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Abstract

Polymorphism is an important issue in industrial crystallimgtisince polymorphs of the
same compound can present very different properties, asigolubility, melting point or
density, influencing considerably the manufacturability and bidetvsiiy of the final
product.

This work proposes a model-based active polymorphic corntedkgy that allows obtaining
large crystals of the stable polymorph at the endhaftah crystallization process, even in the
case of erroneous seeding or in situ nucleation ofxéurei of both the stable and metastable
forms. A novel systematic experimental design was appdieestimate the kinetic parameters
of dissolution, growth and secondary nucleation of thbls and metastable polymorphs of
the model compound (ortho-aminobenzoic acid, OABA). Sugermental approach allows
the determination of the studied kinetics without anyadation between parameters during
the estimation, and without the need of off-line measur&mafthe crystal size distribution

during the experiments



The estimated kinetic parameters were used to build a pmpubalance model for the
calculation of the optimal temperature profile needkdjng a batch cooling crystallization
process, for the (i) elimination of the metastable forgstals nucleated in situ or erroneously
seeded and the (ii) maximisation of the size of thetaly®f the stable polymorph obtained at

the end of the batch process.

Keywords: polymorphic control, population balance equations, batch tadlystion

optimization.

1. Introduction

Polymorphs of the same compound can have different physkaahcteristics such as
solubility, stability, melting point and, most importanthjoavailability. For this reason both
discovering new polymorphs and designing new control stratégigailor the polymorphic
purity of the final product crystallized in industrial processegery important. The choice of
solvent, supersaturation conditions, temperature, pH andigld of additives can determine
the polymorphic outcome of a cooling crystallization, wiRIRT tools can be used to check
the purity of the final product and control its growth. AFRIR, ATR-UV/Vis, in situ
Raman and FBRM have been frequently used to control thetlyrof both stable and
metastable polymorphs through different control approadResently a feedback control
technique, the active polymorphic feedback control (APR@s developed to select and
grow the desired polymorphic form of the crystallized compd@&ichone et al. 2014). In this
strategy both Raman and ATR-UV/Vis spectroscopy are usedRdman probe can detect the
nucleation or seeding of a polymorphic mixture and it elinsmahe metastable form by

triggering a controlled dissolution cycle.



Table 1: Control strategies used by researchers to cant the crystallization of polymorphic compounds (Sinone et al.

2014).

Control approach Reference

Seeding the desired form between the solubility curvelandchetastable (Threlfall 2000; Beckmanr
limit line in order to avoid the nucleation of the othemf and keep 2000)

cooling until the supersaturation is consumed

Finding the correct amount of seed above which secondaryatiod®f  (Doki et al: 2003)
the metastable form is suppressed and solution-mediatesformation is

avoided in a cooling crystallization

Seeding during a cooling crystallization and using focused beam (Doki et al. 2004)
reflectance measurement (FBRM) in combination with ATRRFto
check the total counts and the supersaturation in ordeath ithe desirec

size of the crystals and eliminate the fines via dis&m

Temperature control and concentration control for treversion of the  (Hermanto et al. 2007; Ke

metastable form of a polymorph to its stable form (tten and et al. 2009; Kee, et al. 200!
experimental work) Hermanto et al. 2009)
Seeding and growth of the metastable form during argpol (Kee et al. 2009; Chew et a
crystallization performing supersaturation control 2007)

Combination of anti-solvent and cooling crystallizatisas performed to (Minamisono and Takiyami

obtain the desired form of indomethacin in acetone 2013)

Feedback control of the reactive crystallizationgflutamic acid in a (Qu et al. 2009; Alatalo et a
semi-batch precipitation was conducted using MID-IR or Ram@aR-A  2010)

FTIR and a pH-meter

Control of Polymorphism in Continuous Crystallization Mixed (Lai et al. 2015)
Suspension Mixed Product Removal Systems Cascade Desigmtasti

of the optimal operating conditions to crystallize opeci#fic polymorph




ATR-UV/Vis is instead used to control the crystallizatiorder conditions and allow only the
growth of the stable form using supersaturation con@tier control approaches proposed in
the literature either use the Raman system only to d#tecformation of the unwanted
polymorph as a trigger to restart the crystallization \aittiifferent cooling rate, or use only
supersaturation control in conjunction with the suitabkdshg procedure to drive the system

in the phase diagram to obtain the desired polymorphic. fBrsummary of recent research

works on polymorphic control is showr| in Table 1.

