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A process model for the crystallization of L-phenylalanine crystals from mixed propanol-water
solution, an enantiotropic system, is developed with nucleation and growth kinetics estimated for the
anhydrate and monohydrate forms using in situ ATR-FTIR spectroscopy and laser backscattering. A
challenging aspect of estimating kinetics for this system is the formation of large numbers of small
crystals under certain conditions, which result in biases in the data collected from in situ ATR-FTIR
and FBRM probes. Batch experiments were designed to follow particular trajectories in the phase
diagram so that some kinetic phenomena are suppressed in some runs, which enabled the estimation of
sets of kinetic parameters in stages, reducing the number of parameters to be estimated simultancously.
The model was validated by comparison of model predictions and experiments for the product crystals
and metastable limits obtained from independent characterization and experiments. This combination
of experimental design and process modeling may be emulated to facilitate process modeling and
development for crystallizations involving multiple crystal structures.

Introduction

Polymorphism is the ability of a compound to adopt different
crystalline arrangements.! Although chemically identical, different
polymorphs of the same compound display a variation in physical
properties such as crystal morphology, density, solubility, and
color. Quality control for polymorphic or pseudo-polymorphic
systems requires the control of the crystal structure in order
to provide the desired product performance. Multiple crystal
structures are more frequently encountered in the pharmaceu-
tical industry, with the increase in structural complexity of high
value-added products. A reliable production process for the
targeted crystal form is critical for feasible economic yield and
regulatory compliance. Numerous works have developed methods
for selective crystallization®>° including our own'! which utilized
feedback control based on the solute concentration measured
in situ to operate the crystallizer in appropriate domains that
suppress secondary nucleation. This approach>** robustly
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produces crystals of the desired crystal structure without
requiring identification of the kinetics for crystal nucleation or
growth.

Crystallization kinetics are useful for further optimization of
the operating conditions, specifically to elucidate the combined
effect of operating variables such as the temperature profile,
antisolvent addition rates, and seeding conditions, as well as
crystallizer baffling, mixing blade design, and feed pipe loca-
tion.”* In addition, process models of the transformations
between crystal structures facilitate the understanding of the
relative importance of various competing crystallization mech-
anisms, such as different mechanisms for secondary nucleation.

The transformation rate of the anhydrate to the monohydrate
form in water below the transition temperature has been moni-
tored previously based on the offline powder X-ray diffraction
(PXRD) analysis.® More recent studies on monitoring the
transformation of organic compounds have utilized in situ
instruments such as ATR-FTIR and Raman spectroscopy, which
have been applied in monotropic and enantiotropic systems.¢!
In situ process monitoring and modeling with kinetics estimation
have been applied to L-glutamic acid,?**** a monotropic dimorph
system. Similar transformation analysis has been applied to the
enantiotropic pseudo-dimorph of citric acid,?® but only pertain-
ing to the dissolution of the metastable form and nucleation and
growth of the stable form.

This paper describes the staged design of experiments and
parameter estimation to model the nucleation and growth of
L-phenylalanine (L-phe) crystals in propanol-water solution, which
is an enantiotropic system.® The crystallization model includes
kinetic parameters for both the anhydrate and monohydrate
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forms (previously denoted as B and a-forms,>?® respectively, see
Fig. 1), estimated from in situ experimental data, specifically,
the solute concentration measured using Attenuated Total
Reflection-Fourier Transform Infrared (ATR-FTIR) spectros-
copy and moments of the chord length distribution (CLD)
obtained using Focused Beam Reflectance Measurement (FBRM).
The concentration feedback control approach'>™ is used to
implement experimental designs to follow specified trajectories in
the solid-liquid phase diagram. The staged design enables indi-
vidual sets of kinetic parameters to be estimated, as opposed to the
simultaneous estimation of all kinetic parameters. The predictive
ability of the model was evaluated based on comparisons with
offline characterization of the product crystals as well as with the
experimentally determined metastable limits. To the best of the
authors’ knowledge, this is the first comprehensive crystallization
study for an enantiotropic system, which includes in situ moni-
toring and parameter estimation of the nucleation and growth
kinetics of both forms.

Experimental
Materials and methods

A Dipper-210 ATR immersion probe (Axiom Analytical) with
ZnSe as the internal reflectance element attached to a Nicolet
Protégé 460 FTIR spectrophotometer was used to obtain the
spectra of the L-phe solution. The chord length distribution of the
crystals in solution was measured every 30 s using Lasentec
FBRM with version 6.0b12 of the FBRM Control Interface
software. In situ images of the slurry were collected using
Lasentec Particle Vision and Measurement (PVM). The solution
temperature was controlled by ratioing hot and cold water to the
jacket with a control valve,'? and was measured every 2 s using
a Teflon-coated thermocouple attached to a Data Translation
3004 data acquisition board via a Fluke 80TK thermocouple
module. PXRD patterns of L-phe crystals were collected offline
using the Bruker General Area Detector Diffraction System
(GADDS, Bruker AXS, Inc.) with Cu K,; and Cu K, (weighted
sum) radiation and a step size of 0.02°. The anhydrate form is
orthorhombic while the monohydrate form is monoclinic; the
space group is P222; for both.*?® L-Phe crystals obtained
commercially (>98.5%, Sigma Aldrich) were verified using
PXRD to be pure anhydrate form in which the characteristic
peaks of the monohydrate form were not observed. The mono-
hydrate form was produced by rapid cooling,®! and was simi-
larly verified using PXRD. Recrystallized anhydrate crystals
were used in the metastable limit and batch crystallization

Fig. 1 Scanning electron micrographs of L-phe crystals: (a) anhydrate
form and (b) monohydrate form.

experiments as seeds because these had a well-defined rhombic
shape as opposed to the commercially available crystals which
were irregular platelets. The recrystallized crystals were produced
by transformation of the monohydrate form." The solvent
consisted of 75 wt% DI water and 25 wt% 2-propanol (ACS
grade, Sigma Aldrich). Scanning Electron Microscopy (SEM)
samples were sputtered with 4-8 nm of Au/Pd before being
recorded with a JEOL 7000F SEM.

Calibration for solute concentration

Different solute concentrations of L-phe and the mixed solvent
(~400.00 g) were placed in a 500 ml jacketed round-bottom flask
and heated until complete dissolution; an overhead mixer was
used to agitate the solution with a stirring speed of 175 rpm. The
solution was cooled at 0.5 °C min~' while the IR spectra were
collected. The IR spectra in the range 1100-1650 cm~! were used
to construct the calibration model, which was determined using
various chemometrics methods.?”” The chemometrics forward
selection PCR 2 (FPCR 2) method®® was selected, which gave
a prediction interval of +0.00034 g per g solvent.

