
nucleation mechanism
fs [-] surface shape factor
v [-] volume shape factor
g [-] growth rate order
G [ms™] growth rate
] [m>s] nucleation rate
Kg [ms™] growth rate constant
K; [m>s™] nucleation rate constant
m [-] dimensionality of growth
S (-] supersaturation
tind [s] induction time
T [K] absolute temperature
A% [m’] volume of the system
Greek letters
a [-] volume fraction of the detected new
phase
y [Jm™ interfacial free energy between crystal and
solution
K DK™ Boltzmann constant
% [m?] molecular volume of the crystal
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