The APFC strategy is a model-free approach, which was ¢gdlutor the cooling
crystallization of ortho-aminobenzoic acid, and led teegeolymorphic forms in the case of
unseeded crystallization processes where nucleation of pgdymmixtures occurred, or for
seeded crystallization with contaminated seed crystasaming an unwanted polymorph
impurity (Simone et al. 2014). During the experiments performeayigal dissolution of the
desired form together with the elimination of the unaesiorm was observed. However, it is
not clear whether such partial dissolution favours thénatent of larger crystals of the stable
form at the end of the batch or not. A model based approaic help understanding if the
initial dissolution cycle improve or worsen the finalesidistribution of the crystals of ¢h
stable form and how the temperature profile could be optimizeorder to maximize such
distribution. The aim of this work is to develop a modeddahactive polymorphic control by
determining the kinetic parameters of the growth and palghio transformation of ortho-
aminobenzoic acid through properly designed experimemis, then by simulating and
optimizing the batch crystallization process in order totrmd both size and polymorphic

purity of the final crystals.



Parameter estimation and modelling of polymorphic transition has rarely been performed
because of the complexity of the phenomenon, which ingaie steps: dissolution of the
metastable form and nucleation and growth of the staldg©ardew and Davey, 1985).

A first example of population balance applied to a polyhar transformation was the study
on the conversion of citric acid from the anhydrate sonionohydrate form (Fevotte et al.
2007). Seeded isothermal experiments were conducted to edtiradtmetic parameters for
the growth and nucleation of the monohydrate form as aslfor the dissolution of the
anhydrate form. Power-law relationships were used to exprsssiation and growth as a
function of supersaturation, while secondary nucleation wgwessed as a function of
supersaturation as well as of the concentration of alsysif the stable form present in
suspension. Raman and image analysis were used to meastegecsatentration, crystal size
distribution and polymorphic ratio; a finite elementsthod was used to solve the population
balance equation, PBE (using the software FEMLAB). Maifigrént solution techniques
were used to solve the PBE for the polymorphic transfoomaf L-glutamic acid: moving
pivot technique (Cornel et al. 2009), finite volume metimgPROMS (Ono et al., 2004) and
the method of moments (Hermanto et al. 2007; Hermanah 009; Hermanto et al. 2011;
Sheikholeslamzadeh and Rohani 2013). Despite working watBdame system the authors of
the mentioned studies used different types of equationexpwess the kinetics of the
phenomena involved in the polymorphic transformation of Laghi¢ acid. All the authors
found a good agreement between simulated and experimertaédan when semi-empirical,
simplified functions were used.

Ono et al. included in the model only dissolution of thetastable form (Sherwood
correlation), size-dependent growth and secondary nialeésemi-empirical function of

supersaturation and mass of crystals of the stable forstuirny) of the stable form. More
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phenomena were included in the models described by Hermaato(2011), Cornel et al.
(2009) and Sheikoleslamzadeh and Rohani (2013): primary nucleatibdissolution of the
metastable form, secondary nucleation and growth ofttide form. Besides, less empirical
correlations were used in such studies compared todlgel described by Ono et al. (2004).
In fact, the growth kinetics of the stable and metdstpolymorphs of L-glutamic acid were
found to be integration controlled and of the birth-apdead type, with the exception of the
studies performed by Hermanto and co-workers, where a poweriation was used to
express the growth rate of the metastable form. Avlhadl correlation was used to estimate
the dissolution of the metastable form in all the esieed works. The functions used to
express the nucleation rates for both the stable andstablka forms of L-glutamic acid were
different in the mentioned studies: Cornel at al. (2009) @heikoleslamzadeh and Rohani
(2013) used primary nucleation exponential functions to desdthe primary nucleation of
the metastable form, while Hermanto et al. (2011) employéah@es equation as a function
of supersaturation and the third moment calculated fomégastable form. The kinetic of
secondary nucleation of the stable form of L-glutamiad agas expressed with a semi-
empirical function only of the mass of metastable algsby Cornel et al. (2009) and of the
mass of both the stable and metastable crystals by Herreal. (2011) Sheikoleslamzadeh
and ‘Rohani (2013) instead employed a two-terms expressionsttmate both the
heterogeneous (exponential nucleation function) and cauréecondary nucleation (as a
function of the second moment of the metastable &ig)sof stable L-glutamic acid.

The solution-mediated transformation of DL-methionine palgphs was modelled by
Wantha and Flood (2013) using the method of moments to g@veBEs. In this work semi-

empirical functions of the supersaturation were useéxpyess the growth kinetics of both



forms and the dissolution kinetics of the metastableympoiph; a primary nucleation
exponential function was used to estimate nucleationeodtéivle polymorph.

Scholl et al. (2006) solved the PBEs using the commesafilvare PARCIVAL for the
parameter estimation of the kinetics of transformatibh-glutamic acid (Scholl et al. 2006)
The model used included the kinetics of heterogeneous tinole# the metastable for
(exponential primary nucleation type function), size-pwleent growth rates of both the
stable and metastable forms (integration controlled arid &nd spread type of functions),
dissolution of the metastable form (Sherwood cor@mitiand heterogeneous and surface
nucleation of the stable form. A similar model was useddéscribe the polymorphic
transformation of Buspirone hydrochloride from the ntetalse form Il to stable form |
(Trifkovic et al. 2012). Such model was solved using the nakstiod moments.