Solubility and metastable limit measurements

The IR spectra of L-phe slurries of each form were collected at
different temperatures. At each evaluated temperature, the slurry
was equilibrated for 30 min to an hour while recording IR
spectra. The equilibrium solute concentration was then calcu-
lated using the calibration model. Care was taken to ensure that
the monohydrate-form crystal slurry contained only a small
amount of excess solids, to prevent significant solid-phase
interference on the IR measurements. The solubility for the
monohydrate form was also determined using a slow heating
method to validate the result from the earlier measurements."'
The metastable limit of L-phe solutions was determined based
on the polythermal method,* using a constant cooling rate of
0.1 °C min~! for various initial solute concentrations (Table 1).
The same seeding conditions were used as that in the main
crystallization experiments; anhydrate crystals (0.50 g, 220—
520 pm) were added at 0.6 °C after the solution temperature,
T [°C], crossed the saturation temperature of the anhydrate form.
The CLD of the crystals was monitored using FBRM. A nucle-
ation event was identified by the start of a sharp increase in the
total counts per s profiles (ignoring the increase due to seeding).

Table 1 Initial solute concentrations in the metastable limit experiments

Initial solute

concentration/g

Run per g solvent Solvent mass/g

Im 0.01697 400.26 (deionised water: 300.18 and
2-propanol: 100.08)

2m 0.01900 400.26 (deionised water: 300.18 and
2-propanol: 100.08)

3m 0.02097 400.11 (deionised water: 300.09 and
2-propanol: 100.02)

4m 0.02299 400.11 (deionised water: 300.09 and
2-propanol: 100.02)

Sm 0.02501 400.11 (deionised water: 300.09 and

2-propanol: 100.02)
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PVM images were also recorded to check the appearance of the
monohydrate needles. In both the solubility and metastable limit
experiments, the solvent mass and composition as well as the
stirring speed of the overhead mixer were similar to that for
calibration.

Seeded batch crystallization

An undersaturated solution with solute concentration ~0.02300 g
per g solvent was cooled at 0.1 °C min™' to 0.6 °C below the
anhydrate form saturation temperature, upon which anhydrate
seeds with similar crystal size distribution (CSD) as that in the
metastable limit experiments were added. The seed masses were
0.51, 0.49, and 0.46 g for runs 1, 2, and 3, respectively. The
stirring conditions were the same as that used previously. Preset
supersaturation profiles were followed during crystallization
using concentration feedback control'>'* to adjust the cooling
rate accordingly based on in situ solute concentration measure-
ments. The control algorithm was started shortly after seeding.
Supersaturation setpoint profiles were selected at different
constant absolute supersaturations (AC; = C — Cg ;) With
respect to both the anhydrate and monohydrate forms, where C
[g per g solvent] is the solute concentration, Cy, ; [g per g solvent]
is the solubility, and i indicates either the anhydrate («) or
monohydrate form (). The solvent composition was identical to
that used for calibration; the solvent masses were 400.16 g
(300.11 g deionised water, 100.05 g 2-propanol), 400.20 g (300.17 g
deionised water, 100.03 g 2-propanol), and 400.31 g (300.21 g
deionised water, 100.10 g 2-propanol) for runs 1, 2, and 3,
respectively.

metastable limit using FBRM

0.0245+
onset of cross

0.02251 nucleation using

PVM
0.0205
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Solute concentration
(g/g solvent)

0.0165- & R
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Fig. 2 Supersaturation profiles implemented in the seeded batch crys-
tallization runs.

Experimental results
Solubility and metastable limit measurements

The solubility curves (each fitted to a second-order polynomial'*)
of both forms of L-phe and the metastable limits are shown in
Fig. 2 (the data points used to construct the metastable limits are
shown in Fig. S1, ESI}). An increase in the total number of
particles counted per second measured by FBRM, also referred
to as the total counts per s, indicates a nucleation event but
cannot directly identify the nucleated form. The nucleated form
was inferred depending on when monohydrate needles were
detected via PVM images relative to the rise in total counts per s.
At temperatures above the transition point, needles were not
detected prior to or at the onset of an increase in total counts per
s but were only observed at a substantially later time, indicating
that the first nucleation event detected via FBRM was of the
seeded anhydrate form. Below the transition temperature, nee-
dles were observed before an increase in FBRM counts, indi-
cating cross-nucleation as the first nucleation event. Both of these
metastable limits are shown in Fig. 2.

Concentration-controlled batch crystallization

Fig. 2 compares the supersaturation profiles of the three seeded
concentration-controlled crystallization experiments (runs 1-3).
Table 2 summarizes the operating conditions and results. The
anhydrate seeds for all three runs were from the same batch, with
crystal size characterized by the largest distance across a crystal
measurable from microscopy images, L, [um], which occurs
along the diagonal. The size distribution for the anhydrate
product crystals was similarly constructed.

A crystallization model for L-phe was constructed to describe
the nucleation and growth kinetics of both anhydrate and
monohydrate forms. The model has a large number of kinetic
parameters that are challenging to estimate simultaneously. In
the above experiments, some kinetic phenomena were suppressed
at certain segments of the experimental data, to reduce the
number of kinetic parameters to facilitate efficient and accurate
parameter estimation. The newly determined kinetic parameters
were then utilized in the next set of data to facilitate the esti-
mation of the remaining kinetic parameters. For example, the
growth kinetics of the anhydrate form can be estimated from
run 3 and the first 0275 min of run 2 because nucleation of either
form was not detected in these ranges (as cross-nucleation
was detected in run 2 at 291 min, the data range was limited to
275 min to ensure no hydrate crystals were in the system). The

Table 2 Summary of operating conditions and results for the concentration-controlled crystallization experiments (the time the seeds were added is

defined as ¢ = 0 min)

Monohydrate in the product

Run ACj/g per g solvent Anhydrate-form nucleation Monohydrate-form nucleation crystals” (wt%)
1 AC, = 0.00200 Detected after ¢+ = 36 min Detected after r = 104 min 9.45 + 1.81