More recently, the methods of characteristics was used to describe the behaviour of the a and

B forms of para-aminobenzoic acid in a two stages MSM&Rtor (Lai et al. 2015). The
authors included in the model the growth of both stable aethstable forms (size-
independent and surface integration controlled) and thesorglary nucleation (semi-
empirical equation as a function of the mass of atysh suspension).

As explained. in the previous paragraph, population balance snaudhe literature can
include or not primary nucleation of both the stable andrbtastable form but all of them
include secondary nucleation of the stable form, expdessth semi-empirical functions,
primary heterogeneous nucleation exponentials or withtémmms functions including both
heterogeneous primary nucleation and surface secondatfgatioo. In fact, secondary
nucleation of the stable form and dissolution of the astable polymorph are the key

mechanisms happening during a polymorphic transformation (Candeé\wavey, 1985).



Only one theoretical study considered the presence ohdagonucleation of the metastable
form and analysed its effect on the transformation tme the concentration profile (Kobari
et al. 2014). However, the presence of secondary nucleattidtve metastable form can be
neglected if, during the crystallization process, thateatoncentration is very close, or below
the solubility of the metastable form. Thus, the sugdearstion is too low to allow secondary
nucleation.

The parameters necessary to define and model the actiygquphic control of ortho-
aminobenzoic acid are: (i) dissolution kinetics forho@drms, (ii) growth kinetics for both
forms, (iii) secondary nucleation of the stable form (olgntransformation), and (iv) primary
nucleation of the stable form (during transformation aftdr seeding far from the solubility
curve). The estimated parameters will be then validatet applied to an optimization
problem in order to design batch cooling crystallization @sses that allow the growth of
large crystals of the stable polymorph even in caseroheous seeding or in situ nucleation
of a mixture of the stable and metastable forms. In losimn, the model-based active
polymorphic control-(mbAPC) proposed in this work representsedul approach for the

correct design of batch crystallization processes foymparphic systems.

2. Materials and Methods

The model compound used for the experiments is ortho-&emwic acid (OABA), which
has three known different polymorphic forms (Jiang eR@L0b; Jiang et al. 2010a; Jiang et
al. 2008). The transformation studied in this work is the foma the metastable form Il to
the stable form | in a solution of 90% water and 10% IRAQW 50°C (see Figure la and b).
OABA (>98% Form 1, Sigma-Aldrich), isopropyl alcohol (99.97%isher Scientific) and
ultrapure water obtained via a Millipore ultra-pure watestesy, were used. Experiments
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were performed in a 400 ml jacketed vessel; a PT-100 tempegaiive connected to a
Huber Ministat 230 thermoregulator was used to control the tamype. A RXN1 Raman
analyser with immersion probe and 785 nm laser (Kaiser @itRaman 4.1 software) was
used to capture detect different polymorphs in suspensibile a MSC621 Carl Zeiss
UV/Vis (in-house LabView software) with Hellma ATR (type 661.82%) probe was used
to determine the solute concentration. A Malvern Magter£000 was used to determine the

crystal size distribution at the beginning and during theraxeats.

— v = (a)

Figure 1: Micrographs of OABA crystals: (a) prismatic faom |, and (b) needle-like form II.

The mean and the standard deviation of the crystal sizabditons measured using the
Mastersizer, were used to calculate a Gaussian curvagheoximate the experimental data.
This approximation was necessary to avoid the overestimaif fine particles in the
measured samples, due to the non-spherical shape of A €ristals of both polymorphic
forms. In fact, the volume and number distributionsyveédles and flat crystals measured by

laser diffraction can show a large number of fine ctysfar even a bimodal shape) simply
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because of the orientation of elongated particles @n shortest side during the measurement
(Su et al. 2017).

A previously developed calibration model (Simone et al. 204 used to determine solute
concentration from ATR-UV/Vis while specific Raman pe#&ksform | and 1l were tracked
during the experiments to estimate the rate of transfasmand check the composition of the
slurry during the experiments performed with the metastpblgmorph. Furthermore, the
initial seeds were analysed with a Raman microscope (RARan, Thermofisher) in order
to check their purity.

The solubility curves for both form | and Il between 1@ 40 °C were estimated using an the
ATR-UV/Vis probe (interpolating data from a slow heatingfipe). Despite the system being
enantiontropic (Jiang et al. 2010b; Jiang et al. 2010a; Jiarg. €008), in the used
temperature interval the two OABA polymorphs can be censdl monotropically related.