2 AC, = 0.00150 Not detected Detected after # = 291 min 0.53 + 1.81¢

3 AC,, = 0.00110 Not detected Not detected 0.57 &£ 1.81

“ For run 2, the increase in the total counts per s and the detection of the monohydrate needles from PVM images towards the end of the run were
substantial experimental evidence of cross-nucleation, although the amount of the monohydrate form in the product was below the detection limit

using PXRD.™ ” Based on 95% confidence interval.!*
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Table 3 Segments of experimental data pertaining to different crystal-
lization kinetics

Crystallization kinetics Relevant experimental range

Anhydrate-form growth Run 2 (0-275 min) and run
3 (entire duration)
Run 1 (0-100 min)
Run 1 (100 min end) and run

2 (275 min end)

Anhydrate-form nucleation
Monohydrate-form nucleation and
growth

newly determined growth kinetics for the anhydrate form were
then incorporated into the analysis of the next segment of the
experimental data, for example, to account for the effects of
anhydrate-form growth while estimating its nucleation kinetics
from the first 100 min of run 1. Both sets of kinetic parameters
for the anhydrate form were then utilized in the analysis of
the remaining experimental data while estimating crystallization
kinetics of the monohydrate form. The implementation of ex-
periments and parameter estimation in stages reduces the
number of parameters to be estimated simultaneously and thus
decreases the chance of obtaining poorly conditioned parameter
estimation optimizations.?*?*® Table 3 summarizes the segments
of the experimental data relevant to the different kinetics. The
development of the crystallization model along with the
parameter estimation, corresponding confidence intervals, and
model validation is described next.

Mathematical model of L-phe crystallization

This section presents the mathematical model for the crystalli-
zation of 1-phe. This was based on the population balance
equation (PBE), coupled with the kinetic expressions for nucle-
ation and crystal growth for both the anhydrate and mono-
hydrate forms. The kinetic parameters were estimated using
weighted least-squares regressions applied to the data from the
concentration-controlled experiments. The model was then
validated based on the offline characterization of the product
crystals and the metastable limit experiments.

Model equations

The model is based on the assumption that the crystallizer is well-
mixed, that is, no spatial variations in 7, C, or CSD. Such
assumptions are common in the industrial crystallization litera-
ture for a lab-scale crystallizer.*® The population balances that
describe the time-dependent CSDs, f{(L;?) [# crystals/(um g
solvent)], are:

aﬁ a(Gi (Sh T, Li§¢9g,i).ﬁ)

T + aL, = Bi(S:, T, f;; 05:)0(L; — Lo;), (1)

where i = anhydrate (a) or monohydrate (m) of L-phe, L; [um] is
the characteristic crystal dimension and L,; > 0 is the charac-
teristic size for nucleated crystals, 7 is temperature [°C], G; [um
min~'] is the crystal growth rate along the characteristic dimen-
sion, B; [# crystals/(min g solvent)] is the nucleation rate, S;[—] is
the relative supersaturation (C — Cga )/ Csarss 0(+) is the Dirac
delta function, and f,; and 0, ; are sets of growth and nucleation
parameters. The seed crystals consisted of pure anhydrate form.
Thus the initial condition for the population balance is given by

the CSD of the anhydrate seed crystals f,(L,,0) with f,,(L,,,0) =
0. Assuming that there is no mechanism for producing either
form of crystals of size Ly; = 0 and that the initial distribution
does not have anhydrate crystals of size L, = 0, the boundary
condition is

f40,0) =0, Vte (0,). 2)

Applying the method of moments, the population balance
equations were converted into the system of ordinary differential
equations (ODEs) by multiplying both sides of eqn (1) by L/, for
j=0,1,2,..., and integrating each term of 0 to oo :3!

du, :
g;».: — B 3)
du,; . T
d;, =jGiiy;+Bily; j=1,2, ... @)

where the /™ CSD moment is defined as:
Mji = J L;ft(L:, t)dL,-. (5)
0

The CSD moments relate to the physical properties of the
crystals in the distribution; uo; [# crystals/g solvent], u,; [(#
crystals pm)/g solvent], u,; [(# crystals pm?)/g solvent], and us,
[(# crystals pm?)/g solvent] are proportional to the total number,
length, surface area, and volume of the crystals, respectively. The
solute mass balance is:*

0 (3Gutau + BuLy, kvt (3Gt + BaLdy ) pun,

dt
(6)

where p; is the crystal density (p, = 1.29 x 1072 g um~>* and p,,, =
1.724 x 107" g pm™) and k,; is the volumetric shape factor
defined by v; =k, ;L} where v; is the volume of an i-form crystal.
Values for v; [um?] were estimated from microscopy images of
crystals of both forms, and &, ; subsequently calculated using L,
as the largest diagonal length and L,, as the thickness of the
needle (k,, = 0.0394 and k,,, = 5.77). The nucleated crystals
were treated as being of negligible size Lo, — 0; using realistic
nonzero values for Lo, produces essentially the same w;; and
C predictions because the terms that contain L, ; in the moment
equations are many orders of magnitude smaller than the rest of
the terms.*®*! For parameter estimation, uo;, 1.5 and uy; were
simulated for both forms, along with C, which are described
by seven ordinary differential equations (ODEs, eqn (3) and (4)
for both forms and eqn (6)). Values of us ; were also simulated for
comparison with the FBRM data.

For the system of ODEs (eqn (3) and (4)), the initial conditions
were calculated from the CSD of the anhydrate seed crystals
using:

N—1 J
: Licra+ Lia)
W= Z( e ) [iLra = Lear0), (D)

k=1

where L; , and Ly, refer to the minimum and maximum sizes
(200 and 520 pm, respectively), and f;(Ly+1,4 — Li4,0) [# crys-
tals] is the number of anhydrate crystals in a sample with sizes
between Ly, and Ly, at time ¢ = 0. In the model, u;, (and w; ,,)
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were expressed as per unit mass of solvent, while that calculated
from eqn (7) was for the number of crystals sampled. These
quantities are related by a proportionality constant, A [l/g
solvent]:

:u'j,a = A,u'/sa (8)
The initial value for u; , can be calculated from mass balance:
Mmgg = ,u3,a(t = O)kv,apan'lsolw (9)

where mgq [g] is the mass of seed crystals and mgpy, [g] is the
solvent mass. The value for A was then calculated by comparing
wi(t = 0) from eqn (7) and us,(t = 0) from eqn (9). With A
known, the u; ,( = 0) was calculated from w}(f = 0) for j =0, 1,
and 2. The initial solute concentration, C(t = 0) = C,, was the
value measured immediately after seeding. This study utilized the
power-law expressions for the nucleation and growth kinetic
equations, which have been widely used for a large number of
systems in literature.’®*' Specifically, the growth rate of the
anhydrate form, G,, was assumed to be size independent, and
expressed as:

G, =k, S (10)

g.a"a

where k,, [um min~'] and g, [—] are the parameters to be esti-
mated. The Arrhenius relationship was used to account for the
temperature dependence using

/ E,,
kg,(, = kg €Xp (m)a (1

where E, , [J mol~']is the activation energy for the growth rate of
the anhydrate form, R [J mol~' K~'"] is the gas constant, and k.,
has the same dimensions as k. An expression for size-dependent
growth (linear dependence on size) was also tested:

G, =k, ,S%(1 +yL,) (12)

where the constant y [1/um] may be positive or negative.** Using
eqn (12) leads to a different form for the moment equations:

d/*“j a

dt :jG¢1(#j—1.a +’Y:u’j.a)v ]: 17 2 (13)

The solute mass balance eqn (6) was modified in the same
manner. For the monohydrate form, the growth rate G,, was
assumed to be independent of both size and temperature:

G, = k, S (14)

gm=m

where, analogous to that of the anhydrate form, k,,,, [nm min~']
and g,, [-] are the pre-exponential and exponential factors to be
determined. In general, nucleation is classified into two cate-
gories, primary or secondary, for nucleation in the absence and in
the presence of crystals, respectively. In this study, secondary
nucleation from crystal surfaces was considered, as this is the
dominant mechanism in seeded crystallizers. For the anhydrate
form, the nucleation rate was expressed as:

/

B" = kb,aszulula (15)

where k,, [1/(min pm?)] and b, [—] are the parameters to be
estimated. The Arrhenius temperature dependence was assumed:

. Eb,u
ky, = kpaexp (R(T + 273.15)) ’ "

where Ej, [J mol™'] is the activation energy for the nucleation
rate for the anhydrate form and k; , has same dimensions as k, .
The nucleation rate of the monohydrate form:

B’” = kbl.mS;{;l M2 m + k/)Z.er}:‘lZ M2 (17)

where khl,m [”(mln Hmz)]s ka,m [l/(mln “nlz)]» hl,m [_]-, and bl,m
[-] are the nucleation parameters to be estimated. This includes
a self- and a cross-nucleation term (i.e., dependence on u,) as
the secondary nucleation of the monohydrate form on the
surfaces of anhydrate crystals has been reported.®

Relationship between CSD and CLD moments

The FBRM probe emits a laser beam which moves in a circular
path at a high frequency using rotating optics. As the laser beam
‘crosses’ a particle, a chord length or a count is registered, i.e.,
a chord length is the distance across the crystal surface as
observed by the laser beam. The CLD measured in situ is related
to but not the same as the CSD. The model eqn (3) and (4) utilize
the CSD moments; these data are not available in real-time, but
can be estimated from the measured CLD. Specifically the CSD
is first recovered from the CLD before calculating its moments.
Numerous previous works?**=*¢ have studied how the CSD can be
recovered from the measured CLD by geometric modeling. The
relationship between the CLD and CSD moments has also been
modeled by:3"-3#

K = Sihi, (18)

where g, is the (j — 1)™ moment of the CLD and ¢ is a shape-
dependent scaling factor (a function of the single-particle CLD).
Models that attempt to construct the CSD from the CLD require
many assumptions,* including perfect backscattering of the laser
at all angles and that all particles have a known shape. While
these may hold true for some particulate systems, these
assumptions are not applicable for other systems, and will not be
true for most pharmaceutical systems, in which the refractive
indices of crystal and solution are similar. Furthermore,
unmodeled factors such as the optical properties of solids and
solvents, as well as the positioning of the probe in relation to the
surrounding flow, can significantly impact the CLD and subse-
quently the estimated CSD.* An alternative approach is to use
the low-order CLD moments, without first obtaining a CSD
estimate; this replaces the first-principles model for the CSD with
a gray-box model for the CLD, in which the structure of the first-
principles model for the low-order CSD moments is used to
parametrize that of the CLD.?>* The low-order CLD moments
should follow the same dynamic trends as the low CSD moments
because the mapping between the CLD and CSD is static (most
of the models mentioned earlier assume that the mapping is not
only static but also linear). This study follows a modification of
that approach to establish the relationship between the CSD and
CLD moments. At any experimental time point, the solute mass
balance can be written as:

Msq + COmsolv - (,LL 3,ap(1kv,a + /'L3,mpmkv, m + C')n/lsolv- (19)
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For run 3, us,, was set to 0 because cross-nucleation was not
detected. Simplifying eqn (19) and using the values of the solute
concentration accurately determined in-situ from ATR-FTIR
spectroscopy, us, was calculated at various time points and
compared to the second-, third-, and fourth-order CLD moments
for the anhydrate form, us, [(# counts um®)/s], uS, [(# counts
um®)/s], and wu§, [(# counts pum®*)/s], respectively. The CLD
moments were estimated based on the superposition principle
in which both forms contribute additively to the overall CLD, i.e.,
uS = ui, + us,. From the overall (measured) CLD,

N-1 ¢ e\ J
=Y (B . e
k=1
where L5 and L§ refer to the minimum and maximum chord
lengths (1 and 1000 pm, respectively) and f“(Li., — Lg) [# counts/
s] is the number of chord lengths between L., and L. In the
absence of cross-nucleation in run 3, the CLD data were due
solely to the anhydrate form; uj,, was set to zero and u;, calcu-
lated directly from eqn (20). Each order of uf, was scaled
accordingly to give the best fit to us,. In Fig. 3, us, shows the
best fit to us3, so the relationship between CLD and CSD
moments for the anhydrate form was:

lu‘j,a = d’j,aujq*‘l.m (21)

where @;, [(# crystals s)/(# counts um g solvent)] is a pro-
portionality constant. The corresponding relationship for the
monohydrate form is similar. The empirical correlation (eqn
(21)) differs from some theoretical predictions (eqn (18)). Recall
that theoretical predictions are based on many restrictive
assumptions that do not apply to all particulate systems. It is
interesting that eqn (21) is an expression commonly used in
industrial practice (called “length-weighting”), whereas eqn (18)
is not.

Parameter estimation

Eqn (3), (4), and (6) describing the nucleation and growth of both
forms of L-phe contain 12 parameters that were estimated using
the in situ experimental solute concentration recorded by ATR-
FTIR spectroscopy and moments wuf (for j = 1, 2, and 3)
measured by FBRM for runs 1, 2, and 3. The kinetic parameters
were estimated by minimizing the weighted difference between
the experimental measurements y** and model predictions y™:

20 x10M{ —p, —u;, (scaled)

16 x10M ] 1, ,(scaled) —p; (scaled)

=
(]
=2
[]
W
(=]
& 1.2 x10"
E
=
« 8.0 x 10" 4 hmw'w lu
o ATIA Mﬂm
w L T ® 5 ot B .“u.i
g 40 x10° {1 iy .Qwalﬁéwwﬁﬁﬂfﬁﬁﬂ#ﬁ,
®
0 . . . :
0 100 200 300 400
Time (min)

Fig. 3 Comparison of the CSD moment u3 , to various CLD moments.

)i Ne
w=min 303505 o) )

where 6 is the vector of the estimated parameters, N, (= 4) is the
number of measured variables, N is the number of sampling
instances, and w, is a weighting factor that is the inverse of an
estimate of the error variance 7. Initially, o, was set to the
standard deviation of the actual measurement. A set of param-
eters was estimated by solving the system of ODEs (eqn (3), (4),
and (6) coupled with the optimization in eqn (22), using the
built-in Matlab codes ‘ode45*' and ‘fmincon’.*> The standard
deviations for the errors in the ¢™ measured variable were then
estimated and used for ¢, in a re-solving of the parameter esti-
mation optimization. The iterative procedure was repeated until
no significant difference between the given and estimated stan-
dard deviations was detected.

The parameter estimation for the different sets of kinetic
parameters was carried out in stages. In Stage 1, the parameters
for the anhydrate form growth were estimated first using the
experimental data from run 2 (up to 275 min) and run 3 (for the
entire experiment, see Tables 2 and 3). In these durations, no
nucleation was detected, and the time evolution of the solute
concentration and CLD moments uf, were solely due to the
growth of anhydrate crystals. The system of ODEs was simplified
by setting B,, B,,, and G,, = 0. The proportionality constants ®; ,
in eqn (21) were calculated from:

o L ﬁ: Wi 3
Jya Ns L ,Uf;ff:a?n.

With these @;,, the model CLD moments ui7% calculated from
eqn (21) were used for weighted least-squares regression in eqn
(22). Fig. 4 and S2t show very good agreement between the Stage
1 model and experimental data (lack of fit from 300 min onwards
for run 2 in Fig. S21 was due to cross-nucleation not accounted
for in Stage 1).

Although not utilized for regression, u? was also simulated,
scaled, and compared to u§, as shown in Fig. 4d and S2dt. The
agreement between the Stage 1 model and data is very good.
Variants of the power-law model for the growth rate for the
anhydrate form were also investigated (see Table 4), along with
the nominal model (eqn (10) and (11)). The F-test was used to
compare the first and second model based on the weighted sum-
of-squared residuals, ¥ and &5, respectively. The F-test statistic
is given by:*

(¥, —¥,)/(Ng2 — Nyga)

F = )
¥, /(Ny — Npp)

24

where Ny, and Ny are the number of parameters in the corre-
sponding models and N; = 1424 is the total number of inde-
pendent measurements from ATR-FTIR spectroscopy and
FBRM. The values for F-critical listed in Table 4 are based on
the rejection probability of 0.05, with (Ny» — N1, Ny — Ny»o)
degrees of freedom. As F > F-critical, the reduction in ¥ due to
the additional parameter in model 2 is statistically significant.
Similar analysis comparing models 2 to 3 indicated that the
reduction in ¥ with the addition of the parameter, v, for size-
dependent growth was not statistically significant. Comparison
of the CSD of the anhydrate seed and product crystals of run 3
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suggested some size-dependent growth because the latter has
a wider spread. Nonetheless, the available in situ experimental
data did not statistically justify the estimation of vy, possibly due
to the noise in the CLD measurements. The noise level could
be reduced by increasing the number of seed crystals (from the
current seed loading at ~15%); but this would also reduce
the amount of growth that occurs during the batch run, such that
the overall signal-to-noise ratio is not significantly improved.
In Stage 2 of the parameter estimation, the parameters for
the nucleation of the anhydrate form were determined from
the experimental data from run 1 (up to 100 min, where cross-
nucleation was negligible, see Tables 2 and 3). The same set of
ODEs was used with B,, = G,, = 0 with the kinetics for G,
inserted. The proportionality constants &;, for the CLD
moments were estimated in the same manner using eqn (23).
Their values were nearly the same as in Stage 1, for example, @,

Table 4 Variants of power-law growth model for anhydrate L-phe

was 0.487 and 0.519 in Stages 1 and 2, respectively. The minor
difference may have been due to a slight variation in the crystal
habit of the anhydrate seed crystals used in the different exper-
iments. The Stage 2 model and experimental data show good
agreement for the modeled time range (see Fig. S3F, with the lack
of fit starting from 100 min onwards due to cross-nucleation
which was not modeled in Stage 2).

A simpler variant of the power-law model for the nucleation of
the anhydrate form was also studied. Similar analysis using the
F-test statistics (with N, = 251 and F-critical based on the same
rejection probability as before) indicated that the improvement
in the fits between experimental data and the model was statis-
tically significant with the addition of E,, to describe the
temperature dependence (Table 5).

In Stage 3 of the parameter estimation, the parameters for
both the nucleation and growth of the monohydrate form were
determined using the relevant range of experimental data in run 1
(100 to 200 min) and run 2 (from 275 min onwards, see Tables 2
and 3). Although cross-nucleation occurred in run 1 from
100 min onwards, the modeled time range was restricted up to
200 min because preliminary modeling gave extremely poor fits
in the CLD moments from about 200 min onwards. The FBRM
probe likely became partially clogged at increasingly high solids
density of the monohydrate needles. In addition, despite the
appearance of distinct individual needles in the PVM images,
there was possible formation of aggregates or ‘bundles’ which
would produce erroneous high counts of the chord length. The
model for parameter estimation was the ODEs with the newly
estimated kinetics for B, and G, to account for the nucleation
and growth of anhydrate form crystals. The measured CLD
moments, us, were due to both anhydrate and monohydrate
forms. The rates B, and G, were used to simulate the CLD
moments due solely to the anhydrate form, u&3% from eqn (21);
the excess moments after subtracting from uis were attributed
only to the monohydrate form and were then used to estimate its
kinetics. The proportionality constants were calculated using:

1 Ny md

M mn
@j,m = FZ cex o cmd  |° (25)