The formulas used for the solubility (Simone et al. 2014) ar

S, =1.267-107°T? — 2.283 - 107*T + 4.105- 1073 (1)

S; = 1.299-1075T2~2.082 - 10~*T + 4.808 - 10~3 )

with the temperatur expressed ifiC and the solubilitys; ands,; calculated in g/g solvent.
The solubility of form 1l and form | have been intergteld with polynomial functions and not
with a Van’t Hoff type equation to keep consistency with our previous experimental APFC
study (Simone et al. 2014). In such paper polynomials were gstusais the only type of
equation that can be currently input in the in-house sotw&ryPRINS) to perform

supersaturation control during batch crystallization expemts

10



2.1 Population balance model and solution

For the description of a particle population, let usotice the monovariate number density
function f (L, t)dL, which expresses the number of crystals withinlihe+ dL crystal size
domain { expressed in pm) in unit volume of suspension irttime moment (expressed in
seconds). Then, population balance equations can be usguedt and simulate
polymorphic transformations considering one equation foh gaaymorph. Three main
mechanisms must be considered during a transformatioteantionr and growth of the more
stable form and the dissolution of the less stable pmlgm In the mbAPC also dissolution of
form | must be considered and estimated. Indicating withinbdexIl the parameters of the
metastable form of OABA, and with | the ones of thabld one, the PBE for the studied

system, using the simplifiefi(L, t)—> f notations, are:

ofu _ 0(Dufin)
at oL (3)

for dissolution of form Il;

Ofu |, 9Gufi) _
o Voo 0 (4)

for growth of form I,

%_ a(lel) (5)

at JaL

for dissolution of form I, and

d a(G
T4 20 = Bi5(L ~ Lo) (6)
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for growth and nucleation of form I: wherg, and f, are the average number density

functions of the metastable and stable form of OABA &d — L,) is the Dirac delta

function ¢ = oo if L = Ly = 0 and§ = 0 if L # Lo with [ 8§(x)dx = 1).

In order to close the system of equations that charaetéhe presented model the liquid
phase mass balance is required (temperature is the l@htvariable, therefore, the energy

balance is not necessary):

[oe]

dc r
i —3k,pc [ Of GL*f, dL + j GyL*f, dL] (7)

0

Wherek, is the volume shape factor apg stands for the crystal density. The mass balance
Eq.(7) refers to the case when both populations are gramdgt considers 0 nucleon size.

The equation remains valid for dissolution by applying siniply D;; dissolution rates.

D; andD,; are the dissolution rates of the two forms &péndG,, the growth rates of form |

and Il defined as:

Dy [42] = ke (=) exp (52) ®)
Dy [F2] = deanr (1 = Si)%rexp () (1 + L) (9)
G, [%] = kg(S; —1)9exp (%) (20)
Gy [%] = kg (S — D9"exp (%) (T+Ly) (11)

with the supersaturation definedsg = —<

Csatl 11
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Two types of nucleation of the stable form were estithat§ primary nucleation after
seeding of a mixture of polymorphs i, > ¢,y (i) secondary nucleation during
polymorphic transformation (if; > c,,;;). The different types of nucleation can be described

by the equation:
B, [ﬁ] =k [(logﬁ] exp (—i—;{) +k,(1—S,)%exp (— If—;) (12)

A high resolution finite volume method (HR-FVM) was usedstdve the model-equations
(Gunawan et al. 2004). The basic idea of HR-FVM is the digat&n of the continuous
population density function; denoting with h the size anthe time interval,f/™ is the

approximate (discrete) population density function defined as:

Lh

m ~l

fi ~ f(L,mk)dL
=

(13)
where m and | are integers such thek 0 andN > [ > 1 and N stands for the mesh size (i.e.
the number of discretization points). Then, the pdpmriebalance Eq. (6) reduces to a system

of algebraic equations:

k
it = - E(szzm -G f™)

kG, (1 kG,
h

-5 ) G = fm

(14

kG, kG,_
-2 (1= =R g - Ao

k
+6bﬁB

In Eqg. (14)¢, is a binary existence variable with values {0,1} which conttiedsexistence of

nucleation. In this PBE formulatior;, = 1 if [ = 1 (nucleon size) and is 0 otherwise. It is

13



worth noticing that the same Eq. (14) equation is used fowthrand dissolution stages,
treating the dissolution as negative growth and keepingnd thiat the nucleation rate is O if
the solution is undersaturategl, = f(6,) is the flux limiter function and), is the ratio of

consecutive gradients:

o o J
: flaa—fT (15
The Van Leer flux limiter of Eg. (16) has been succelsfapplied in the solution of
population balance equations thus is adopted in this study to@a{@uaret al. 2004).

16,1 + 6,
1+16,] (16

¢(91) =

Note that the numerical apparatus Eqgs. (13) - (16) appliebolbr populationsf;™ — f}
(with G;;, D;; and B;) and f™ - f;7, (with G;;,,D;;, and B;; = 0). The resulted algebraic
eguation systems are solved simultaneously.