S p=1 /u'j+],n - Iu'j+l,u,n|

The model CLD moments ui75, calculated from these @,
were used for regression in eqn (22). Although not used in
regression, u2e was simulated and scaled to give usme. Fig. S2
and S3t show good agreement between the model and experi-
mental data for modeled range (the overall model CLD moments

Growth model Corresponding expressions for G, Parameters to be estimated '8 F F-critical
(1)‘Size and temperature g S keas 8a 3.981 — —
independent
(2) Size independent, temperature Epu Kous 845 Egu 3.953 9.983 3.848
] , ! 8u
dependent Ko.q €XP <R(T n 273.15)> S¢
(3) Size and temperature dependent E keas 845 Equs Y 3.946 2.840 3.848

Kea — 84 ) §%(] L,
2 exP(R(T+273.15)>S"( +rLa)
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Table 5 Variants of power law nucleation model for anhydrate L-phe

Nucleation model Corresponding expressions for B, Parameters to be estimated ' F F-Critical
(1) Temperature independent ko Sf;“ g kp.as ba 4.094 — —
(2) Temperature dependent kpas bas Ep g 3.967 7.722 3.879

Eb,a ba
kyq €xp (m) Sa' Mg

witd = uimd + pspd). Although not used in the regression,
wus™ agreed well with ug®™ in the modeled range (Fig. S2d and
S3df). As mentioned earlier, the lack of fit for the moment
profiles in run 1 starting from 200 min onwards was likely due to
some sticking of crystals on the FBRM probe tip or formation of
aggregates. The solution concentration profile in Fig. S3ef
showed a poorer fit to the experimental profile from 200 min
onwards. This could also be associated with the progressively
higher solid density of the monohydrate needles. In most crystal—
solvent systems, the penetration depth of the evanescent field
(~0.5 to 2.5 pm, for the experimental setup in this study) into the
solution is smaller than the liquid phase barrier between the
probe and the particles. Then when the ATR probe is inserted
into the crystal slurry, the substance in immediate contact with
the probe is nearly all liquid, with negligible interference from the
crystals. In contrast, in this specific case the monohydrate needles
were of dimensions comparable to the penetration depth;
although initially negligible at low solid density, the interference
from this solid phase became increasingly significant as run 1
progressed with the rising monohydrate form solid density. The
kinetic expressions for the crystallization of the monohydrate
form (eqn (14) and (17)) contain a total of 6 parameters to be
estimated simultaneously, fairly larger than that for the anhy-
drate form. Unlike the anhydrate-form growth kinetic parame-
ters that were determined from anhydrate-form seeded
experiments, it is difficult to reduce the number of estimated
parameters for the monohydrate form by first evaluating its
growth kinetics solely in a separate experiment using mono-
hydrate seed crystals. This is because it is very difficult to esti-
mate the CSD (and its moments) of the monohydrate seeds
reliably, given its smaller dimensions (thickness typically 2—-10
um, see Fig. 1b) and the tendency of the needles to aggregate
when in the dried state and ease of breaking during handling.
Inaccurate estimation of CSD moments as the initial conditions
in the system of ODEs will lead to unreliable models and kinetic
parameters. The variants of the power-law model for both the
nucleation and growth of the monohydrate form were also not
investigated. Incorporating the temperature dependence using
the Arrhenius equation will lead to a total of 9 parameters, or
more if the parameter describing size-dependence growth is
included as well. Simultaneous estimation of a large number of
crystallization parameters results in a wide range of parameters
that produce similar quality fit to the data with highly correlated
uncertainty descriptions.*?

Table 6 lists all the parameter estimates from Stages 1, 2, and 3.
The growth exponent ranges from 1 to 2 for diffusion-limited and
surface integration-limited growth, respectively; the estimates
indicate that the growth of anhydrate crystals is likely be

controlled more by the latter, while the growth of the mono-
hydrate form is affected by both. In the secondary nucleation of
the monohydrate form, the larger estimate for b, relative to b,
suggests that nucleation on its own surfaces may have a stronger
dependence on S,,, compared to nucleation on the crystal surfaces
of the anhydrate form.

Confidence intervals for the parameter estimates

Parameter uncertainties were estimated by linearization of the
model*** around the vector of the parameter estimates:

YmO) = Y™U0%) + FA0 — 6%), (26)

where 07 = [In (kg.), €o In (Ego)se-r gmls p = 1, 2,..., 12, the
Jacobian:

9 Ymd

Fp="
T80 |0

27
Y™ is a vector of model outputs C™* and p¢™ for j =1, 2, and 3.
The Jacobian was computed using central differences; this matrix
contains the first derivative of the model outputs with respect to
#, arranged so that derivatives with respect to a particular
parameter, 6, are in the same column. The parameter covariance
matrix for the linearized problem is given by:*

Vi'=FjVy'Fy, (28)

where Vy is the covariance matrix for Y™. The 100(1 — a)%
confidence interval* for each parameter is described by:

0; - Zl—a/Z(Nt - NH) V Vﬁ,ppsﬁpso; + tl—oz/l(Nt - Nﬁ)\/ VH,pp:
(29)

which are listed in Table 6 for all parameter estimates, where ¢ is the
Student ¢-distribution. The F; matrices from all three parameter
estimation stages satisfied the identifiability condition,*

|F]Fy|#0, (30)

indicating that all of the parameters could be identified from the
experimental data.

Further analysis was performed by evaluating the linear corre-
lation matrix R, which measures the degree of linear dependence
between a pair of parameters, where a magnitude of 1 indicates
perfect correlation and a value of 0 indicates no correlation.
Whenever all the off-diagonal elements have magnitude exceeding
0.8, the estimates are highly correlated and tend to be inaccurate.
These correlation coefficients in R, are given by:*
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Table 6 Parameter estimates with 95% confidence intervals

Kinetic parameter Parameter estimates, 6*

95% Confidence interval

Number of independent
measurements, N,

Parameter estimation Stage 1: anhydrate form growth

In kg, 42.330 [41.6, 43.0] 1424
% 1.760 [1.61, 1.91]

InE,, 11.472 [11.45, 11.49]

Parameter estimation Stage 2: anhydrate form nucleation

In ky 73.502 [71.0, 76.0] 251
ba 1.952 [1.83, 2.08]

In E,, 12.301 [12.23, 12.37]

Parameter estimation Stage 3: monohydrate form nucleation and growth

In kpy —2.295 [-2.58, —2.01] 584
bim 2.502 [2.19, 2.82]

In kpa —10.200 [-10.8, —9.62]

bam 1.998 [1.74, 2.25]

In kg, 1.135 [0.96, 1.30]

2 1.497 [1.44,1.55]

Re = Viil(VoiiVay) " (31

The parameter covariance and correlation matrices for Stage 1
of the parameter estimation were:

Ink,, a4 InE,,
v, 1.341 x 107" 8.189 x 1073 2.025 x 1073
7 18.189x 1073 6.095x 10> —1.939 x 10~*
2.025x 1072 —1.939 x 10™*  8.699 x 1073
1.000 0.286  0.593
R.= (0286 1.000 —0.266
0.593 —0.266 1.000

The off-diagonal terms of R. indicate that, while there is some
correlation between parameter estimates, the correlations are not
excessive. The correlations between parameter estimates in Stage
2 are comparable in magnitude:

In k4 b, In E,,
v 1.577 3.620 x 1072 2.725 x 1072
7 13.620x 1072 4.047 x 1072 —9.662 x 1074
2725% 1072 —9.662 x 1074 1.259 x 1073
1.000 0453  0.612
R.= [0453 1.000 —0.428
0.612 —0.428 1.000
In kbl,m bl,m In kam
2.115%x 1072 1.703x 1072 3.585x 107}
1.703 x 1072 2.590 x 1072 7.046 x 10~*
Vy=| 3.585x 1073 7.046 x 10*  8.751 x 102
5024 x 1073 1.369 x 1072 2.584 x 10~
3710 x 1073 1.101 x 1072 —6.108 x 1073
| 1331 x 107 —1.319 x 10~*  —8.402 x 10~

The corresponding matrices for Stage 3 are below.

1.000  0.727 —0.083 0.267  0.287 —0.336
0.727 ~ 1.000  0.015 0.657 0.771 —0.301
R — —0.083 0.015 1.000 0.675 —0.232 —0.104
¢ ] 0267 0.657 0.675 1.000 0.355 —0.461
0.287 0.771 —-0.232 0.355 1.000  0.225
-0.336 —-0.301 -0.104 —-0.461 0.225  1.000

While the off-diagonal elements of R. do not exceed 0.8,
some of the elements are very near to that value. This was
expected, as the number of parameters estimated in Stage 3 is
significantly larger than Stages 1 and 2. Correlation coefficients
larger than 0.8 would likely occur if more parameters were
estimated, which would occur by including the temperature
dependence in the nucleation and growth expressions for the
monohydrate form.

Model validation

The crystallization model for L-phe was validated in two parts.
The first validation compares the model prediction of the average
size of the anhydrate crystals and the composition of the product
crystals to offline measured data for runs 1, 2, and 3. The second
validation compares the metastable limit predicted from the
model to that determined experimentally.

A plot of the average size of the i-form crystals, L; = u; /1o,
from the model indicates that the three runs covered a range
of growth rates (Fig. 5a and b), which was required to
estimate independent values for the growth exponents and pre-
exponential factors. The associated crystal composition is shown

bZ,m In kg,m 8m
5.024 x 1073 3.710 x 1073 —1.331 x 1073
1.369 x 1072 1.101 x 1072 —1.319 x 1073
2.584 x 1072 —6.108 x 103 —8.402 x 10~*
1.675x 1072 4.080 x 107> —1.623 x 1073
4.080 x 1073 7.888 x 1073 5.434 x 107
—1.623 x 1073 5434 x 10~* 7.416 x 1074 ]

This journal is © The Royal Society of Chemistry 2011

CrysttngComm, 2011, 13, 1197-1209 | 1205



—
S
—

800

700
Run 3

600 Run 2

500
Run 1

400 1

Simulated mean L, (um)

300 . . . .
100 200 300 400 500
Time (min)

o

—_
=
=
@
o

o
o
L

Run 1
Run 2

b
o
.

N
[=}
.

Simulated mean L, (4m)
o 5

=
o

T T T

100 200 300 400 500
Time (min)

o

_
o
—

200

16.0 |
12.0 1

S Run 1

40 y
00 : : . .

0 100 200 300 400 500
Time (min)

Simulated composition
(wt% monohydrate)

Fig.5 Simulated mean lengths (a) L, and (b) L,,, and (c) overall crystal
composition (wt% monohydrate). The predicted mass of the solid phase
for the i-form, us ik, pimsoy, Was used to calculate the polymorph
composition from w3 nkymPmMsor (13 mky mPmMsoty + 13.aky.apaMsoly)-

in Fig. 5c. The average % difference between the model and
experimental anhydrate product size is ~11% (Table 7), while
crystal compositions had somewhat larger deviations. The
product thickness L,, of the monohydrate form predicted by
the model was ~5 pm (Fig. 5b), which is consistent with
that observed from the distinct individual monohydrate needles
in a PVM image obtained towards the end of run 1."' No
comparison is shown for the CSD for the monohydrate needles
in the final product due to their tendency to aggregate when in
the dried state and as ease of breaking during handling. The CSD
for the monohydrate form was difficult to determine using offline
microscopy; any experimental data estimated in this manner
would be highly inaccurate and meaningless for comparison.
The second validation compares the model predictions to the
results from seeded metastable limit experiments (runs 1m to 5m;

Table 7 Comparison of simulated and experimental results: mean L,
and product composition

Run Simulation Experimental

Mean size of anhydrate product crystals/um
1 524 597, bin range 540-630
679 614, bin range 540-630

3 690 621, bin range 540-630
Monohydrate of product crystals (wt%)

1 16.75 9.45 4 1.81

2 4.50 0.53 + 1.81

“ The experimental results were determined from independent offline
characterization of sample product crystals, with the mean size
computed from i Jus, with ui, calculated from eqn (7) applied to the
anhydrate product size distribution determined from optical microscopy.

Fig. 6 with operating conditions listed in Table 1). The anhydrate
seeds were from the same group of crystals as used in runs 1, 2,
and 3. The initial conditions for the moments in the model were
calculated using eqn (7)—(9), and the same operating conditions
were applied (seeding temperatures and temperature profiles) as
in the experiments. The model and experimental solute concen-
tration and uS (due to both anhydrate and monohydrate forms)
have good agreement, providing some support for the predictive
ability of the model.