The time step is recalculated in all iterations to gatise Courant-Friedrichs-Lewy (CFL)

criterion and the numerical system is stable if CFL < 1.

k
CFL = 7 max{Gyy, Girt, D1ty Diri}d (17

Practically the CFL is fixed and k is expressed from(&d). Finally, the solute mass balance

takes the form:

N
¢cm+l = ¢m _ 3k o h2 Z L2 £y + £ G (18)
=1

Similarly to the Eq,(14), the mass balance Eq.(18) is apgictor dissolution as well,
involving the dissolution rate for undersaturated conditiohis extended version of the

CrySiV function (Szilagyi and Nagy, 2016) was used to efiityesolve the equation system
14



and a combination of Evolution Strategy with Covariaiatrix Adaptation ESCMA)
global optimization algorithm (Hansen et al. 2003) and Matlab’s nlinfit function (Levenberg-

Marquardt algorithm) was employed to estimate the parametdrthe confidence intervals.

2.2 Systematic experimental design for the model identification

Experiments were planned carefully in order to simplify #simation of the kinetic
parameters: the different phenomena were isolated as showigure 2. Growth amh
dissolution for both forms were estimated through seexdgdration or desupersaturation
experiments. The secondary nucleation of the stabta Was estimated through isothermal
transformation experiments and using the dissolution aogtbrkinetics already estimated.
Finally secondary nucleation of form | after seeding esauated through desupersaturation

experiments with low seeds loading at‘high supersaturation.

Solute
concentration

O U

Secondary nucleation of

transformation stable Primary nucleation
polymorph stable polymorph
S,KS,ES b,Kb,Eb

| I
| Saturation experiments Desupersaturation experiments (isothermal or |
: (isothermal) slow cooling, high seeds loading) :
| I
| Iyl Iy} |
| I
: Dissolution Kinetics Growth kinetics :
: kdb Ed! , dI kgll Egl ) :
I Ko, Eqpp dig Ko, Egir 911 I
| I
| I
| I
: Transformation experiments .| Desupersaturation experiments :
I (isothermal, high seed loading) | (linear cooling, low seeds loading) I
| I
| I
| I
| I
| I
| I
| I
| I
| I
| I
| I



Figure 2: Schematic of the experimental design used fdhe parameters estimation. Growth and dissolution foboth
forms were estimated through seeded saturation of degersaturation experiments. The secondary nucleation dhe
stable form was estimated through isothermal transformatin experiments and using the dissolution and growth
kinetics already estimated. Finally secondary nucleain of form | after seeding was evaluated through

desupersaturation experiments with low seeds loading high supersaturation.

This approach has two main advantages: (i) a correlativweba the estimated parameters is
avoided because only one phenomenon occurs in each sekpefiments; (ii) only
concentration data and the initial crystal size thigtion (CSD) are needed for the estimation,
sampling is not necessary to estimate the CSD during ystaltization process (Besenhard
et al. 2015). Therefore, in this work the concentratiofilprs the only measured output used
for the fitting procedure.

The present systematic approach allows the determinaifonhe necessary kinetics
parameters using only limited CSD data, which can often bdialiee In fact, such data
cannot be easily obtained online by standard process aaatgiitinologies (e.g. FBRM) and
is often estimated via off-line techniques such as opticatanning electron microscopy or
laser diffraction. The need of sampling and the off-liredure of the traditional CSD

measurement technigues lower the accuracy and reliakilityeacollected data. A detailed

list of the experiments performed and their conditionshewn in| Table . Some of the

experiments reported |n Tablg 2 could be conducted conselguiivthe same solution:

growth of the metastable form can be estimated by @edeexperiment that can then be used
to estimate secondary nucleation of the stable formuby letting the metastable form

transform. In these cases, sampling at the beginningeofréimsformation is necessary to
estimate the initial crystal size distribution to uisehe parameter estimation. In particular,

the kinetic parameters of growth of form R, E;;, andg;;) and secondary nucleation of

form | (s, kg andE;) were estimated from the same isothermal experimemtsber 11 to 14,

16



each one conducted at a different temperature. All datatspbiefore the start of the
nucleation of the stable form were used to estimate thetlyrof the metastable form I,
while data collected after the appearance of the stabtevi@re used for the estimation of the

kinetics of secondary nucleation of such polymorph.

Table 2: Description of the conditions used in theitferent experiments to determine the kinetics parameers of

OABA.

Parameter Experimental conditions Experiment

estimated number

kqr, E4 andd, Four isothermal experimentd(, 15,25 and35°C). Seeds were 1-4
added to the solvent in the amount necessary to haatusated

solution after the complete dissolution

kaqin, Eqp andd;;  Four isothermal experimentd(, 15,25 and 35 °C). Seeds were 5-8
added to the solvent in the amount necessary to haatueated
solution. Raman spectroscopy was used to check the absér

polymorphic transformation during dissolution

kg1, Eg; andg, Seeds 10% of the total solute) were added to a saturated solt 9-10
at 40°C. A slow linear cooling was then applied to awc
nucleation. Two experiments at different cooling rates w
performed £0.1 and—0.05 °C /min)
kgi. Egy@ndg,,  Four isothermal experimentd(( 15,25 and35 °C). Seeds of the 11-14 (Data points

metastable form 10% of the total solute) were added until the nucleation

supersaturated solutions9C of supersaturation) of the stable form

started)
s, ks andE, Isothermal seeded polymorphic transformation experimentuuat 11-14 (Data points
different temperatured (, 15, 25 and35 °C) after the nucleatior

of the stable form

17



started)

b, kyandE, Seeding of a mixture of polymorphs at saturated comdftio form 15-17
Il (about40 °C) and cooling at—1 °C/min (three experiments

amount of seeds df0% of the total solute)

The results of one of the combined experiments are showigure 3. Growth of metastable
form and secondary nucleation of the stable form atCl&rg measured. The first 4000 s of
the experiment were used, together with the other threékeisnal growth experiments, to
estimate growth of form Il while the remaining time was usedestimate secondary
nucleation of form I. Another important piece of infotmma shown in Figure 3 is that the
system can be considered neither growth nor dissolutamralled as in the case of

previously studied compounds.
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Figure 3: Results for growth of form Il and transformation experiment at 10 °C.
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3. Results and Discussion

3.1 Parameters estimation and validation

The kinetic parameters estimated from all the experisnam shown in Table 3 while Figures

4 to 7 show the simulated and experimental data for dissolatid growth of form | and Il at
different conditions, as well as the two types of natite. In order to validate the parameters

estimated a leave-one-out cross-validation was perfousied all the available experiments.

Table 3 Kinetic parameters estimated from the performed experirents.

Parameter Value Upper limit of the 95% Lower limit of the 95%
interval of confidence interval of confidence
k [ﬂ -3.45:10° -1.38:10° -5.6-10
ar |7
K 48091 49587 46595
al [moi
d; [1] 0.65 0.69 0.61
kan [%] -204 -101 -307
E.. |*L 24276 25545 23001
daill mol
dy [ 0.87 0.91 0.83
ﬂ] 6.20-10° 1.39-16° 8.84-10°
9! [mot
ﬂ] 90628 93378 87877
9! mot
ag: [ 0.82 0.88 0.75
k ﬂ] 0.00232 0.00449 0.00014
8l [ mot
E ﬂ] 9466 11388 7445
9! ot
g [-] 0.41 0.47 0.36
kg |—] 7.92.10° 4.8410° 1.3410°
m3sec
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LA -42323 -24254 -60300

N

mol

s [ 3.95 4.86 3.04

ky [——] 6.02 10% 1.85 10° 2.69 10"
| m3sec

E, [ kT 179480 348390 164390
lmol
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Figure 4: Dissolution experiments for form I: (a) Expgimental, fitted and cross-validation concentration prdile for
the dissolution of form | at 10 °C (b) Experimental, fited and cross-validation concentration profile for he
dissolution of form | at 15 °C (c) Experimental, fittedand cross-validation concentration profile for the dssolution of

form | at 25 °C (d) Experimental, fitted and cross-validition concentration profile for the dissolution ofform | at 35

°C.
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Figure 4 shows, for each dissolution experiment perfonwviddform I, the experimental data
for concentration together with the best fit (obtdinising all the available experiments) and
the calculated concentration for the cross validafeatculated using the parameters obtained

by leaving that experiment out of the estimation).
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Figure 5: Dissolution experiments for form Il: (a) Expeimental, fitted and cross-validation concentration profile for
the dissolution of form Il at 10 °C (b) Experimental, fitted and cross-validation concentration profile for the

dissolution of form Il at 15 °C (c) Experimental, fited and cross-validation concentration profile for he dissolution of
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form Il at 25 °C (d) Experimental, fitted and cross-validaion concentration profile for the dissolution of form Il at 35

°C.

The same experimental, fitted and cross-validatiorceotnations are shown in Figure 5 for
the dissolution of form Il, in Figure 6 for the growthform | and, finally, in Figure 7 for the
growth of form Il. The simulated concentrations foe tdissolution of both forms seem to
follow well the experimental values and the 95% confidenterval for all the estimated

values are narrow (as shown in the third and fourth colmifrable 3).
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Figure 6: Growth experiments for form I: (a) Experimental, fitted and cross-validation concentration profile for the
growth of form | in a desupersaturation experiment peformed with -0.1 °C/min cooling rate (b) Experimental fitted
and cross-validation concentration profile for the gravth of form | in a desupersaturation experiment perfeamed with

-0.05°C/min cooling rate.