The modeled metastable limit was determined by assessing
the evolution of the number and mean size of the nucleated
crystals. Experimentally, the onset of cross-nucleation was
evaluated using the PVM, which has a detection limit = 3
pum.3**5 Considering the possible spread or distribution in L,
the modeled metastable limit was determined when its mean
size, py yu/po.m reached 2.5 pm (Fig. S4at), slightly smaller than
the experimental detection limit. In each of the five runs, the
corresponding solute concentration C and temperature 7" were
determined at the time point at which u; ,/uo,, reached this
value. Fig. S5at shows good agreement between the model and
experimental metastable limits, supporting the predictive
ability of the model for the monohydrate form. For the anhy-
drate form, the system of ODEs was modified slightly before
carrying out similar analysis as above. The nucleation rate B,
was set to zero in the original set of ODEs pertaining to the
anhydrate form, so that this set of ODEs only described the
growth of the anhydrate seeds. Another set of ODEs (eqn (3)
and (4)) was incorporated to describe the nucleated anhydrate
crystals. The model metastable zone for the anhydrate form
determined in similar fashion (Fig. S4bt) as above was very
narrow and inconsistent with the experimental results which
were determined using FBRM (detection limit = 1 pm). Further
analysis revealed that the corresponding increase in the model
to.o Was <0.5% from an initial value of 450 (Fig. S4dt). This
indicated an exceedingly small number of nucleated anhydrate
crystals, unlike the monohydrate form which had correspond-
ing simulated values of u, ranging from 2000 to 3000
(Fig. S4ct), when the simulated mean L,,, = 2.5 pm. In this case,
evaluating the predicted metastable limit based solely on the
simulated mean size of the nucleated crystals will not yield
realistic results comparable to experimental findings given the
noise in the measured CLD moments and possible masking
effect in delaying the detection of nucleation. A more suitable
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criterion is to apply a certain threshold for the increase in the
model o, (assumed to be 10% in this study) in which enough
nuclei are produced to be detected by FBRM. The corre-
sponding values of the solute concentration C and temperature

T were used to plot the model metastable limit for the anhy-
drate form in Fig. S5bt, which shows good agreement to the
experimental metastable limit. Given the arbitrary selection for
the threshold increase in uo,, this analysis does not fully
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validate the crystallization model for the anhydrate form, but
does demonstrate predictive ability to some extent.

Staged vs. simultaneous parameter estimation

Any person who has constructed a process model for a suffi-
ciently complex system has used some sort of staged approach, in
which simplified experiments are designed to enable the estima-
tion of individual sets of parameters. An advantage of the staged
approach is that numerical optimizations for eqn (22) are more
likely to converge to the global solution, due to the smaller
number of parameters. The optimization in eqn (22) is rarely
convex for nonlinear dynamic processes with more than 10
parameters, such as those that occur in crystallizations involving
transformation between different crystal structures, in which
case numerical optimization algorithms can converge to a local
solution that may produce both a poor fit to experimental data
and a model with poor predictive ability. Numerical optimiza-
tion over three parameters such as in Stages 1 and 2 is more likely
to converge to the global solution by numerical optimization,
and could even be solved graphically by gridding over the kinetic
parameters.

Another advantage of the staged approach is that it reduces
the effect of model bias on the initial sets of estimated parame-
ters. To understand this argument, consider that all process
models have limitations.**™* For example, most crystallization
models assume that a lab-scale crystallizer is well-mixed and that
all crystals of a particular structure have exactly the same crystal
shape, which are only approximations. Due to these limitations,
parameters estimated by fitting data to the outputs of these
models are biased.*® A goal of process modeling is for this bias to
be sufficiently small that the process model is accurate enough for
its intended purposes (such as design). An advantage of the
staged approach to experimental design is that the bias in
the kinetic parameters associated with parameter estimation in
an early stage is only affected by model assumptions for the
crystallization phenomena occurring at that and earlier stages—
not on model assumptions associated with crystallization
phenomena that only occur in later stages. Alternatively, the
simultaneous estimation of parameters can produce very large
biases. Actually, before applying the staged approach we
attempted to simultaneously fit all parameters to all experimental
data, which resulted in poor fits to the Stage 1 and Stage 2 data,
as the simultaneous parameter estimation shifted those kinetic
parameters to achieve a better fit to the remaining data. The
staged approach also made it easier to identify the faulty data
produced by the in situ ATR-FTIR and FBRM probes (dis-
cussed earlier).

A weakness of the staged approach is that any biases in the
parameter estimates at any particular stage will bias the
parameter estimates in subsequent stages. Also, confidence
intervals computed in subsequent stages (such as in Table 6) will
underestimate the amount of uncertainty in the parameter esti-
mates. These effects should be small in this study due to the small
size of the confidence intervals in Stages 1 and 2 (see Table 6).
While the effects of uncertainties on parameter estimates in one
stage on the uncertainty in parameter estimates on subsequent
stages can be quantified using similar techniques,®-* these
methods rely on the underlying model structure being known and

fully characterized mathematically, which is not true in the
presence of model bias. For these reasons, it is important to
evaluate model predictions by comparing with experiment data
collected from a separate set of experiments (as done here).

The staged experimental designs implemented here are very
different from the D-optimal designs that have been applied
extensively to crystallizations involving one crystal struc-
ture. 32405354 D-optimal design can result in experimental designs
in which all crystallization phenomena occur simultaneously,
forcing the simultaneous estimation of all of the parameters. It
should be possible, however, to add constraints in the crystalli-
zation phase diagram to the D-optimal approach so that staged
experimental designs can be implemented that minimize the
uncertainties in the parameters while retaining the advantages of
stage design. This would combine the best features of the two
approaches.

Conclusions

A process model for the crystallization of L-phenylalanine, an
enantiotropic pseudo-dimorph system, was developed. The
kinetic parameters for nucleation and growth for both the
anhydrate and monohydrate forms were estimated using in situ
probes (solute concentration obtained from ATR-FTIR spec-
troscopy and CLD moments measured using FBRM) from
experiments in which feedback controlled motion in the crys-
tallization phase diagram suppressed certain kinetic events
(for example, cross-nucleation) in particular segments of the
experimental data. This simplified the crystallization model and
reduced the number of parameters to be estimated simulta-
neously, by focusing on the relevant segments of the experi-
mental data pertaining only to certain kinetics. This facilitated
the estimation of the parameters in a stage-wise manner for each
set of kinetics. Such an approach is advantageous for crystalli-
zation models with a large number of parameters such as for
pseudo-polymorphic and polymorphic systems. The predictive
ability of the crystallization model was evaluated based on the
model properties of the product crystals and metastable limit
which were in good agreement with that from independent
characterization and experiments. This combination of experi-
mental design and process modeling may facilitate process
modeling and development for other pharmaceutical compounds
involving transformation between different crystal structures.
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