The cross validation still follows reasonably well th@emmental data with the exception of
the dissolution of form | at 10 and 35 °C (see Figure 4adanih these two cases, the trends
of the cross-validation concentration slightly diffesm the experimental values. There are

two possible reasons for this behaviour; the firstingply the approximation of the crystal
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size distribution to a Gaussian function that might geieean error in the evaluation of the

initial crystal size distribution for these two spec#éxperiments. The second reason might be

a reduced sensitivity to the temperature change during timea&ien performed leaving out

the highest and lowest temperatures, due to the smallgretatare range in-which the

parameters are calculated (20 and 15 °C instead of 25 °Qhdocross-validation of the

experiments at 15 and 25 °C). Figure 6a also shows a devd@itidre calculated cross-

validation concentration from the experimental valuespecially at the beginning of the

profile. In this case, the difference is most certamhlye to an experimental error on the

determination of the initial crystal size distributionto the approximation of the distribution

itself with a Gaussian function, as the deviation isted&lose to the initial period.
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Figure 7: Growth experiments for form 1l: (a) Experimental, fitted and cross-validation concentration profilefor the
growth of form Il at 10 °C (b) Experimental, fitted and cross-validation concentration profile for the growth of form
Il at 15 °C (c) Experimental, fitted and cross-validation concentration profile for the growth of form Il at 25 °C (d)

Experimental, fitted and cross-validation concentrationprofile for the growth of form Il at 35 °C.

However, the presence of an estimation error due to an cmprenitial crystal size
distribution is not surprising considering how difficult e obtain  good and reliable
measurement of the crystal size distribution with cdath techniques such as the Malvern
Mastersizer or 2D image analyses (Su et al. 2017; Ma &10ab). Figure 8 shows the

simulated primary and secondary nucleation for form 1.
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The difference between simulated and experimental ctrnatim is higher compared to the

experiments with growth and dissolution of both forms #®d95% confidence intervals are

also broader (as shown

in Table 3). This is due to the wltffiecn estimating the kinetics

parameters for a stochastic process such as nucleatcals because of the limited number

of experimental data available.
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One of the APFC experiments performed (Simone et al. 2044 used to validate the set of

parameters estimated. Seeding and dissolution cycle wemelated using the initial

conditions shown in Table| 4.

Table 4: Initial conditions for the model validation hown in Figure 9 and 10.

Validation initial conditions parameters Value
Seeding temperature [°C] 37.26
Solute concentration [ﬁ] 007
Mass of seed crystals [g] 0.61
Form II in the seed crystals [% w/w] 60
Mass of solvent [g] 400
Form I sigma, g, [um] 6
Form I mean, y; [um] 69
Form Il sigma, o;; [um] 225
Form Il mean, y;; [um] 75

The meanu and the sigma of the crystal size distribution for the validatiorpeiment were

estimated-as follows:

LmaxtLmin
P (19)

N M (20)

whereL,,,, andL,,;, are the maximum and minimum sizes of the sieves ussepirate the
seeds (the Malvern Mastersizer was not used for thislsamp

The results of the validation experiment are shownguiféi 9 and 10.
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Figure 9: Model validation: experimental and simulateddata for an APFC experiment. Temperature plotted wih

experimental and simulated concentrations.

Despite the difficulty in obtaining a good estimation tioe nucleation kinetics the simulated
concentration for the validation experiments coryefdllows the experimental data and the
trend of the first moment of form Il is similar to therresponding Raman signal. A
discrepancy is present in the cooling section andpravably due to the uncertainty in the
estimation of primary nucleation (the simulated firstment of form | is higher than the
actual one, and therefore, the growth is overestimakéaever, the maximum percentage
error on the concentration measurement is around 1G%dtan localized in the cooling

section, and the time of complete dissolution ofuhdesired form is calculated correctly.
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Figure 10: Model validation: experimental and simulateddata for an APFC experiment. Raman signal intensities for

form | and Il during the experiment (a and b) comparedto the simulated third moment of both polymorphs.

Figure 10 shows the third moments of form | and Il comparethédRaman signals of the
specific peaks of those forms. The Raman intenspyaportional with the amount of solid in
suspension and, therefore, can be directly compared théhthird moments of the
polymorphs. In fact, the third moment of the distribut{gg) is proportional to the specific
volume of crystal populationV{) and is one of the infinite moments of CSD, generally

defined as:
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b = f IXF(L, ) dL — V, = kot (21)
0

This means that the model is able to simulate and pregitthe APFC dissolution cycle so
it is suitable for optimization. Form Il slightly growsiring the first seconds after seeding and
then is dissolved by the heating cycle. The amount of foncreases because of nucleation,
then decreases during the dissolution cycle becausetaf gassolution of form | with form

Il and then increases again due to growth.

3.2 Process optimization for polymorphic crystallization

Optimization was performed using the kinetic parameters to fiedoptimal temperature
profile that eliminates form Il and maximizes the sizeh#f crystals of form | at the end of
the batch. The batch time was discretized in fifty timervals of equal duration and the
temperature profile optimization was performed by applyingg8€MA global optimization

algorithm. The results were further refined by performingeeond optimization using the
global optimizer’s crude optimum as starting point, applying the Matlab fmincon function

(SQP algorithm). The initial temperature of seeding was fatearound 37 °C. The problem

is formulated as follows:

minT(k) (_Zl,end)

(22)
Subiject to:

05 <% <05 (23)
dt

29



11<T <45 (24)
Cena < Cmaxena = 0.005 g/g solvent (25)

Uir,end = 0 (26)

whereT is the temperature defined in °(%—: the heating/cooling rates in °C/mi6,,, the

solute concentration at the end of the batch (g/g spheewl 1,1 .,q the second moment of
form Il at the end of the batch.

A 20 minutes stabilization time was applied: the final tempiegaivas kept constant to allow
the consumption of the remained supersaturation. Thealisbnditions used for the

optimization are shown in Table 5.

Table 5: Initial conditions for the optimization.

Validation initial conditions parameters Value
Seeding temperature [°C] 37.26
Solute concentration [W 0.015
Mass of solid [g] 0.6
Form II in the seed crystals [% w/w] 40
Mass of solvent [g] 400
Form I sigma, o, [um] 10
Form I mean, y; [um] 50
Form Il sigma, a;; [um] 10
Form Il mean, y;; [um] 50

The results of the optimization (shown in Figure 11la tdezhonstrate that a heating step is

not only required to eliminate form Il but also allowsykr crystal size of form | at the end of
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the batch: imposing only cooling in the optimization code).6°$s2—fs —0.001°C/

min ) resulted in lower crystal size, although all the mebdstéorm naturally converted to

the stable one by the end of the batch.
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diagram; (c) Optimal crystal size distribution (CSD) gtained at the end of the batch.
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The value of the objective function calculated was dloite compare to experimental results

= 26.5 um, corresponding to 8% = 44.9 ym versus around 100-150 um obtained
Ho,Iopt Uz 1opt

U1, Iopt

experimentally at the end of the batch) but this modvaity is due to the uncertainty of the
parameters estimated for nucleation of form |. Theihgastep at the very beginning of the
optimal temperature profile is not only has the effeictlissolving form 11, but it is also
beneficial to improve the crystal size distributiorfaim I.

The presence of heating steps in optimized batch crystahzptocesses was already found
by other authors (Majumder, Nagy 2013; Qamar et al. 2010; Yéah 2013; Nagy et al.
2011) as a result of the inclusion of the dissolutiame#cs in the PBEs. In those cases
heating can correct a non-optimal seeding and allowsttarbfinal CSD. After the heating
step in the optimal profile calculated in this work theperature is kept high in order to
allow growth of the form | crystal and then drops in thd & reach the desired yield. Figure
11b shows the optimized temperature profile in the phase diatjna solute concentration is
kept below the solubility of the metastable form to avtsdurther nucleation and above the

solubility of the stable form to allow its growth during tteoling phase.

4. Conclusions

The active polymorphic feedback control (APFC) is ategnathat detects and eliminates the
metastable polymorph after nucleation of a mixture otasomated seeding (Simone et al.
2014). The approach uses a combination of Raman spectroscajsteict the metastable
polymorph and trigger a dissolution cycle to eliminate it #éimen applies ATR-UV/Vis
spectroscopy to grow the remaining crystals of the stadm fthrough supersaturation
control. Despite being very efficient in obtaining the pstable polymorph, this model-free

control does not lead to optimal crystal size distributbthe product of stable polymorph at
32



the end of the batch. In fact, the size distributibthe crystals of the stable form after the
dissolution cycle is not controlled and it might notlbe optimal to allow a good quality CSD
at the end of the supersaturation control. For thisoea model-based active polymorphic
control (mbAPC), that allows both the elimination of tlmetastable form and larger crystals
of the stable form at the end of the batch, was dpeeloThe kinetic parameters that are
needed to describe timebAPC for ortho-aminobenzoic acid (dissolution and growtfoom |
and I, secondary nucleation of form I) were estimated \aalidated using the data from
seeded experiments. A specific design of experiments wdsriped to estimate each
parameter separately and therefore, to avoid corretdabietween them, as well as to simplify
the parameter estimation. All the parameters estimatesented a narrow 95 % confidence
interval, apart from the nucleation of the stable foprobably because of the stochastic
nature of this phenomenon.

After the parameter estimation, optimization was perfokntewas found that the dissolution
cycle, normally induced by the APFC, not only allows thenieation of the metastable form
I, but it is also beneficial to obtain larger crystaf form | at the end of the batch. This is in
accordance with experiments as well as with the reefiltdher optimization studies where
dissolution was included in the model.

In conclusion, the proposed mbAPC can be useful forddsgn of batch crystallization
processes of polymorphic systems as it allows obtainngg lerystals of the stable form, even
in case of in situ nucleation of a mixture of the staid metastable polymorphs or erroneous

seeding.
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